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Abstract

This study investigates the seismic performance of existing reinforced concrete (RC) build-
ings, focusing on the influence of near-fault ground motions caused by proximity to fault
lines. Compared to ordinary or far-fault earthquakes, near-fault earthquakes may have
diverse effects on the response of buildings resulting from directivity and intense velocity
pulses, which significantly amplify seismic demands. For this purpose, nonlinear time his-
tory analyses were carried out on a seven-story RC residential building that was subjected
to near-fault effects and sustained heavy damage during the Kahramanmaras earthquakes
on 6 February 2023. The analyses used both near-fault and far-fault ground motion records,
and four structural models were developed by gradually reducing the number of shear
wall elements to assess the impact of diminishing lateral-load-resisting capacity. The results
revealed that near-fault ground motions led to significant increases in base shear, inter-story
drift ratios, and structural damage levels. Furthermore, a reduction in shear wall content
resulted in a noticeable decline in seismic performance. These findings underscore the
necessity of accounting for near-fault effects in seismic design and the critical role of lateral
stiffness. The study emphasizes that considering near-fault characteristics is essential for
ensuring the seismic resilience of RC buildings located in active seismic zones.

Keywords: near-fault ground motions; seismic performance; reinforced concrete buildings;
nonlinear time history analysis; shear walls

1. Introduction

Response spectra constitute a fundamental tool in both the seismic design of new
buildings and the assessment of existing structures. Initially systematized by Housner
and Trifunac [1], the response spectrum method has evolved into a cornerstone of modern
earthquake engineering, allowing for the estimation of maximum elastic structural re-
sponses without the need for time-consuming time history analyses. Somerville [2] further
emphasized the practicality of this method in predicting structural behavior based on the
frequency content and energy characteristics of ground motions.

However, standard design spectra frequently fall short in accurately representing
ground motions in near-fault conditions. In particular, they fail to capture critical features
such as velocity pulses, which are often observed in near-fault recordings and are primarily
attributed to rupture directivity effects [3—6]. When fault rupture propagates toward a
site, forward directivity can generate large-amplitude, short-duration velocity pulses that
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impose highly concentrated demands on structural systems [7-9], often exceeding those
anticipated by far-field design assumptions.

To better characterize these pulse-like ground motions, researchers have proposed
various analytical and signal-processing-based models. Mavroeidis et al. [10] and He
et al. [11] developed mathematical models to simulate near-fault pulses, although they
acknowledged that such models are sensitive to soil and source assumptions, which limits
generalizability. In contrast, Baker [12] introduced a wavelet-based framework incorporat-
ing a “pulse index” to classify near-fault records, along with spectral tools to identify the
dominant pulse period.

On the signal processing front, Huang et al. [13] proposed the Hilbert-Huang Trans-
form (HHT), enabling decomposition of ground motion signals into intrinsic mode func-
tions for time-frequency analysis. Building on this, Chen et al. [14] demonstrated that
HHT-based methods outperform traditional Fourier and wavelet approaches in detecting
near-fault pulse features. More recently, Chang et al. [15] utilized Gabor wavelet filtering
to isolate low-frequency content and introduced the Energy of Velocity Pulse (EVP) metric,
where EVP > 0.35 was found to reliably indicate pulse-like behavior.

The structural implications of such near-fault ground motions have also been widely
studied. Numerous investigations [16-20] have shown that pulse-like motions lead to
significantly increased interstory drift ratios, base shear forces, and inelastic deformation
demands, particularly in mid- and high-rise buildings. Anderson and Bertero [21] high-
lighted that when the structural period coincides with the pulse period, resonance effects
can critically amplify these responses. Similar findings by Yaray [22] and Mazza et al. [23]
further confirmed that period alignment increases lateral deformation demands. Moreover,
fling-step effects—resulting in permanent ground displacements—have been shown to
exacerbate structural demand [24,25].

Additional research [26,27] has shown that such pulse-like ground motions tend to
concentrate seismic demand in the lower stories of buildings, especially when compared
with far-field events. Sehhati et al. [28] demonstrated that structures subjected to such
inputs require higher ductility capacities using 54 near-fault ground motion records. Cham-
pion and Liel [29] found that near-fault pulse effects could increase collapse probability by
up to 6% in newly constructed reinforced concrete (RC) buildings.

Another critical yet often overlooked aspect is the role of vertical ground motion.
Studies [30-32] have shown that vertical components can significantly increase axial forces,
decrease flexural and shear capacities, and in some cases, directly contribute to structural
failure. Kim et al. [33] observed that vertical motions can elevate axial demands in first-story
columns by as much as 240%, although their impact on interstory drift remains limited.
Traditional Ground Motion Prediction Equations (GMPEs) also exhibit limitations when
applied to near-fault conditions. To address this, researchers have developed new GMPEs
that incorporate directivity and pulse effects [6,34-36], distinguishing between broadband
and narrowband spectral demands—the latter associated with dominant pulse periods.

The 2023 Kahramanmaras earthquake sequence tragically highlighted the signifi-
cance of near-fault effects. Post-earthquake field studies by Baltzopoulos et al. [37] and
others [38-44] confirmed the prevalence of velocity pulses, fling-step displacements, and
strong directional effects. Structural damage surveys [45-49] revealed widespread destruc-
tion in buildings located near the rupture zones. Spectral comparisons by Altunsu et al. [50]
and Yaghmaei-Sabegh et al. [51] emphasized the necessity of integrating both horizontal
and vertical near-fault effects into seismic design frameworks. In conclusion, the growing
body of research clearly emphasizes the importance of consideration of near-fault effects
and vertical ground motions to accurate determination of seismic performance and hence,
more resilient urban RC building designs in seismically active zones.



Appl. Sci. 2025, 15, 10142

30f20

Based on the information above, this study evaluates the seismic performance of real
a reinforced concrete building, designed according to Turkish Earthquake Code of 2007
TEC-2007 [52], using as built structural data that subjected to actual ground motion records
which experienced severe damage during the 2023 Kahramanmaras earthquakes. Actual
ground motions were subject to building in all orientations of the motion. In addition, this
study investigates how near-fault effects interact with the presence or absence of shear wall
systems by comparing the seismic performance of buildings with adequate and reduced
shear wall configurations. The results clearly demonstrated the importance of near-fault
characteristics for the seismic resilience of a case study building that is designed according
to a modern seismic code, such as TEC-2007 [52].

2. Materials and Methods

The devastating earthquakes that struck the Kahramanmaras region in February 2023
caused widespread structural damage across southeastern Tiirkiye. Among the severely
affected areas was the Ekinci district of Antakya, where numerous buildings suffered from
the intense ground motions generated by the proximity to active fault segments. This
study focuses on the seismic performance assessment of a reinforced concrete building that
became unusable following the earthquakes. Although the structure did not experience
a total collapse during the event, significant damage occurred within its load-bearing
system. The severity of the observed damage ultimately led to the building’s controlled
demolition shortly after the earthquake. The case presents a valuable opportunity to
evaluate the influence of near-fault effects on structural performance and to identify critical
vulnerabilities in existing building stock under extreme seismic demand.

2.1. Test Materials

The analyzed building is a newly constructed reinforced concrete structure, completed
in 2018. It features a slab-beam system with a dual lateral load-resisting system composed of
reinforced concrete frames and shear walls, designed to achieve high ductility in accordance
with seismic design principles. The building was designed according to the TEC-2007,
which classifies seismic zones based on geographic location. The site is located in Seismic
Zone 1, with an effective ground acceleration coefficient of 0.4. The local soil classification
is Z3 in TEC-2007, corresponding to ground type C3 in the Turkish Building Earthquake
Code 2018 (TBEC-2018) [53].

The building consists of one basement floor, a ground floor, five typical stories, and
a roof story. The basement story has a floor height of 2.7 m, while all other floors have a
typical height of 3.0 m. The existing structural drawings of the building were available only
in digital format. Figure 1 presents the slab formwork and reinforcement plan of the typical
floors. The only difference in the basement floor plan is that the building is surrounded by
basement walls along all four sides.

The compressive strength of concrete (f.) was 30 MPa (i.e., C30) and yield strength of
reinforcement (fsy) was 420 Mpa (i.e., S420 grade). Beams in the moment-resisting frames
were generally 25 x 55 cm in cross-section, while cantilever beams were 25 x 70 cm. The
diameter of the stirrup was 8 mm and stirrup spacing in both end regions of the beams
was 10 cm. Dimensions of columns were 30 x 80 cm or 80 x 30 cm, placed in floor plan, as
shown in Figure 1, for both principal directions. Each column contained 12 longitudinal
bars with a diameter of 16 mm (reinforcement ratio 1%). The diameter of transverse
reinforcement in the columns was 8 mm and spacing in the confined regions were 70 mm or
100 mm. Depending on the reinforcement layout, there are six different column types. The
number of crossties, which in turn affects the confinement, along short and long direction
was three and one, respectively. The stirrup hooks were bent at 135°. The thickness of the
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shear walls was 25 cm. A centrally located U-shaped core wall serves as the elevator shaft,
and basement shear walls also have a thickness of 25 cm. The floor slabs were 15 cm thick.

Removal of exterior beams along the facade frames of the typical floors creates struc-
tural irregularity due to architectural constraints. This design practice, though structurally
undesirable, is commonly encountered in buildings within the region and may have con-
tributed to the building’s vulnerability during seismic excitation.
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Figure 1. Framework plan of the building.

2.2. Finite Element Models

To evaluate the effects of near-fault ground motions, two types of analyses were con-
ducted on a building: one using ground motion records obtained from a station located very
close (=25 km to a fault compatible with the building’s location, and another using records
from a station farther from the fault (=238 km). Additionally, to examine the importance
of the structural system, the contribution of shear walls under near-fault earthquakes was
assessed by removing all shear walls from the building model, except for the U-shaped
elevator wall. Columns measuring 30 cm x 80 cm were provided to replace the removed
walls. Consequently, four different models and analyses were generated. To facilitate the
understanding of these results in the following sections, the naming conventions provided
in Table 1 are used. According to this naming, the numbers 1 and 2 indicate different struc-
tural system configurations, while the letters ‘a” and ‘b’ represent near-fault and far-fault
earthquake scenarios, respectively.

Table 1. Structural models and analyses.

Numerical Model Earthquake Data Structural System
Model 1a Near-Fault Station Original
Model 1b Far-Fault Station Original
Model 2a Near-Fault Station Reduced Shear Wall

Model 2b Far-Fault Station Reduced Shear Wall
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A three-dimensional view of Model 1 is presented in Figure 2a. Model 2 represents the
case in which the number of shear walls is reduced. The six walls indicated in Figure 2b
were modeled as columns in this version of the model. This modification aims to investigate
the impact of shear walls on the seismic performance of the structure. A three-dimensional
view of Model 2 in Perform3D is presented in Figure 2c.
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Figure 2. Performed 3D models and removed shear walls: (a) original (existing) structural system;
(b) shear walls replaced by columns in Model 2; (c) structural system of Model 2.

Structural modeling and analyses were carried out using the Perform3D V.10 software.
Beams and columns were modeled as frame (line) elements, while slabs and shear walls
were modeled using shell elements. Nonlinear behavior was represented using a concen-
trated plastic hinge approach for beams and a distributed plasticity approach for columns
and walls. Moment-rotation relationships for each beam section type were determined
using the Xtract V.3.0.8 software and assigned to the model. The material parameters
recommended by TBEC-2018 were considered in obtaining the moment—curvature (rota-
tion) relationships. For the plastic hinge length, half of the section depth, as suggested in
TBEC-2018, was used. For columns and shear walls, unconfined and confined Mander
models [54] were utilized in the fiber section modeling as provided in TBEC-2018, Section 5.
Typical representation of fiber section and plastic hinges illustrated in Figure 3. Slabs and
basement walls were modeled using the linear elastic method with effective section stiffness
values permitted by TBEC-2018. The applied loads in the model include 1.8 kN/m? for
floor covers, 2.0 kN /m? for live floor loads, and wall loads transferred through slabs and
beams. Additionally, a snow load of 0.75 kN /m? was considered for roof levels.
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Figure 3. Typical representation of fiber section and plastic hinges approaches.

2.3. Nonlinear Analysis

The seismic station data used in the analysis were selected based on the proximity to
the building and the compatibility of local soil conditions. Among the available stations,
Station No. 3124 in Antakya was identified as the closest and most compatible with the
building site. For the far-fault condition, Station No. 3115 located in the Iskenderun
region was chosen. Station location and soil information, along with earthquake data, were
obtained from the Disaster and Emergency Management Authority (AFAD) [55] under the
Ministry of Interior of the Republic of Turkey. The selected ground motions were initially
subjected to preprocessing. To refine the raw signals, a baseline adjustment was carried
out, followed by the application of a first-order Butterworth filter. The filtering process
employed lower and upper frequency limits of 0.025 Hz and 40 Hz, respectively.

Acceleration data from the station records were obtained as two horizontal components
(east-west (EW) and north—south (NS)) and one vertical component (UD) over time. To
match the building’s plan orientation, the horizontal acceleration records were rotated
by 31° before the analyses. The acceleration—time histories of the rotated station data
(3124 and 3115) are presented in Figure 4.

Nonlinear analyses were performed on both Model 1 and Model 2 using the ground
motions given in Figure 3. In these analyses, the vertical component of the earthquake
was also included based on actual recorded ground motions. To more accurately capture
the real structural behavior and the post-earthquake damage state of the building, the
acceleration records were used in their original, unscaled form rather than being matched
to the design spectrum. Rayleigh damping, defined in relation to the natural periods of the
structure, was adopted for damping representation.

Plastic rotation and deformation capacities were assigned within the software for
each cross-section individually. Using the demand values obtained from the analyses, the
damage levels of the structural elements were evaluated. The capacities for assessing the
damage levels were calculated in accordance with Section 5 of the TBEC-2018 [53]. For
determining the deformation limits, the Collapse Prevention (CP) limit is first calculated.
The Controlled Damage (CD) limit is then obtained by multiplying the CP limit by 0.75,
while the Limited Damage (LD) limit is directly specified in the code.
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Figure 4. Acceleration-time histories records of station no. 3124 and no. 3115 rotated by 31°:
(a) Station 3124, East-West Component; (b) Station 3124, North-South Component; (c) Station 3124,
Vertical Component; (d) Station 3115, East-West Component; (e) Station 3115, East-West Component;
(f) Station 3115, North-South Component.

The deformation capacity equations corresponding to the Collapse Prevention (CP)
limit are presented in Equation (1) for concrete and Equation (2) for reinforcing steel. In
Equation (1), the parameter wy, denotes the effective confinement reinforcement mechan-
ical ratio, calculated based on cross-sectional dimensions and reinforcement detailing.
In Equation (2), &5, represents the ultimate tensile strain limit, which depends on the
grade of the reinforcing steel. The necessary input values for reinforcement modeling are

summarized in Table 2.

elc”) = 0.0035 + 0.04/cwye < 0.018 (1)

sgcp) = 0.4egy, ()
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Table 2. Strain parameters of reinforcements according to TBEC-2018 [53].

Yield Strength Yield Strain

Hardening Ultimate Tensile Ultimate-to-Yield

Steel Strain Strain Strength Ratio
fsy (MPa) Ssy £sh €su fsu/fsy
5420 420 0.0021 0.008 0.08 1.15-1.35

Equation (3) was used to calculate the plastic rotation capacities. In this equation, ¢,
denotes the ultimate curvature before collapse, @y is the yield curvature, L, is the plastic
hinge length, and L represents the shear span (taken approximately as half of the clear
span). The parameter d;, refers to the average diameter of the tension reinforcement bars.

(cpy _ 2 Ly
0, = 3 {((Du — (IJy)Lp (1 — O.5LS> + 4.5<:Dudb] )

The Controlled Damage (CD) limit values for both deformation and plastic rotation
are given in Equations (4)—(6). For the Limited Damage (LD) limit, the deformation capacity
is constant for both concrete and steel, with values of 0.0025 and 0.0075, respectively. At the
LD limit, the plastic rotation value is zero, indicating that no plastic rotation is permitted.

elP) — 0.75¢(CP) @)
D) — 0.75¢(CP) )

(CD) _ (cp)
0, ") = 0.750,,

3. Results

The results of the nonlinear time history analyses are presented below. The dominant
three mode shapes of Model 1 and Model 2 are shown in Figure 5. Considering the mode
shapes, the first mode exhibits a torsional behavior dominated by the Y-direction. The
second mode shows a clear translational movement in the X-direction, while the third mode
again demonstrates a torsional behavior in the Y-direction. The mode shapes of Model 2 are
similar in form to those of Model 1. The periods and mass participation ratios of the
dominant modes for both models are presented in Table 3. In Model 2, an elongation of the
periods in the dominant modes is observed. Although the mass participation ratios do not
change significantly, a notable period elongation occurs, especially in the first mode. This
elongation results in Model 1 and 2 being subjected to different spectral accelerations during
an earthquake. As a general observation, the dominant period obtained for the 7-8 story
building is relatively high even for Model 1, indicating the lateral stiffness difference in
both structural systems. The main reasons for this include the number, length, thickness,
and arrangement of shear walls, as well as the beam-column frame configuration. In Model
2, further reduction in the shear walls increased the period to approximately 3.3 s, which is
considerably high. These results emphasize the importance of structural system stiffness.

A comparison of the base shear forces is presented in Table 4. When comparing the
near-fault (a) and far-fault (b) cases, it is observed, as expected, that the base shear forces
under near-fault effects are significantly higher. In fact, except for the Y-direction of Model
2, the near-fault base shears in the other cases (Model 1 X-Y and Model 2 X) exceed more
than twice those of the far-fault earthquake. From a structural system perspective, base
shear forces in Model 1 are higher than those in Model 2 for all cases and directions. These
results are related to the period elongations in Model 2, which correspond to lower spectral
accelerations. The lower system stiffness in Model 2 results in reduced accelerations being
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transmitted to the structure, thereby producing lower base shear forces but increased lateral

displacements, which in turn may lead to greater deformations.

T VA
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1st Mode Shape; (b) Model 1—2nd Mode

Figure 5. Mode shapes of the models: (a) Model 1

(e) Model 2—2nd Mode Shape;

(c) Model 1—3rd Mode Shape; (d) Model 2—1st Mode Shape;

Shape;

(f) Model 2—3rd Mode Shape.

Story drift control provides valuable insights into building behavior. Since drift

values are directly related to damage formation, they serve as important indicators of the

seismic performance of structures. To evaluate drift demands, Points 1 and 2 illustrated in
Figure 6 were selected. Owing to their significant distance from each other, these points are
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appropriate for assessing the structural response in different regions of the building. To
compare the relative drift values under different conditions, the drifts were plotted with
respect to story heights, as shown in Figures 7 and 8. In these graphs, the blue vertical lines
indicate the drift limit, taken as 0.02. The maximum and minimum values correspond to
different directions of motion.

Table 3. Natural periods and modal mass participation ratios.

Model 1 Model 2

Periods (s)

Mass Participation =~ Mass Participation
x) (y)

Mass Participation = Mass Participation

Periods (s) ) )

Mode 1 2.643 0.000556 0.2177 3.333 0.0004102 0.2396
Mode 2 1.442 0.616 0.000441 1.565 0.617 0.000399
Mode 3 0.961 0.000064 0.388 1.063 0.0000702 0.367

Table 4. Base shear forces x and y direction.

Model Base Shear (kN)
X Y
Modella 5989.7949 6677.8931
Modellb 2263.656 3073.7849
Model2a 4609.6055 4149.8857
Model2b 1873.6073 2305.2654
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Figure 6. Points 1 and 2 used for the drift check.
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A detailed comparison of the inter-story drift values reveals that the results obtained

from the near-fault station 3124 are consistently higher than those recorded at the far-fault
station 3115, as seen in Figure 7. This difference is particularly pronounced under near-
fault excitation, where the maximum inter-story drift ratio in Model 1 reaches 0.068 in
the X-direction and 0.063 in the Y-direction. In contrast, for the far-fault station 3115, the
corresponding values are 0.028 and 0.031, respectively. These results indicate that the
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inter-story drifts under near-fault ground motions exceed those of the far-fault case by
more than a factor of two. Such a significant increase is attributed to the pulse-like ground
motion characteristics and higher energy input typically associated with near-fault events,
which amplify lateral displacements in the structure.

In Model 2, where the number of shear walls was reduced, a similar trend is observed
between the near-fault and far-fault cases, with the near-fault inter-story drifts being
considerably larger as seen in Figure 8. Moreover, when directly comparing Model 1 and
Model 2 under identical near-fault conditions, it is evident that Model 2 exhibits greater
inter-story drift values. This increase is related to the reduction in lateral stiffness due to
the removal of shear walls, which results in longer fundamental periods and, consequently,
higher displacement demands.

It is also important to note that in both structural models, the maximum inter-story
drift values substantially exceed the drift limit of 0.02 specified in seismic design provisions.
Exceeding this limit suggests a high probability of significant structural and nonstructural
damage, as excessive lateral deformations can lead to cracking, yielding, and potential
instability in both gravity and lateral-load-resisting elements. These findings underline
the critical role of lateral stiffness to control displacement demands, particularly in regions
susceptible to near-fault ground motion.

Assessing the damage levels in structural elements is also essential for comparing the
seismic performance of buildings. Based on the element capacities defined in Perform3D,
the damage states were determined directly from the software output. Elements in red
indicate those that have exceeded the Collapse Prevention (CP) limit. Since the Severe
Damage (SD) level is related to the CP limit by a factor of 0.75, elements in yellow represent
members within the SD range, obtained by applying the 0.75 multiplier to the CP limit.
Blue and green elements correspond to the Significant Damage (SiD) level, with multipliers
of 0.25 and 0.5, respectively.

Figure 9 presents the element damage distribution for Model 1a. According to the
results, a considerable number of columns have reached the SD or CP damage states.
Severe damage is also observed in the elevator shear wall, and many other shear walls fall
within the SiD range. According to TBEC-2018, the determination of damage states requires
reductions in deformation and rotation capacities depending on shear force demands which
are primarily used in the design stage. It can be said that application of these reductions
would likely result in an even greater number of elements reaching higher damage levels.

In Model 1b, no elements were found to have reached the Collapse Prevention (CP)
damage state, and only one shear wall exhibited Severe Damage (SD). Compared to Model
1a, these results are significantly different. Analysis from the far-fault station 3115 indicated
that Model 1a experienced substantially greater demand under near-fault effects.

It was observed in Model 2a that numerous columns reached the Severe Damage
(SD) and Collapse Prevention (CP) states. Severe damage is also evident in the elevator
shear wall, while many other shear walls fall within the Significant Damage (SiD) range.
When compared to Model 1a, it is observed, for instance, that column I-2, which was at
the SD level in Model 1a, has reached the CP level in Model 2a. Similarly, several columns
fall beyond the SiD in Model 1a and found in SD state in Model 2a. These results clearly
demonstrate the importance of lateral stiffness on structural behavior.

No structural elements reached the Collapse Prevention (CP) damage state in Model
2b, and only one column located along axis I-1 exhibited increased deformations. It is
evident from the comparison of Model 2a and Model 2b that the severity of Model 2a is
higher, as the building sustained substantially greater damage. The near-fault effect in this
model also caused a significant increase in damage compared to the earthquake record



13 of 20

from the far-fault station 3115. Furthermore, when comparing Model 1b and Model 2b, it

was again observed that damage levels were higher in Model 2b.
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Figure 9. Distribution of damage states in structural elements: (a) Modella—Near Fault; (b) Modellb—

Far Fault; (c) Model2a—Near Fault; (d) Model2b—Far Fault.

Performance levels achieved by all four models confirm the adverse influence of near-

fault effects on structural performance. As presented in Table 5, both Model 1 and Model

(CP) performance level under near-fault earthquake

2 reached the ‘Collapse Prevention’

excitations, indicating extensive structural damage that close to its stability limits. In

the performance level is classified as ‘Controlled

7

under far-fault excitations

contrast,

(CD), where damage remains more localized and overall stability is preserved.

’

Damage

Table 5. Performance levels of the models based on analysis results.

TBC—2018 Seismic Performance Level

Numerical Model

Collapse Prevention (CP)

Modella

Controlled Damage (CD)

Modellb

Collapse Prevention (CP)

Model2a

Controlled Damage (CD)

Model2b
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The analyzed building was demolished in a controlled manner due to the severe
damage after the 2023 Kahramanmaras earthquakes. Examples of column and beam
damages observed in the building are presented in Figure 10. These element damages
indicate that the results of Model 1a are consistent with the actual observed conditions.
Therefore, it can be stated that the developed finite element model and the adopted analysis
assumptions produced results are in good agreement with the real behavior determined
after post-earthquake field studies. A more detailed comparison of Modella with the actual
damage conditions was not possible, as the building was demolished after an earthquake,
and detailed field observations could not be conducted. In Figure 10, it can be seen that the
collapse-limit deformation values in the beams and columns were exceeded to a very large
extent. Therefore, it is assumed that the post-earthquake deformations in the structural
members of the building were quite high and caused excessive damage in many columns
and shear walls; hence, the building was demolished urgently by the authorities.

Figure 10. Damage observed in the building.

The ductile/brittle behavior check was performed by comparing the shear demands
and shear capacities of the elements. Performance levels were determined considering only
ductile elements, as brittle elements were excluded from the deformation-based assessment.
In shear-governed evaluations, a reduction in the number of shear walls leads to a higher
proportion of brittle elements, as observed in cases with fewer walls. This highlights
the importance of ensuring an adequate number and proper arrangement of shear walls,
especially in near-fault regions, to reduce brittle shear failure.

4. Discussion

The results of the numerical analysis indicate that the building under consideration
did not meet the targeted performance criteria. The case study building is not an old
structure, and it had quite high material quality, such as compressive concrete strength
and reinforcement, and during the design phase, it was intended to retain its Life Safety
status after an earthquake. However, in the Antakya region, many newly constructed
buildings were excessively damaged or collapsed following the 6 February Kahramanmarag
earthquakes, as revealed by the post-earthquake damage assessment studies conducted
by the Ministry of Environment and Urbanization [55]. It can be readily stated that the
primary cause of the very severe consequences observed in the region after the earthquake
is the effect of nearby faults, which also increased seismic demands [56,57]. This inference
can also be made for case study buildings.
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The analyzed building is close to the 3124 station. The acceleration spectra of the
horizontal components of ground motions at Station 3124 and the TBEC-2018 elastic
acceleration spectrum for the same location are compared in Figure 10. In the comparison,
the spectrum labeled as “Building Design Spectra” represents the design spectrum of
TEC-2007 [52], which has a return period of 475 years that corresponds to the DD2 level
of design acceleration spectrum recommended by TBEC-2018 [53]. It can be observed
that the spectral values of the recorded ground motions differ significantly from those
of the designed earthquake. This discrepancy can be attributed to the effects of nearby
faults and site amplification. As emphasized by many researchers, the Antakya station
records of the Kahramanmaras earthquakes of 6 February 2023, contain forward-directivity
velocity pulses. Pulse effects amplify ground accelerations and induce very high lateral
displacement demands in structures. The records from Station 3124 also include such
velocity pulses [58-61]. In addition to the velocity pulses, researchers have also suggested
that this station record shows evidence of super-shear rupture and basin effects [62,63].
The near-fault and basin effects and the potential role of their combination in structural
damages is explained in detail by Gani et al. [64]. In light of all these studies, the ground
motion records from Station 3124 can be considered an example of near-fault and basin
effects. Therefore, performing a seismic performance assessment using the 3124 records
allows the impact of these phenomena on the response of the building to be observed. For
example, the periods of the first three dominant modes of the building under consideration
are 1 s or longer. When the spectral accelerations for this period range are examined, it
can be seen that the building was subjected to accelerations even higher than the spectral
accelerations of DD1 (i.e., return period of 2475 years) defined TBEC-2018. Consequently, it
can be implied that high accelerations had a decisive influence on the seismic behavior of
the building owing to near-fault effects and site amplifications.

Figure 11a clearly demonstrates the spectral difference between the near-field and
far-field records used in the analysis. It can be seen from the spectra that for both horizontal
directions (i.e., EW and NS), spectral accelerations of near-field records are almost 2—4 times
higher than far-field spectral accelerations around building-dominant periods. The damage
distribution of buildings according to near-field and far-field records can be attributed
to the difference between the spectral shapes [65,66]. The other important observation is
about the spectral shape difference. Figure 11b provides a striking example of the difference
between the design spectrum and the actual earthquake record. This comparison raises two
questions. First, will the design of buildings located in the proximity of faults (i.e., near fault)
be sufficient to meet the target performance according to prescribed earthquake design?
Second, can elastic design spectra represent future earthquakes for retrofit purposes? These
questions are critically important to ensure intended performance criteria are met and loss of
life is prevented in a future near-fault earthquake. By considering special conditions, such as
forward-directivity effects, super-shear rupture, and basin effects more thoroughly within
the probabilistic procedures, the credibility of predictions can be increased. Therefore,
it is highly appropriate to design a structural system to enhance strength, stiffness, and
ductility during near-fault earthquakes. The results of Model 2 illustrate this situation and
the importance of shear walls.

It is well known that Soil Structure Interaction (SSI) and/or Soil Foundation Structure
Interaction (SFSI) significantly affect dynamic behavior, and displacement demands are
more pronounced when SSI and/or SFSI [67] are considered. The velocity pulses observed
in near-fault earthquakes are also important from a soil behavior perspective. Nonlinear
soil behavior influences the spectral accelerations transmitted to the superstructure. On the
other hand, based on the analyses, it was found that the damage distribution of buildings
and observed damages according to post-earthquake damage surveys (see Figure 10) are



Appl. Sci. 2025, 15, 10142

16 of 20

2.5

1.5

Acc. (g)

comparable in reflecting building performance state after an earthquake. It is also worth
noting that the effect of infill walls is not considered in this study; recent studies confirm
that these elements may dramatically influence overall behavior, especially under seismic
loading conditions [67]. Accordingly, authors will further investigate SSI, SFSI, and infill
wall effects as future research to expand upon the scope of this study.
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Figure 11. Comparison of acceleration spectra: (a) far- and near-field records; (b) near-field, building
design and TBEC-2018 spectra).

Another important point is that the results obtained from numerical analyses are based
on a single building. Consequently, there are clearly not enough examples or analyses
to draw conclusions regarding code revisions or the entire building stock. Nevertheless,
based on both studies and post-earthquake observations, it can be argued that the situation
illustrated in this example is valid for many buildings in the region. Similar discrepancies,
as seen in Figure 11, are observed in all records from the Antakya region [64]. Therefore,
both observational and numerical results, even for new buildings, indicate that near-fault
earthquakes can exceed the spectral values anticipated by design codes, and the effects
of near-fault motions play a significant role in building seismic performance. A more
detailed future investigation of results requires a much larger number of examples and
more comprehensive analyses, including code compatible record selection, with or without
scaling or the effect of hysteresis models [65,68]. In addition, damage state evaluation of the
case study can be made according to TBEC-2018 limits; other international standards can
be used to further clarify whether similar performance classifications could be reached [69].
Accordingly, the findings of this study cannot be generalized to all RC building types or be
interpreted as code proposals.

5. Conclusions
The key findings derived from the analyses are summarized as follows:

e  Model 1a results align well with the observed post-earthquake damage, confirming
the validity of the finite element model and analysis approach.

e  The modal shapes of Models 1 and 2 are similar, but the period values in Model 2 are
notably higher, and this situation significantly increases seismic demands.

e Inter-story drift ratios and base shear forces in Model 1a are substantially higher than
in Model 1b, due to intense ground accelerations in the near-fault scenario earthquake.

e  Plastic deformations in Model 1a are higher than Model 1b. The performance levels
further confirm that Model 1a reaches Collapse Prevention, while Model 1b remains at
Controlled Damage. A similar trend observed between Models 2a and 2b in terms of
base shear, inter-story drifts, and damage levels is that near-fault conditions caused
substantially more demand.
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e  Comparing Model 1 and Model 2 shows the critical role of shear walls. Under near-
fault conditions, the reduced stiffness owing to lack of shear walls (Model 2) experi-
enced higher damage and larger displacements in both directions.

e  Models 1 and 2 produce similar drift results for far-fault conditions due to the limited
plastic deformation demands.

e A more realistic estimation of design spectra could potentially be achieved if specific
phenomena such as forward directivity, super-shear rupture, and basin effects are
more thoroughly incorporated into probabilistic procedures. In this context, further
advancements in ground motion prediction models and the development of techniques
that better capture near-fault effects may be beneficial, suggesting that additional
research in this direction would be valuable.

e  Analysis results highlighted that structures with higher energy dissipation capacity
should be prioritized for design of buildings located near fault zones. Considering this
aspect, practicing engineering could help foster measures that contribute to reducing
the risks of life and property losses in future earthquakes.

It is worth noting that while the findings of this study provide meaningful conclusions
for a case study building, more comprehensive results would require broader investiga-
tion. Due to the complex interaction of numerous structural and seismic parameters in
damage and collapse mechanisms, additional case studies considering various structural
systems and hysteresis models are essential for better understanding the effects of near-fault
ground motions.
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