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Abstract. Near-fault ground motions are often influenced by forward rupture directivity effects, which may
generate distinctive long-period velocity pulses and substantially increase seismic demands compared to far-field
records. However, conventional design spectra prescribed in seismic codes generally fail to incorporate these near-
fault characteristics, potentially resulting in unconservative structural designs. This study examines the spectral
amplification associated with near-fault effects and introduces a coefficient-based modification approach derived
through regression analysis. A total of 20 ground motion records from the 6 February 2023 Mw 7.7 Pazarcik
earthquake were employed - 10 near-fault and 10 far-field - and to account for the bidirectional nature of seismic
excitation, both the East-West (EW) and North-South (NS) components were analyzed separately, yielding 40
datasets. Five-percent-damped elastic acceleration response spectra were computed using the Newmark-Beta method
across a broad period range, after which average spectra for the near-fault and far-field groups were compared and
spectral ratios were calculated to quantify amplification due to fault proximity. The period range was classified into
short (T<0.5 s), medium (0.5 s<T< 3 s), and long (T>3 s) intervals, and constant amplification coefficients were
determined for each category. A regression-based model was further developed to represent the amplification trend as
a function of period. An overall spectral modification factor of 1.47 was identified, and when applied to design
spectra, this coefficient effectively reduced discrepancies between code-based and response spectra, mitigating
potential underestimations. These findings emphasize the importance of explicitly incorporating near-fault effects in
seismic design procedures.

Keywords: coefficient-based modification; near-fault ground motions; Pazarcik earthquake; seismic
design; spectral amplification

1. Introduction

Seismic design codes around the world, including those adopted in regions of high seismicity,
generally provide standardized acceleration response spectra intended to represent typical ground
motions for a given hazard level. These spectra are typically derived from far-field records and
assume relatively uniform energy distribution across frequencies and durations. However, in recent
decades, the growing body of recorded near-fault ground motions especially from large-magnitude
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Figure 1. Illustration of earthquake propagation and directivity effect [15, 16]

earthquakes has revealed that these records often deviate significantly from such assumptions.
Near-fault earthquakes are characterized by unique features such as long-period velocity pulses,
permanent ground displacements, and strong directionality effects due to rupture directivity [1-3].
These characteristics can lead to severe amplification of structural demands, particularly for
medium-to-long-period structures, which are highly sensitive to pulse-type inputs [4].

Despite these well-documented effects, most seismic design codes still lack explicit
modifications to address the increased demands from near-fault ground motions. This omission
can result in unconservative estimates of structural response and potentially unsafe designs,
especially for buildings, bridges, and lifelines situated close to active faults. The need to bridge
this gap between recorded behavior and design assumptions serves as the main motivation for this
study. By quantifying the amplification in spectral response caused by near-fault effects and
comparing it to far-field motions, this research aims to derive practical amplification coefficients
that can be applied to standard design spectra. Furthermore, the use of regression-based models
enables a period-dependent spectral modification approach, making it more adaptable to
performance-based seismic design practices.

Response spectra have long been fundamental tools in earthquake engineering, representing the
peak response of single-degree-of-freedom (SDOF) systems subjected to seismic ground motions
[5]. The concept was introduced in the early 20th century and has since evolved as a standard
method for characterizing seismic demand on structures. Response spectra typically display
spectral acceleration, velocity, or displacement as a function of vibration period, and are used
extensively in seismic design codes worldwide [6-9]. The accuracy of response spectra is critical
for reliable structural analysis, risk assessment, and design, as they condense complex time-history
data into manageable engineering parameters. Classical methods for deriving response spectra
often assume linear elastic behavior and uniform damping ratios, typically 5%, to standardize
comparisons across different ground motions [10].

Near-fault ground motions differ significantly from far-field motions due to the proximity of
the seismic source and the associated directivity effects. One of the most distinctive features of
near-fault records is the presence of large velocity pulses often referred to as “forward directivity
pulses” which result in long-period, high-amplitude ground velocity pulses (Shown in Fig. 1). The
rupture directivity effects cause significant spatial changes in the ground motion amplitude and
duration around the fault [4]. This effect creates significant differences between the horizontal
ground motion components perpendicular and parallel to the fault direction. The study shows that
these differences start especially at periods above 0.6 seconds and become more pronounced as the



Empirical spectral amplification modeling for near-fault ground motions: Evidence and... 399

period increases [11]. These pulses can impose substantial demands on structures, especially those
with natural periods close to the pulse period. The presence of pulse-like features can cause
amplified structural responses that are not fully captured by traditional design spectra [12, 13].
Studies have demonstrated that ignoring near-fault effects can underestimate seismic demand,
potentially leading to unsafe designs. Recent research emphasizes the need to account for pulse-
like motions when developing seismic hazard assessments and designing structures in near-fault
zones [14].

To address the limitations of conventional response spectra under near-fault conditions, various
spectral modification approaches have been proposed. One common strategy involves scaling or
adjusting spectral ordinates using amplification factors derived from empirical or simulation-based
studies [17]. Some methods focus on augmenting design spectra by incorporating pulse effects
through time-domain modifications or spectral shape adjustments [18]. Others employ statistical
analyses on recorded near-fault motions to derive period-dependent modification coefficients or
spectral modification factors [19]. Regression-based models have been increasingly used to
generalize these modifications, enabling engineers to apply correction factors as functions of
period and distance from the fault. Despite advances, challenges remain in developing universally
applicable and robust modification schemes due to the complexity and variability of near-fault
ground motions. Consequently, ongoing research continues to refine these approaches, aiming for
improved accuracy and practical implementation in seismic design codes [20].

Near-fault effects lead to spectral amplifications in a narrow frequency band due to forward
strike. Sgobba et al. [21] analyzed 230 pulse-like records in the NESS1 database to evaluate the
role of these effects on spectral magnitudes. The pulse characteristics produced significant spectral
deviations compared to the ordinary records; these differences were quantitatively modeled with
the proposed amplification factors [21].

Long-period pulse components in near-fault records can transfer high amounts of energy to the
structure in a short time and cause serious damage. This situation causes high displacement, and
energy demands especially in the weak areas of the structure. In Mollaioli et al.’s study [22], the
response of both linear and nonlinear single degree of freedom systems to this pulse effect was
investigated with parameters derived directly from ground motion and energy-based spectral
analyses. The findings revealed that near-fault records with forward directivity can carry structural
demands, especially in terms of energy and displacement, well above the limits foreseen by the
codes. In addition, equivalent pulse models that can represent these effects were defined [22].

High velocity pulses in near-fault ground motions cause structures located in these regions to
become more susceptible to seismic damage. However, the limited number of available near-fault
ground motion records necessitates the synthesis of such records in structural design. In this
context, it is an important problem that traditional synthesis methods created by superimposing
low and high frequency components in the time domain show large differences with the target
spectrum. To overcome this problem, a new synthesis approach based on the spectral features of
near-fault ground motions was developed by Zhang et al. [23] using a comprehensive database. In
the developed method, the deficiencies of existing techniques were determined, and two separate
correction strategies were proposed to ensure spectrum compatibility. The synthesized sample
ground motions confirmed the suitability of the proposed method to the target spectrum [23].

The main objective of this study is to examine the effects of near-fault ground motions on
elastic response spectra and to quantify the level of spectral amplification introduced by such
effects through a coefficient-based modification approach. Ultimately, the study aims to propose a
simplified, coefficient-based method for modifying standard design spectra to better account for
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near-fault effects, thereby contributing to improved accuracy in seismic design and performance
evaluation of structures exposed to near-fault ground motions.

2. Data and method

The study specifically aims to highlight how the presence of velocity pulses and rupture
directivity near fault zones influences spectral demands, particularly in comparison with typical
far-field motions. To achieve this, ground motion records from the February 6, 2023, 7.7 M,,
Pazarcik earthquake are classified into near-fault and far-field categories based on their proximity
to the fault and their pulse-like characteristics. The elastic response spectra with 5% damping are
calculated using the Newmark-Beta method for both the East-West and North-South components
of each record. The spectral responses of the two record groups are then compared to identify
systematic differences across various period ranges. By computing average spectra for both
categories, the study investigates period-dependent amplification patterns and determines spectral
modification coefficients by evaluating the ratio of near-fault to far-field spectra. These
coefficients are further grouped according to defined period intervals (T<0.5 s, 0.5 s<T<3 s, and
T>3 s) to represent short-, mid-, and long-period structural behaviors. A regression analysis is then
conducted to express these ratios as continuous functions of period.

This study focuses on the evaluation of spectral amplification due to near-fault ground motions,
particularly those generated by the February 6, 2023, M, 7.7 Pazarcik earthquake. The scope is
limited to analyzing elastic response spectra with a damping ratio of 5%, computed for both East-
West and North-South components of 20 ground motion records (10 near-fault and 10 far-field),
resulting in a total of 40 records. These records were selected from stations at varying distances
from the fault to ensure a reliable comparison between near-fault and far-field conditions in
literature and in this study, ground motion records were classified into near-fault and far-fault
groups based on seismological characteristics, waveform features, and commonly adopted criteria
in the literature. Near-fault records were selected from previous studies and databases focusing on
motions recorded close to the fault rupture and exhibiting forward-directivity effects, typically
characterized by distinct long-period velocity pulses. Far-fault records were defined as motions
recorded at larger rupture distances, lacking pulse-like characteristics, and representing
conventional spectral behavior. The adopted classification and record selection strategy are
consistent with established approaches in near-fault ground motion research. [15, 24-27]. The
analysis involves calculating the spectral response using the Newmark-Beta method [28], deriving
average spectra for each record group, computing spectral amplification ratios, and establishing
period-dependent modification factors. These coefficients are grouped and statistically evaluated
within three predefined period intervals: short-period (T<0.5 s), mid-period (0.5 s<T<3 s), and
long-period (T>3 s). A regression analysis is also performed to generalize the relationship between
the period and amplification ratio. However, the study has certain limitations. First, only one
earthquake event is considered, which may limit the generalizability of the results to other seismic
regions or tectonic settings. Second, the analysis is confined to linear elastic behavior and does not
account for inelastic structural response. Third, while the study uses both horizontal components,
vertical ground motion effects are not included. Lastly, classification of records into near-fault and
far-field categories is based on simplified criteria such as distance and pulse-like characteristics,
which may involve some subjectivity. Despite these limitations, the study offers valuable insight
into the quantitative effects of near-fault phenomena on spectral response and provides a
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Figure 2. Schematic representation of the analysis workflow

coefficient-based framework that can be further refined and extended in future studies.

In this study, the classification of ground motion records into near-fault and far-fault groups
was primarily based on Rz distance and documented near-fault characteristics reported in previous
studies. Near-fault records were selected from stations located within proximity to the causative
fault and exhibiting strong directivity-related features commonly associated with near-fault ground
motions. Formal pulse-detection algorithms, such as those proposed by Baker or Shahi and Baker,
were not explicitly applied, as the primary objective of this study is not pulse characterization but
the evaluation of code-based response spectra against observed near-fault spectral demands. This
approach ensures consistency with practical seismic design frameworks, where near-fault effects
are typically addressed through distance-based classification rather than algorithmic pulse
identification. Distance was used as an initial screening parameter; however, the final
classification also considered documented near-fault characteristics, particularly the presence of
pulse-like features associated with rupture directivity. Near-source records do not necessarily
induce extraordinary structural demand unless they contain pulse-type motions.

The overall procedure followed in this study has been summarized in a flow chart to enhance
clarity and to provide a visual representation of the analysis steps. As illustrated in Fig. 2, the



402 O.F. Nemutlu, M. Freeshah

(b)

Figure 4. Progressive collapsed buildings example from Kahramanmaras Earthquakes [34]



Empirical spectral amplification modeling for near-fault ground motions: Evidence and... 403

process begins with the collection of near-fault ground motion data and the extraction of seismic
parameters based on Turkish Seismic Hazard Map [29]. This is followed by the calculation of
spectral ratios, identification of dominant peaks, regression analysis using a polynomial fit, and
derivation of a spectral modification factor. Subsequently, response spectra of ground motions are
compared with code-based design spectra, and implications for seismic code provisions are
discussed. This step-by-step diagram enables a clear understanding of the analytical framework
adopted in the study.

2.1 Kahramanmaras earthquake sequences

On February 6, 2023, two very strong main earthquakes centered in Kahramanmaras occurred
in southeastern Tiirkiye. The first earthquake had a magnitude of 7.7 M,, and occurred on the
Eastern Anatolian Fault System with the Oliideniz fault line and the epicenter in Pazarcik. This
tremor caused severe ground movements in a wide area in the region. The length of the ruptured
fault segment is approximately 300 km [30]. The second major earthquake was recorded on the
same day, approximately 9 hours later, with a magnitude of 7.6 M,, and the epicenter in Elbistan
on a neighboring fault segment, the Cardak fault zone, which is one of the branches of the Eastern
Anatolian Fault Zone. The map displaying the epicenters of the Kahramanmarag earthquakes and
the aftershock activities is shown below in Fig. 3 [31]. 11 provinces in southeastern Tiirkiye were
directly affected by the earthquake. 14 million people living in these 11 cities were affected by the
earthquake [32], and over 50000 people lost their lives. Around 250000 structures were
completely unusable, collapsed or severely damaged (Fig. 4). In the field observations made after
the earthquake, the cities most affected by the earthquake were Malatya, Hatay, Kahramanmaras
and Adiyaman [33]. There are many studies in the literature evaluating the structural damage and
earthquake characteristics in these cities [34-37]. Both earthquakes released a great deal of energy
and created high acceleration and long-term ground motions, especially in areas affected by near-
faults. The earthquakes occurred with consecutive ruptures in multiple fault segments, which
caused the ground movements to exhibit a complex structure. Due to the forward directivity effect,
sudden, high-amplitude and long-period pulse-like waves were observed in the ground motions
[13]. These characteristics were decisive in the extraordinary levels of earthquake-induced damage
and structural demands [3]. In addition, extensive aftershocks and many fault ruptures of different
sizes were observed in the Kahramanmaras earthquake region [34]. This earthquake sequence has
once again revealed the tectonic activity and earthquake hazard in a region that is critically
important in terms of earthquake activity and fault lines in Tiirkiye.

2.2 Selection and classification of ground motion records

The Kahramanmaras earthquake sequence impacted 11 provinces in southeastern Tiirkiye: Adana,
Adiyaman, Diyarbakir, Elazig, Gaziantep, Hatay, Kahramanmaras, Kilis, Malatya, Osmaniye, and
Sanliurfa. The affected region spans approximately 110,000 km? and was home to more than 13.5
million people before the earthquakes (1). Fig. 1 presents the geographic distribution of the
304,299 analyzed buildings across the earthquake-affected region. The map visualization uses
optimized coordinate bounds (36-40°E longitude, 36.5-39°N latitude) to focus specifically on the
building distribution area, eliminating empty geographical regions. The spatial concentration
patterns clearly reflect urban development density and proximity to the fault rupture zones of the
February 6, 2023, earthquake sequence.
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Table 1. Key characteristics of the selected ground motion records

Station Latitude Longitude Rz (km) NS (cm/s?) EW (cm/s?)
3123 36,21423 36,15973 72,58341 655,57128 593,9403986
3124 36,2387 36,1722 69,66107 572,63231 638,3214265
3125 36,23808 36,13264 70,81593 822,61604 1121,947964
3126 36,2202 36,1375 72,55381 1178,1156 999,383067
Near-fault 3129 36,19117 36,1343 75,70543 1351,5002 1198,743469
records 3139 36,58383 36,41439 28,54152 577,13066 504,8208471
4614 37,48513 37,29775 8,254134 2165,5843 2175,076596
4615 37,38676 37,13803 8,018127 582,31369 583,7049721
2708 37,09933 36,64837 2,587456 1294,82 1294,82
2718 37,00777 36,6266 2,095246 654,43082 630,3120444
0201 37,76121 38,26742 48,06106 478,07148 911,3041564
3146 36,49076 36,22695 41,57225 483,84558 346,9314602
4404 38,19588 38,87385 117,7143 136,24371 137,416246
4405 38,8107 37,9396 125,5608 91,118286 126,4966785
Far-fault 4612 38,02395 36,48187 95,79456 140,97002 122,2219667
records 4626 37,57532 36,91505 35,49416 108,80812 223,0931427
6303 37,7524 39,3291 117,3498 117,42257 114,439434
6304 37,36509 38,51316 55,38302 210,89718 238,2281967
8003 37,08417 36,26936 27,11038 141,56686 185,7379028
8004 37,37989 36,09763 61,05423 168,42611 181,8594248
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Figure 5. Location map of near-fault and normal ground motion records considered in this study

The earthquake records used in this study are classified into two groups as “with near-fault
effect” and “without near fault effect”. This distinction allows for more accurate analysis of
ground motion characteristics and structural behavior in earthquake engineering and structural
assessment studies. Since the near-fault effect significantly affects the characteristics and
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magnitude of ground motions recorded during earthquakes, the necessity of taking this effect into
consideration is frequently emphasized in the literature. The earthquake records used in the study
were selected from reliable sources in the current literature and obtained from the TADAS
(Turkish Accelerometric Database and Analysis System) database [38]. TADAS is a platform that
includes different earthquake parameters and provides a wide data set for research. In this context,
the selected records were evaluated in both East-West (EW) and North-South (NS) directions to
expand the scope of the analysis and increase the reliability of the results. Within the scope of the
study, a total of 40 individual earthquake records belonging to the February 6 Kahramanmaras
earthquake were analyzed. The number and diversity of the selected records were determined to
increase the statistical validity of the analyses and to ensure that the obtained results are
compatible with the literature [15, 24, 26, 27]. The selection of earthquake records is an important
stage that directly affects the accuracy of the analyses conducted and the validity of the findings
obtained. The information regarding the earthquake records is presented in Table 1. Fig. 5 presents
the locations of the selected ground motion stations used in this study. In this study, the distance
parameter adopted for record classification is the Joyner-Boore distance (Rjg), defined as the
shortest horizontal distance from the recording station to the surface projection of the rupture
plane. The Ryp values reported in Table 1 were obtained directly from the official metadata
provided by the Disaster and Emergency Management Authority (DEMA) ground motion database
[38].

2.3 Response spectrum calculations

The response spectra utilized in this study were obtained using the SeismoSignal software [39].
In this process, the earthquake records specified in Section 2.2 were employed as input data for the
software. For each individual earthquake record, response spectra corresponding to two distinct
directions East-West and North-South were calculated separately. This methodology enables a
comprehensive analysis of the seismic response characteristics for different orientations, thereby
facilitating a more detailed examination of the ground motion effects on structural systems.

3. Methodology of spectral analysis

In this study, to determine the spectrum modification coefficient, earthquake records were

divided into two groups according to the prominence of fault-induced effects: records with near-
fault effects and records with distant-fault effects. Elastic ground motion response spectra with a
damping ratio of 5% were calculated separately for both groups. The obtained spectra were
evaluated in the period range from 0.05 seconds to 4 seconds and presented graphically for
comparative analysis. In Fig. 6, the response spectra calculated for both groups of records are
shown together, and the differences in spectral behaviors are visually demonstrated.
All analyses were performed on the acceleration records of the Kahramanmarag-Pazarcik (My 7.7)
earthquake that occurred on February 6, 2023. Both the east-west (EW) and north-south (NS)
components of the records obtained from a total of 20 different stations were evaluated separately,
thus the total number of spectra used in the analysis reached 40. Thanks to this systematic
approach, the amplification levels of near-fault effects on spectral magnitudes were clearly
observed and data were obtained that would form the basis for how these effects should be
reflected in the design spectra.
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Figure 7. Comparison of average response spectra for near-fault and far-fault records

Using the response spectra derived from these 40 ground motion records, separate average
spectra were computed for each group namely, near-fault and far-fault motions. The primary
objective of obtaining average spectra was to quantify the variation observed across specific period
ranges and to derive a representative ratio that captures this difference. In doing so, it becomes
possible to characterize the amplification effect induced by near-fault conditions and to express its
impact on design spectra in a quantitative manner.

Fig. 7 presents a comparative illustration of the average response spectra for both groups. As
clearly seen in the figure, the average spectral accelerations of the near-fault group are
significantly higher than those of the far-fault group across a wide range of periods, particularly
beyond 0.6 seconds. This observation highlights the pronounced amplification caused by near-
fault effects, which is often underestimated in conventional design spectra.

4. Spectral ratio and modification factor derivation
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Figure 8. Spectral ratio peaks in the range of 0.5-3.0 seconds

In Fig. 7, the average response spectra corresponding to both near-fault and far-fault ground
motion records were compared by evaluating their spectral ratio across the period range. The
analysis revealed that the ratio between the two average spectra exhibited noticeable peaks
particularly within the 0.5 to 3.0-second period interval. These local amplifications suggest that
near-fault ground motions impose a distinct influence on the spectral shape, especially in the
intermediate-period range. The presence of such peaks can be attributed to the directivity effects
and long-period pulse-like characteristics typically associated with near-fault events.

While Fig. 7 presents the comparison between the average response spectra of near-fault and
far-fault records, the period range exhibiting the most pronounced amplification differences is
more clearly identified in the spectral ratio curves shown in Fig. 8. As observed in Fig. 8, the
amplification effect becomes significantly more pronounced within the 0.5-3.0 s period interval,
where near-fault records consistently exceed far-fault records. This observation supports the
emphasis on the medium-to-long period range in the subsequent analyses.

Further illustration of these peaks is provided in Fig. 8, where the spectral ratio curve is
presented in detail for the 0.5-3.0 s period range. The peak points, representing the most
significant amplifications, are highlighted with red circles to facilitate visual interpretation. This
graphical representation reinforces the critical need to account for near-fault amplification in the
development or adjustment of design spectra.

4.1 Regression analysis for coefficient modeling

Following the identification of peak points, a regression analysis was conducted based on the
spectral ratio curve. As an initial step, the data were discretized to isolate key amplification points.
Subsequently, the most suitable functional form to represent the observed behavior of the spectral
ratio peaks was investigated. Among the tested models, the polynomial function was found to
provide the best fit for the empirical data. Upon selecting the polynomial regression model, the
curve was fitted accordingly, and the model was calibrated to derive the corresponding polynomial
coefficients. The R? for the polynomial regression was calculated as 0.86, indicating a strong
correlation between the model and the observed data. The resulting regression equation, along with
the fitted polynomial curve and the original spectral ratio profile, is presented in Fig. 9. This
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Figure 9. Regression analysis for the spectral ratio modification

Table 2. Period-dependent application of regression coefficients for spectral modification

Period Equation Period Equation Period Equation Period Equation Period Equation Period Equation
0 2,8277 0,5 4,0258 1 5,0376 1,5 5,8631 2 6,5023 2,5 6,9552
0,05 29559 0,55 4,1354 1,05 5,1285 1,55 59354 2,05 6,5560 2,55 06,9902
0,1 3,0822 0,6 42431 L1 52176 1,6 6,0058 2,1 6,6078 2,6 7,0234
0,15 3,2067 0,65 43489 1,15 53048 1,65 6,0744 2,15 6,6577 2,65 17,0547
0,2 3,3293 0,7 44529 1,2 53902 1,7 6,1411 22 6,7058 2,7 77,0842
0,25 34500 0,75 45550 1,25 54736 1,75 6,2060 225 6,7520 2,75 7,1118
0,3 3,5689 0,8 46552 1,3 55553 1,8 6,269 23 6,7964 2,8 17,1375
0,35 3,6859 0,85 47536 1,35 5,6350 1,85 6,3301 2,35 6,8389 2,85 7,1614
0,4 3,8011 0,9 4,8501 1,4 57129 19 63894 24 68795 29 7,1834
0,45 39144 0,95 49448 1,45 57889 1,95 64468 245 69183 295 72035
0,5 4,0258 1 5,0376 1,5  5,8631 2 6,5023 2,5 69552 3 72218
Mean 3,4407 Mean 4,5457 Mean 5,4643 Mean 6,1967 Mean 6,7427 Mean 7,1025
Unit 1 Ampl. 1,321139 Ampl. 1,588132 Ampl. 1,80098 Ampl. 1,959682 Ampl. 2,064239

Table 3. Coefficients to be used in the amplification procedure for specific period intervals
0-0,5 0,5-1 1-1,5 1,5-2 2-2,5 2,5-3 3-3,5 3,5-4 Mean
1 1,32 1,59 1,8 1,96 2,06 1 1 1,47

functional representation offers a practical means of incorporating near-fault amplification effects
into spectral modification procedures.

Although slight amplification is observed in the 0-0.5 s period range (Table 2), the magnitude
of this increase is relatively limited compared to the medium-to-long period interval. Since the
most pronounced and structurally significant amplification occurs between 0.5-3.0 s, the
regression analysis and coefficient derivation presented in Table 3 primarily focus on this range.
Nevertheless, for practical design implementation, the final amplification factor was applied to the
entire response spectrum, as illustrated in Fig. 10, to maintain simplicity and usability within a
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Figure 10. Comparison of amplified and unamplified response spectra with TBDY-2018 design spectra

code-oriented framework.

Subsequently, the regression equation derived from the analysis was applied to each period
value within the 0.5 s to 3.0 s range. The resulting values for each period are presented in the
“equation” column of Table 2. The amplification factor reported as “Ampl.” in Table 2 was
obtained by applying the regression equation to each period within the 0.5-3.0 s interval and
computing the arithmetic mean of the resulting values. This average value represents a single
equivalent spectral modification coefficient for the specified period range. To obtain a
representative amplification factor for this period range, the average of these values was
calculated. For periods outside the 0.5 to 3.0 second interval, an amplification factor of unity was
assumed. This approach enabled the determination of the amplification coefficients used to modify
the spectral ordinates accordingly.

Table 3 presents the variation of the amplification coefficients obtained for each period range.
Since these coefficients are intended to be applied to existing design spectra, a single
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representative amplification factor is required. Therefore, the average of the coefficients calculated
for the different period intervals was taken to derive a unified value for spectral amplification. As
shown in Table 3, the resulting amplification factor determined in this study is 1.47. Although a
single representative amplification factor is proposed, its application is limited to the 0.5-3.0 s
period range, where near-fault spectral amplification is dominant. Outside this interval, no
additional amplification is recommended. Therefore, the proposed modification should be
interpreted as a period-dependent, piecewise spectral adjustment rather than a uniform scaling of
the entire response spectrum.

5. Discussion

The influence of near-fault ground motions on structural response has long been a critical
subject in earthquake engineering, particularly due to the presence of forward-directivity and fling-
step effects that result in large velocity pulses. These distinct features significantly alter the
spectral content of ground motions, especially within the intermediate period range, leading to
increased seismic demands on structures located in proximity to fault lines. Despite the well-
documented impact of such ground motions, current seismic design codes often fail to explicitly
address the amplification effects observed in the response spectra of near-fault records. In this
context, a more comprehensive understanding of spectral amplifications caused by near-fault
effects is essential for developing reliable design spectra and ensuring structural safety under these
demanding conditions. The findings of this study carry important implications for both structural
design practices and seismic code development, particularly in regions with potential near-fault
seismic hazards. The observed spectral amplifications, especially within the intermediate period
range, indicate that current design spectra may underestimate seismic demand in such scenarios.
Incorporating the proposed amplification factors into design procedures could lead to more
accurate seismic assessments and improve the resilience of structures against near-fault ground
motions. Furthermore, the proposed methodology has potential applications in developing site-
specific design spectra, updating hazard maps, and calibrating fragility functions for performance-
based earthquake engineering. These applications highlight the need for refined modeling
approaches that can capture the unique characteristics of near-fault ground motions in both
deterministic and probabilistic frameworks.

As part of the analytical framework, Sps and Sp; values corresponding to the coordinates and
site classifications of ten near-fault stations listed in Table 4 were extracted from the official
Turkey Earthquake Hazard Map. These parameters were obtained for both DD1 and DD2 seismic
design levels, in accordance with the Turkish Building Earthquake Code 2018 (TBDY 2018) [8].
The primary motivation for retrieving these code-based spectral parameters was to enable a
comparative assessment of the recorded ground motions against standard design spectra. This
approach provides a basis for evaluating how well current code spectra reflect the actual demands
imposed by near-fault ground motions and facilitates the identification of potential
underestimations in spectral ordinates within critical period ranges.

Following the acquisition of code-based seismic parameters, the design spectra defined by the
TBDY 2018 were plotted alongside the response spectra derived from the recorded ground
motions. These comparative visualizations are presented in Fig. 10 through two separate graphs.
The first graph illustrates the comparison between the standard design spectra and the empirical
response spectra, whereas the second graph compares the amplified design spectra adjusted based
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Table 4. TBDY-2018 based data of the stations where ground motion records were obtained (for Near-fault
records)

Information about records included near fault effect DDI1 DD2

PGA PGA VS30 Soil
(cm/s’)  (g) (m/s)* Class* °P°

3123 36,21423 36,15973 72,58 655,57 0,668267 470 ZzC 2,532 0,819 1,253 0,408
3124 36,2387 36,1722 69,66 638,32 0,650683 283 ZD 2,066 0978 1,12 0,555
3125 36,23808 36,13264 70,82 1121,95 1,14368 448 ZzC 2,417 0,791 1,205 0,391
3126 36,2202 36,1375 72,55 1178,12 1,200938 350 ZD 2,076 0977 1,119 0,553
3129 36,19117 36,1343 75,71 1351,5 1,377676 447 ZzC 2,606 0833 1,277 0,414
3139 36,58383 36,41439 28,54 577,13 0,588308 272 ZD 2,57 1,224 1,29 0,663
4614 37,48513 37,29775 8,25 2178,72 2,220917 541 ZC 2,557 0,833 1,352 0,442
4615 37,38676 37,13803 8,02 584,65 0,595973 484 ZzC 2,501 0,827 1,284 0,428
2708 37,09933 36,64837 2,58 1294,82 1,319898 523 ZC 3,08 1,007 1,526 0,5
2718 37,00777 36,6266 2,74 592,35 0,603823 572 ZC 3,143 1,019 1,588 0,517

*: The Vs30 values were obtained from station recordings. The soil classes were determined according to the
Vs30 values based on TBDY-2018 Table 16.1.
**: The Spsand Sp; spectral coefficients were taken from the tdth.afad.gov.tr site based on coordinates [40].

Station Latitude Longitude Ryp ** Spi**  Sps**  Spi**

on the proposed modification factor with the same response spectra. This dual-graph approach
aims to highlight the inadequacy of unmodified code spectra in capturing the spectral demands
induced by near-fault ground motions and to demonstrate the improvement achieved through
spectral amplification.

When the design spectra amplified by the factor of 1.47 are examined, a significant
improvement in spectral compatibility is observed. In the case of a major seismic event such as the
Kahramanmaras earthquakes, this amplification proves particularly effective for the DD1 ground
motion level, where the amplified spectra align more closely with the expected design
performance. Notably, the spectra modified using the 1.47 factor effectively mitigate the excessive
spectral demands observed beyond the 0.5-second period—typically attributed to near-fault
effects—by keeping the design spectra within acceptable bounds. This outcome underscores the
importance of introducing a spectral modification factor to ensure safety and compliance in near-
fault seismic design scenarios.

Previous studies have proposed period-dependent or pulse-based near-fault modification
models, primarily focusing on capturing the physical characteristics of velocity pulses and forward
directivity effects. In contrast, the objective of this study is not to introduce a new pulse-based
formulation, but to evaluate the adequacy of code-based design spectra in representing near-fault
spectral demands using observed ground motion data. The proposed amplification factor of 1.47 is
derived by focusing on the medium-to-long period range (0.5-3.0 s), where near-fault effects are
most pronounced and structurally critical. Unlike period-dependent functions, the use of a single
averaged factor provides a practical and directly applicable adjustment within current design
frameworks, particularly for regions governed by the TBDY-2018. This approach prioritizes
engineering applicability and consistency with design practice rather than detailed pulse
characterization.

According to Section 2.5.2 of the TBDY-2018 (Scaling of Earthquake Records Using the
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Simple Scaling Method), the resultant horizontal spectrum is defined as the square root of the sum
of the squares of the two horizontal components of each selected ground motion record [41-44].
The average of these resultant spectra, calculated for all selected records, must satisfy the
condition that the amplitude ratio between the average spectrum and the design spectrum—defined
according to Sections 2.3.4 or 2.4.1—within the period range of 0.2 T to 1.5 T, should not be less
than 1.3. Furthermore, both horizontal components are required to be scaled using the same
scaling factor [8].

Considering this provision, the spectral amplification factor of 1.47 obtained in this study is not
only consistent with the current code requirements but also suggests that the prescribed lower limit
of 1.3 might be subject to reevaluation. The results point to the potential need for updating the
existing code provisions, particularly in regions where near-fault effects significantly alter ground
motion characteristics. International seismic codes address near-fault effects through different
strategies. ASCE 7 introduces near-fault factors applied to spectral ordinates, while Eurocode 8
indirectly accounts for such effects through spectral shape and record selection criteria [6, 7].
Japanese design practice emphasizes site-specific record selection and scaling. Compared to these
approaches, the proposed factor in this study offers a simplified, data-driven adjustment calibrated
directly against observed near-fault ground motions from a major Turkish earthquake sequence,
providing a region-specific and code-compatible alternative.

Although period-dependent amplification factors provide a more detailed representation of
spectral modification, the present study adopts a single averaged amplification coefficient for
practical engineering implementation. The primary objective is to propose a simplified, design-
oriented adjustment that can be readily incorporated into existing code-based response spectra.
While a period-dependent formulation may capture spectral characteristics more explicitly, the use
of a single coefficient enhances usability and facilitates straightforward application within the
current regulatory framework. The development of period-dependent amplification models tailored
to Turkish near-fault conditions may constitute a valuable direction for future research.

Several previous studies have incorporated near-fault effects within the framework of Ground
Motion Prediction Equations (GMPEs) by introducing distance-dependent or pulse-related
modifiers. For example, Chang et al. [45] proposed an empirical narrowband model to account for
amplification effects induced by near-fault directivity. Unlike GMPE-based approaches, which
aim to predict ground motion intensity measures for hazard assessment, the present study focuses
on the modification of design response spectra based on observed spectral amplification patterns.
Therefore, the proposed amplification factor is intended as a practical design-oriented adjustment
rather than a predictive GMPE formulation.

In this study, distance was primarily used as a classification parameter to distinguish near-fault
and far-fault records. A more systematic incorporation of distance as a continuous variable within
the amplification model may further improve accuracy. This aspect is recommended for future
research.

Although the present study is based on a single earthquake sequence, the use of multiple
stations and bidirectional components provides a sufficiently robust dataset to investigate near-
fault spectral amplification under a consistent seismotectonic setting.

It should be noted that the proposed spectral amplification factor is derived without explicit
differentiation between site categories. While site effects are already incorporated by Sps and Sp:
values in the TBDY-2018, future studies may further refine the amplification model by stratifying
records according to soil classes and investigating site-dependent near-fault effects.

Although the present study does not explicitly decompose pulse-like characteristics or
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directional components of individual ground motion records, the observed spectral amplifications
in the medium-to-long period range (0.5-3.0 s) are consistent with the well-documented effects of
forward directivity and velocity pulses reported in the literature [11, 15, 27]. Previous studies have
demonstrated that pulse-like motions and directionality primarily amplify spectral ordinates at
longer periods, which is in line with the trends identified in this study through spectral ratio
analyses. The primary objective of this research is not to isolate pulse mechanisms at the record
level, but rather to evaluate the adequacy of code-based design spectra in capturing near-fault-
induced spectral demands. A detailed component-wise or azimuth-dependent investigation may be
considered as a subject of future research.

6. Conclusions

The results obtained in this research clearly indicate that the standard design spectra are often
insufficient in capturing the increased demands posed by near-fault ground motions, leading to
possible underestimations in structural performance assessments. The comparative analyses
carried out in this study, based on both ordinary and near-fault records from the February 6, 2023,
Pazarcik (My 7.7) earthquake, demonstrate that the amplification coefficient of 1.3 recommended
by the Turkish Building Earthquake Code 2018 (TBDY-2018) is inadequate in fully capturing the
increased spectral demands induced by near-fault conditions. To address this gap, a modification
coefficient of 1.47 is proposed based on the comparative analysis of response spectra derived from
near-fault and ordinary ground motion records. The application of this amplification factor to the
design spectra has shown to mitigate the exceedance issue in several cases, aligning the spectral
demands more accurately with those observed under real near-fault scenarios. When applied to
design spectra, this coefficient effectively mitigates the issue of spectral exceedance observed in
near-fault records, particularly at periods exceeding 0.6 seconds, where rupture directivity effects
become significant. Although the findings are based on a limited data set consisting of 20 records
(40 components) from February 6, 2023, Pazarcik earthquake this approach provides a robust
foundation for spectral modification strategies. Future studies can enhance the reliability of the
proposed coefficient by incorporating a larger set of ground motion records from multiple seismic
events, and by categorizing the motions based on site conditions. Such advancements would
enable a more specialized understanding of spectral behavior and lead to refined, site-specific
modification models for seismic design under near-fault conditions.

This study emphasizes the significant influence of near-fault ground motions on the seismic
response of structures, particularly due to their distinct spectral characteristics and pulse-like
behavior. Despite their potential to amplify seismic demands, current seismic design codes do not
explicitly incorporate near-fault effects into the definition of design spectra such as Turkish
Building Earthquake Code (TBDY 2018).

* Near-fault effects are currently not adequately considered in existing earthquake design codes,

leading to potential underestimation of seismic demands on structures.

* This study demonstrates that design spectra require an amplification factor to account for

near-fault ground motion characteristics and proposes a coefficient of 1.47 for this purpose.

* Application of the 1.47 amplification factor to spectral ordinates reduces or eliminates the

problem of spectral demand exceedance observed in some cases when near-fault effects are

present.

» Comparative analyses based on the TBDY-2018 reveal that the existing amplification factor
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of 1.3 is insufficient to capture the true impact of near-fault motions.

* The methodology and findings presented here can be extended to include multiple earthquake
scenarios and different site conditions, improving the spatial specificity of spectral
modifications.

* Future studies incorporating a larger set of ground motion records and soil classification are
recommended to further refine amplification factors and enhance their applicability in seismic
design [46-48].
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