infrastructures

Article

Spectral Matching of Selected Earthquake Ground Motions for
the Performance-Based Design of Seaports

Aydin Mert

Academic Editor: Eugenio

Chioccarelli

Received: 3 December 2025
Revised: 19 January 2026
Accepted: 29 January 2026
Published: 4 February 2026

Copyright: © 2026 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Maritime Transportation and Management Engineering, Faculty of Maritime,
Istanbul Technical University, Tuzla 34940, Istanbul, Tiirkiye; mertay@itu.edu.tr; Tel.: +90-533-264-4092

Abstract

This study investigates the selection and scaling of recorded strong ground motions in the
time-domain spectral matching framework to realistically represent the seismic demands
on the superstructure and secondary systems in the seismic design of complex facilities
such as marine ports. The time-domain spectral matching method iteratively adjusts the
original record in the time domain by adding wavelets with limited durations and specific
period ranges to achieve compatibility with the specified target acceleration response
spectrum. A site-specific probabilistic seismic hazard analysis (PSHA) was performed for
a port facility in Iskenderun Bay, an area affected by the 6 February 2023 earthquakes.
Horizontal Ground-Motion Response Spectra (GMRS) were derived for different return
periods. Based on the hazard deaggregation, recorded ground motions compatible with
the seismotectonic context of the region and the site conditions were selected. These rec-
ords were then processed using time-domain spectral matching (TDSM) to match their
elastic response spectra with the target GMRS over specific period ranges. The method
utilizes spectral matching in the time domain to improve the match with the target spec-
trum while preserving the phase information and non-stationary nature of the records.
The results show that the mean spectral acceleration curves of the scaled records are
highly consistent with the target GMRS over a wide range of periods and that near-fault
pulse-like characteristics, when present, are reasonably preserved. These results confirm
that time-domain spectral matching provides a reliable framework for the performance-
based assessments of complex port infrastructures by achieving high compatibility with
the target spectra while preserving the physical characteristics of the waveforms

Keywords: marine ports; ground-motion selection and scaling; time-domain spectral
matching

1. Introduction

Seaports are structures of strategic importance for supply chains and emergency lo-
gistics, ensuring the continuity of functions of facilities by reducing earthquake risk to
critical structures and contributing to sustainability. In other words, considering the life
cycle cost, it is also extremely important to establish a feasible design framework to min-
imize repair costs. In recent years, devastating earthquakes in various parts of the world,
including Turkiye, have clearly demonstrated the importance of designing seaports that
are resistant to seismic impacts in active fault zones.
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Severe earthquakes not only have effects near the epicenter, but also in more distant
areas, such as ground deformation and soil liquefaction, which significantly affect the per-
formance of coastal and port structures. In the Hyogoken-Nanbu earthquake (Japan, 1995),
240 berths in the port were damaged to varying degrees; the quay walls shifted sideways
towards the sea, meaning that the port could not function for about two years [1]. The
great Sumatra earthquake (2004) caused considerable damage to coastal structures due to
liquefaction [2]. In the Haiti earthquake (2010), part of the coastal land was lost, a large
part of the delta liquefied and many coastal structures were damaged [3]. In the Maule
earthquake (Chile, 2010), damage to numerous coastal structures was observed over a
north—south extension of around 1000 km [4]. In the Kaikoura earthquake in New Zealand
(2016), gravel and sand accumulations in connection with liquefaction were observed near
the harbor entrance; a pier sank below the water surface and the foundation connections
of piers and quays were damaged [5]. During the earthquake in Sulawesi (Indonesia) in
2018, extensive liquefaction occurred in areas close to the coast [6].

In the last three decades, two major earthquakes in the Marmara and Eastern Anato-
lia regions have demonstrated how critical earthquake-induced destruction can be for
Turkiye’s seaports. The 1999 Golciik and Adapazar: earthquakes in the Marmara region
caused significant damage to coastal structures and quays. Some structures shifted to-
wards the sea, the seabed subsided, and as a result, certain maritime structures including
port facilities used by the Navy —suffered severe damage [7]. In the large area affected by
the earthquakes on 6 February 2023 (the Kahramanmaras earthquake), Hatay province—
especially the port city of Iskenderun—was exposed to liquefaction-induced ground de-
formations. Liquefaction effects observed in Iskenderun included seaward lateral spread-
ing and damage to coastal protection structures, especially piers and port facilities [8].

As seaports are subject to complex interactions, there is a need for effective and ad-
vanced design approaches when designing critical infrastructure, such as performance-
based designing methods that can cover multiple hazard scenarios. When applying a per-
formance-based design approach for the seismic design of ports, one of the fundamental
issues in seismic performance assessment procedures is the selection and scaling of
ground motions required for nonlinear time history analysis. The literature identifies
three main sources for obtaining the acceleration time histories required for such analyses.
The first is the generation of artificial recordings that are compatible with a design re-
sponse spectrum (e.g., SMSIM developed by Boore [9,10]). Such recordings are created by
deriving a power spectral density function from a smoothed response spectrum corre-
sponding to the target response spectrum and adding random phase angles to generate
sinusoidal signals. The second source is simulated recordings generated with a general
physics-based simulation algorithm that considers seismological source models as well as
path and site effects (e.g., the EMPSYN developed by Hutchings [11] and implemented in
the Marmara Sea by Mert et al. [12]). The third source is the actual strong ground motion
acceleration recordings taken from seismic monitoring networks. These recordings pro-
vide comprehensive information on the nature of ground shaking, covering all ground
motion characteristics such as amplitude, frequency content, energy distribution, dura-
tion and phase characteristics. In addition, the acceleration time series reflect many fea-
tures related to the source, wave propagation path and local site conditions.

In recent years, the increasing availability of strong ground motion records has made
the use of real recorded acceleration data an important research topic in this field. How-
ever, although global strong ground motion databases are expanding rapidly, it is often
not possible to comprehensively capture the full range of possible combinations of seis-
micity parameters such as magnitude, fault mechanism, source-to-site distance, and soil
class. Conversely, seismic design codes generally place greater emphasis on compatibility
with a target response spectrum than on seismological parameters. Therefore, in practice,
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record selection is usually based on strong motion parameters such as peak ground accel-
eration (PGA), peak ground velocity (PGV), and duration. The selected records are scaled
to match the specified design response spectrum or Uniform Hazard Spectrum (UHS).
Studies in the literature have examined how these methods affect the probabilistic nature
of seismic hazards and the correlation among spectral accelerations at different periods
(Hancock et al., 2006 [13]; Haselton et al., 2011 [14]). Recent research on the selection and
scaling of ground motions exhibiting near-fault effects and velocity pulses indicates that
such records can increase seismic demand levels, particularly in flexible systems and un-
der weak soil conditions (Alavi & Krawinkler, 2004 [15]; Kalkan & Kunnath, 2006 [16];
Iervolino et al., 2010 [17]).

Ground motion selection and scaling are critically important for the seismic assess-
ment and design of structures and require the use of ground motion (GM) records tailored
to the dynamic response characteristics of the structure. Although no full consensus has
yet been reached on a unified methodology in this regard, a substantial body of research
has emerged in recent years. Bradley (2010) [18] proposed the Generalized Conditional
Intensity Measure (GCIM) approach, which simultaneously accounts for multiple inten-
sity measures that influence seismic response, thereby providing a holistic and statistically
consistent framework for ground motion selection. Subsequently, Ghotbi and Taciroglu
(2021) [19] further advanced the GCIM-based ground motion selection methodology by
introducing multi-IM conditioning that emphasizes different ground motion content char-
acteristics and by advocating the selection of hazard-consistent ground motion records.

Ground motion scaling generally involves the conversion of strong ground motion
records recorded at any station during any earthquake into a GMRS obtained from PSHA
or into a design spectrum defined by a short period and 1 s ordinates in seismic design
codes. There are numerous approaches to scaling ground motions in the current literature.
The linear amplitude scaling of a ground motion record in the time domain is one such
approach. In this approach, the recorded ground motion is scaled with a constant scaling
factor to find the best match with the target spectrum within a certain period range with-
out changing the frequency content. In other words, the ground motion is scaled so that
the ordinate of the spectral acceleration matches the design spectral acceleration at the
fundamental period of the structure in the loading direction. The linear amplitude scaling
can be done by multiplying the entire time series of the recording by a scaling factor.
Therefore, it is a very simple approach to apply. This method preserves the original wave-
form of the recording while increasing or decreasing its amplitude. However, this simple
scaling method does not guarantee that the spectral shape of the recording will completely
match the target spectrum. This type of scaling is not practically used in current practice.

In today’s practice, more advanced scaling methods, i.e., spectral matching tech-
niques, are preferred to ensure the reliability of nonlinear time history analysis in perfor-
mance-based design. The concept of spectral matching is to modify the original accelera-
tion time series to match the target spectrum over a desired bandwidth with minimal
changes in the velocity and displacement characteristics of the recording. Spectral match-
ing can be performed in both the time and frequency domain. Spectral matching in the
frequency domain is performed by changing the Fourier amplitude spectrum (FAS) of the
original ground motion, while spectral matching in the time domain is performed by add-
ing wavelets to the original ground motion. Compared to the frequency-domain methods,
the time-domain methods cause less distortion and better preserve the non-stationary
properties of the original ground motion (Al Atik, L. and Abrahamson, N.,2010 [20], Nie,
Jetal., 2023 [21]).

Spectral matching in the time domain was first proposed by Kaul [22] and later de-
veloped by Lilhanand and Tseng [23] for matching time histories that are compatible with
the spectra of multiple damping responses. However, the adjustment wavelet function
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used by this algorithm cannot preserve the non-stationary characteristics of the original
ground motion because it causes drifts in the velocity and displacement time histories. To
preserve the non-stationary features of the acceleration time series without causing drifts
in the velocity and displacement time histories, Atik and Abrahamson [20] proposed the
convolved cosine wavelet function (conic cosine) and developed the RSPMatch(09 algo-
rithm.

In this study, spectral matching in the time domain was used, which is more complex
than the scaling method in the frequency domain, but retains the general phase character-
istics and the time-varying (i.e., non-stationary) characteristics of the ground motion. The
objective is to demonstrate the advantages of the time-domain spectral matching method
in the performance-based design of structures subject to numerous complex effects (such
as maritime ports), especially when modeling structural and non-structural components
with different dynamic properties. Spectral matching in the time domain matches the
spectra of the recordings over the desired period range to the targeted design spectrum,
while adequately preserving the non-stationarity characteristics and the energy/frequency
content of the original time-history records. This is important because the code-based de-
sign spectrum or a GMRS is a spectrum that represents the sum of multiple earthquake
scenarios. A ground motion that matches a uniform seismic hazard spectrum (or code-
based design spectrum) attempts to simulate the hazard resulting from the combination
of multiple earthquake events in a single data set. For this reason, the use of spectrum-
compatible earthquake records in design to represent the seismic hazards associated with
a code-based design spectrum (or with GMRS) remains very complex and a topic on
which full consensus has not yet been reached.

The key elements that represent the main motivation for this study are the following;:

Selection and spectral matching earthquake records to the site-specific GMRS for the
port area in order to accurately capture the seismic demands on the port structure (super-
structure) and the secondary systems of the port structure, while preserving the non-sta-
tionary characteristics of the records. The term superstructure refers to the primary load-
bearing components of the seaport, such as the supporting columns, beams, platform slabs
of the wharf or jetty, dolphins (mooring structures), and pile foundations. In contrast, sec-
ondary systems do not directly contribute to the structural load-bearing capacity during
an earthquake but are essential for the operational functionality of the port facility. These
systems include crane systems, pipelines, equipment support structures, electrical panels,
cable installations, and storage tanks.

This study aims to develop spectrum-compatible ground motions using a time-do-
main spectral matching method, which offers a more realistic representation of seismic
demands than traditional frequency-domain scaling approaches and can be effectively
applied in the performance-based design of complex structures such as marine ports. The
findings indicate that this method, which preserves phase relationships, energy distribu-
tion, and the time-dependent (nonlinear) characteristics of recorded ground motions, can
realistically model near-fault effects, particularly velocity pulses. Previous studies on
near-fault pulse-like ground motions have shown that long-period velocity pulses con-
centrate seismic energy around the pulse and can lead to highly adverse consequences,
especially for flexible systems (Chen, G. et al., 2023) [24]. It has also been demonstrated
that long-period velocity pulses increase liquefaction potential, particularly in weak or
liquefiable soil layers, and that post-liquefaction lateral displacements and ground settle-
ments can be significantly amplified (Wu, Q. et al., 2021) [25]. In this context, the present
study emphasizes that realistically modeling these near-fault effects is critical for a reliable
performance-based assessment of port structures. Furthermore, by using a site-specific
GMRS for the port area, a set of earthquake records appropriately scaled for components
with different dynamic characteristics has been obtained, enabling more reliable time-
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history analyses of port structures. Additionally, acceleration records from near-fault sta-
tions during the 6 February 2023 earthquakes have been transformed, using the proposed
approach, into scaled motions suitable for use in performance-based design. Overall, this
study enhances performance-based earthquake design methods and makes a significant
scientific contribution to the existing literature by strengthening the link between the rep-
resentation of seismic hazard and the assessment of structural performance.

2. Seismotectonic and Site Characteristics of the Research Area

The Gulf of Iskenderun, which extends in the northeast of the eastern Mediterranean,
is a semi-enclosed basin between the mouths of the Strait of Hurma and Cape Hinzr,
which runs in a northeast-southwest direction and is about 20 miles wide and 40 miles
long. In the Gulf of Iskenderun, Assan Port Operations (K36.686457° E36.201786°), a con-
tainer terminal with a capacity of 400,000 TEU, was put into operation at the end of 2010
(Figure 1).

Figure 1. General view of the Assan Port.

The existing pier consists of a total of four berths separated by expansion joints, each
with a width of 45.00 m and a length of 91.55 m, which corresponds to a total length of
366 m. A total of 672 piles—12 piles in each typical axis—are embedded in the ground and
connected at an angle with 1.75 m high and 2.00 m wide end beams. The reinforced con-
crete superstructure is supported by steel piles with dimensions £3965.2/12. The piles were
constructed with an inclination of 1 V/4 H to give the system rigidity against lateral loads.
To prevent the inclined piles from colliding with each other, the horizontal inclination
directions were designed at different angles. The connection between the piles and the
superstructure was created by constructing reinforced concrete plugs. The pile lengths
vary along the longitudinal section of the pier.

According to the General Directorate of Mineral Research and Exploration (MRE)
fault map (2012) [26], the port facility affected by the earthquakes on 6 February 2023 is
located about 1.5 km from the nearest fault trace, the Payas segment of the Iskenderun
Fault. The present-day geodynamics of the eastern Mediterranean results from the relative
movements of the Eurasian, African and Arabian plates [27-29]. After the opening of the
Red Sea in the middle Miocene, the Arabian Block, which had separated from Africa along
the left-lateral Dead Sea Fault Zone, collided with the southern margin of Eurasia in the
middle to late Miocene, forming the Bitlis Fold Belt. As a result of this collision, the
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Anatolian Plate shortened and thickened and began to move westward [27-29]. The Gulf
of Iskenderun is a subsidence basin bounded to the west by the Misis Mountains and to
the east by the Dumanlhi and Boz Mountains, the northern extensions of the Amanos
Mountains, and contains thick Neogene sediments. Schiettecatte (1971) [30] states that tec-
tonic activity in the region continued into the Holocene and attributes the present-day
geomorphology of the Gulf of Iskenderun to normal Holocene faulting.

fskenderun has been repeatedly struck by severe earthquakes throughout history.
Information about these events can be found in many ancient sources. Scientific excava-
tions in Antakya have uncovered stratigraphic layers that indicate post-earthquake recon-
struction, suggesting that the reports in the ancient sources are supported by solid scien-
tific evidence. Plotting the observed epicenters of historical earthquakes on the fault map
of the region does not show a uniform distribution along the fault zones, but rather a
clustering around Aleppo, Latakia, Kilis and Antakya. According to the data from the
Kandilli observatory, a total of 138 earthquakes with a moment magnitude Mw > 5 oc-
curred within a radius of 300 km around the study area during the instrumental period
(1900 to the present) (Figure 2).

MABISEq s

06/02/2023 0;

o

o
e}
S

O3

Figure 2. Earthquakes that occurred within a radius of 300 km around the study area during the
historical and instrumental period (1900 to present). In the figure, red lines indicate faults according
to the MTA Fault Map (2012) [26]; red circles indicate the most destructive earthquakes that occurred
in the region during the historical period; and yellow circles indicate earthquakes with a moment
magnitude Mw <5 that occurred during the instrumental period. The two navy blue stars mark the
epicenters of the 6 February 2023 earthquakes.

To determine the geotechnical engineering parameters for design, detailed and com-
prehensive site investigations were conducted at various times within the project area.
Borehole drilling was performed, along with Standard Penetration Tests (SPTs), Cone
Penetration Tests (CPTs), and PS logging, to characterize the subsurface soil profile with
depth. These investigations provided detailed characterization of fundamental geotech-
nical parameters for the encountered soil units, including unit weight, cohesion, internal
friction angle, and coefficient of consolidation. The engineering properties determined for
each soil unit are summarized in Table 1, and the S-wave velocity profile from PS logging
measurements is shown in Figure 3. A combined evaluation of the geotechnical data and
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PS log results indicates that at a depth of 65 m—adopted as the reference depth for the
site-specific Probabilistic Seismic Hazard Analysis (PSHA)—the site is classified as soil
class ZC. At this depth, the average S-wave velocity was determined to be 400 m/s, and
this value was used in the subsequent design stages.

Table 1. Engineering parameters of the soil units encountered on site.

Unit Unit Weight Cu Internal Friction Cv (m?sn) Vs-Avg Fines Content

(kKN/m3) (kPa) Angle (Degrees) (m/s) (%)

Sand-1 18.00 26 1.00x107 195 22.00
5.00 x 10

Sand-2 19.00 30 E-06 225 28.00
1.00 x 10

Sand-3 21.00 36 E-05 375 29.00
7.50 x 107

Clay-1 17.00 20 E-07 230 66.00
5.00 x 107

Clay-2 19.00 30 E-07 290 71.00
1.00 x 108

Clay-3 20.00 50 E-08 330 73.00
-6

Gravel-1 20.00 30 1.00>10 275 29.00

E-06

5.00 x 10

Gravel-2 21.00 36 E-06 315 24.00
1.00 x 10

Gravel-3 22.0 42 E-05 375 20.00

_ Ps Log Results

——Vs1
——\/g2

50

60+

70 :
200 300 400

Vs Velocity (m/s)

Figure 3. S-wave velocity profiles obtained from PS logging performed in two boreholes at the pro-

ject site.

3. Materials and Methods
3.1. Probabilistic Seismic Hazard Analysis (PSHA)

PSHA is a method for quantitatively assessing the probability that a given ground
motion intensity measure (e.g., PGA, PGV or spectral acceleration Sa(T)) will be exceeded
at a given site within a given time period by systematically integrating the contributions
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and associated uncertainties of all potential seismic sources. The basic principle is to map
the probability space of magnitude-distance pairs (M, R) derived from seismic sources to
the site ground motions using an appropriate ground motion prediction equation (GMPE)
set (considering epistemic uncertainties) and then integrate these contributions according
to the total probability theorem. In this way, the annual exceedance rate function H(a) is
calculated. This function allows the derivation of relationships between the exceedance
probability and return period, and characterizes the distribution of annual maxima.

The pioneering formulation by Cornell (1968) [31] uses a Poisson process for the tem-
poral occurrence of earthquakes, a truncated exponential/Gutenberg—Richter (GR) distri-
bution for the magnitudes and stochastic representations for the source areas. McGuire
(1976) [32] further developed the computational aspects of PSHA by providing an algo-
rithmic framework for dealing with detailed source zones, magnitude—distance integra-
tions, and multiple model configurations. The seismic hazard calculations can be repre-
sented as an application of the total probability theorem by the following equation:

H(a) = %;V;Jf P[A> a|m,r, e]fM] (m)fR|M](T'm)d7”dm @)

In this formulation, the hazard function H(a) represents the annual frequency of
earthquakes expected to generate ground motion amplitudes A that exceed a specified
threshold value a. The amplitude A corresponds to an intensity measure, typically ex-
pressed as the spectral pseudo-acceleration Sa(T) at a given vibration period T.

e  Viiannual occurrence rate for source i (often defined for earthquakes wit M > Mo).

e fmi(m): magnitude distribution for source i; in practice usually a Gutenberg—Richter
model with upper truncation, or tapered GR variant

e frmi(r/m): conditional distance distribution driven by source-site geometry and the

selected distance metric (e.g., Rjb, Rrup, Repi)

P(A > afm,r,0): exceedance probability, given by the GMPE; here 6 denotes model
parameters (e.g., regional attenuation terms, site condition such asVss, directivity, damp-
ing ratio) as well as residual variabilities.

3.2. Spectral Matching

The time-domain spectral matching (TDSM) method was used to match the elastic
response spectra of the recorded real earthquake ground motions within certain toler-
ances to the site-specific GMRS (target spectrum) determined by PSHA. The main objec-
tive of this method is to iteratively correct spectral amplitude/energy deficits or excesses
observed at target periods (typically around the fundamental period T of the structure
and the critical lower and upper bounds for performance) using windowed (narrowband)
sinusoid/wavelet functions (adjustment wavelets). The first basic assumption of the algo-
rithm is that the peak times of the structural response do not change when adjustment
wavelets are added. The method is based on the RSPMatch algorithm, which was first
proposed by Kaul (1978) [22] and later further developed by Lilhanand & Tseng (1988)
[23]. Theoretically, the difference between the target spectrum and the existing spectrum
(spectral mismatch) is formulated as the amount to be matched in the peak response times
of single-degree-of-freedom oscillators for different period-damping pairs. Assuming
that a small adjustment will not change the peak time, the adjustment signal da(t) is writ-
ten as a linear combination of selected wavelet basis functions, and the contribution of
each wavelet to the corresponding oscillator is determined by a convolution integral
which can be calculated in closed form.

The original formulation by Lilhanand & Tseng [23] aimed to preserve the non-sta-
tionary character (time-varying envelope) of the recording while reducing the discrep-
ancy between the elastic spectrum and the target spectrum by adding localized, narrow-
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band wavelets. However, drifts were observed in the velocity and displacement time se-
ries. This not only undermines physical realism, but also poses unacceptable risks for per-
formance-based designs. To eliminate these problems, Al Atik & Abrahamson (2010) [20]
proposed a cosine Gaussian wavelet (convolved cosine) approach with integral properties
that provides net-zero contributions to velocity and displacement. This approach removes
the drift at its source and makes the solution both computationally more efficient and nu-
merically more stable. As a result, close match to the target spectrum was achieved over
a large period range, while adequately preserving the Fourier amplitude, normalized
Arias intensity, significant duration, and overall non-stationary character of the wave-
form.

Thus, similar to other approaches in the literature (e.g., Nie, J., Graizer, V., and Seber,
D. (2023) [14]), the method has become a reliable tool for generating modified ground
motions that meet spectral targets and preserve the physical consistency of the waveform
for engineering analysis.

In this study, computations were performed using the 2009 version of the RSPMatch
software developed by Al Atik and Abrahamson (2010) [20]. To enable the automatic as-
signment of various software parameters (such as the maximum number of iterations, tol-
erance for maximum mismatch, convergence damping, etc.) and to prepare the earth-
quake records for compatibility with the software, a dedicated MATLAB 2025a script was
developed. The MATLAB script also converts acceleration records into velocity and dis-
placement time histories, computes response spectra, and facilitates the visualization and
graphical presentation of the results. This implementation has improved the applicability
of the RSPMatch algorithm and made the overall analysis process more efficient, inte-
grated, and automated.

4. Results and Discussion
4.1. PSHA Results

The first problem to be solved in determining the probabilistic seismic hazard is the
zonation of seismic sources. In this context, seismo-tectonic maps based on macro-seismic
data and paleo-seismic information are considered the most important tools to show the
relationships between fault lines and earthquakes. In the analyses carried out to quantify
seismic hazard, seismic sources were identified based on the characteristics of tectonic
units and the spatial distribution of earthquake events. The “Update of the Seismic Haz-
ard Map of Turkiye (UDAP-C-13-06)" [33] project served as the basis for these determina-
tions, and the seismic source zonation for the study area was evaluated within this frame-
work (Figure 4). Two different source models—linear sources (faults) and areal sources—
were used in the seismic hazard calculations, and the final hazard estimates were deter-
mined by an integrated approach combining the results of these two models. In addition
to areal sources which represent active earthquakes in the shallow crust throughout
Turkiye, source models were also defined separately for events at the subduction bound-
ary and in the Earth’s crust by considering deep earthquakes in the eastern Mediterranean
region.
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Figure 4. Seismotectonic framework and seismic source zonation in the study area (on the map, the
white pin indicates the location of the port facility. Red lines indicate fault traces—line sources based
on 2012 MRE data; green lines indicate area sources; the blue line represents sources at the subduc-
tion interface; the black line indicates in-slab sources; and the yellow circle marks the region within
a radius of 300 km.

The analyses were carried out in a circle with a radius of 300 km around the project
coordinates. The earthquake-generating potentials of the seismic sources were deter-
mined and magnitude-recurrence relationships were established using the Gutenberg—
Richter (GR) framework. New Generation Attenuation (NGA) relationships were used for
the site-specific horizontal GMRS calculations. The attenuation relationships used in this
study are those presented by Chiou and Youngs (2008) [34], Abrahamson and Silva (2008)
[35], Campbell and Bozorgnia (2008) [36], and Boore and Atkinson (2008) [37]. The suita-
bility of these attenuation relationships for seismic hazard calculations in Turkiye has
been investigated in numerous scientific projects and publications, including the SHARE
project (ESHM13; Woessner et al., 2015) [38], the EMME project (Danciu et al., 2018 [39];
Danciu et al., 2016 [40]; Akkar et al., 2014 [41]), the GEM project and the UDAP-C-13-06
project (Demircioglu et al., 2017 [33]).

Site class ZC (Vs = 400 m/s), according to the Turkish Coastal and Port Structures
Earthquake Code (TCPEC, 2020) [42], was selected for the performance-based assessment
of the port facility. A site-specific probabilistic seismic hazard analysis (PSHA) was carried
out using the EZ-FRISK software (Risk Engineering, 2015) [43], and the GMRSs were de-
termined for four earthquake levels. For DD-1, DD-2, DD-2a and DD-3, the horizontal
GMRS values with 5% damping over the period of 0.01-8.0 s are given in Figure 5 and
Table 2 as geometric mean values (GeoMean). Figure 5 shows the calculated GMRS values
for the study area compared to the spectra provided by the interactive web application
Turkish Seismic Hazard Maps (TSHM) (tdth.afad.gov.tr (accessed on 06 06 2025)) [44] for
the same location. Based on the deaggregation of the probabilistic seismic hazard results,
the deterministic earthquake scenario corresponding to the 2% exceedance level in 50
years for the spectral acceleration of 1 s was calculated for the left-lateral Amanos segment
with magnitude Mw =7.8, a distance between source and site of 22.50 km and a standard
deviation of € = 1.68.
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Figure 5. Comparison of the calculated horizontal GMRS (geometric mean) and AFAD spectra in
the study area (Vs30 = 400 m/s). The solid red line shows the calculated horizontal GMRS for the DD-
1 earthquake level in this study. The red dashed line represents the Turkish Seismic Hazard Maps
(TSHM) spectrum for the DD-1 level, and the red dotted line indicates 90% of the TSHM spectrum.
The blue, green and brown curves represent the corresponding spectra for earthquake levels DD-2,

DD-2a and DD-3, respectively, as described above.

Table 2. Calculated horizontal probabilistic peak ground acceleration values and spectral accelera-

tion values at 0.2 s and 1 s in the project site (Vs3o = 400 m/s).

. o1 GeoMean
Design Earthquake Exceedance Probability PGA Ss=0.2 Si=1.0's
DD-1 Earthquake 2475 years—2% in 50 years ~ 0.759 1.683 0.747
DD-2 Earthquake 475 years—10% in 50 years ~ 0.457 1.046 0.376
DD-2a Earthquake 144 years—50% in 30 years ~ 0.286 0.656 0.229
DD-3 Earthquake 72 years—50% in 50 years 0.212 0.486 0.167

4.2. Selection and Scaling of Earthquake Records (Spectral Matching)

The reliability of nonlinear time history analyses in performance-based design de-
pends crucially on the appropriate selection and proper scaling of real earthquake records.
Therefore, special attention was paid to specific considerations when selecting the earth-
quake records. First, records compatible with the seismotectonic characteristics of the
study area (moment magnitude, fault mechanism) and site conditions (Vsso/site class, ba-
sin effects, source-receiver distance, near-fault directivity) were selected, and matching
was performed according to these criteria. The digital quality of the records (sampling
rate, filtering, baseline correction procedures) and the completeness of the components
(two horizontal and vertical) were checked; records with features that could systemati-
cally misrepresent nonlinear requirements were not considered. A data set was compiled
that was suitable for the design level and statistically representative of the target spectra.
An important consideration in determining the appropriate record set is the ratio between
the spectra of the selected earthquake records and the target spectrum for the specified
target period, i.e., the scaling ratio. Although there are different opinions on this topic in
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the literature, there is no doubt that this ratio should ideally be as close to one as possible.
As shown in Table 3, the scaling ratios of the selected records—with the exception of the
Elbistan and Landers earthquakes—are between 0.84 and 1.34. For the Landers earth-
quake this ratio is 2.30 and for the Elbistan earthquake 3.01. These two earthquakes show
that the method still provides very good results when the scaling ratio reaches values of

2 or even 3.

Table 3. Characteristic properties of the ground motions selected for the DD-1 earthquake level.

Earthquake @Mw  Fault Mech Stations Rjp(km) Rrup(km)  Repi(km) Vo (m/s)  Scaling R
DD-1 Earthquake Level

Kmaras Eq 7.7 Strike Slip Afad_2712 2.74 11.58 29.79 599 0.86

KmarasEq 7.7 Strike Slip Afad_4615 0 8.02 13.83 484 0.92

ElbistanEq 7.6 Strike Slip Afad_4611 0 6.85 38.21 731 3.09
Kobe Eq 6.9 Strike Slip Nishi-Akashi 7.08 609 1.13

LandersEq 7.3 Strike Slip Fun Valley 25.02 388 2.30
Bam Eq 6.6 Strike Slip Bam 0.05 1.7 487 0.84

Darfield Eq 7.0 Strike Slip Heathcote PS 24.36 24.47 422 1.34

Real earthquake records are usually selected to match either the site-specific GMRS
derived from an earthquake scenario—where the minimum parameters are magnitude,
distance and local site conditions—or the elastic design spectrum for a single degree of
freedom specified in seismic design codes. According to TCPEC (2020) [42], for time-his-
tory analyses, at least seven sets of ground motions must be selected (acceleration records
for two orthogonal horizontal components), and these records must be scaled to the
GMRS (or the design spectrum defined in the code) within the target period range of 0.2
T-1.5 T, where T is the fundamental period of the structure. In this study, seven sets of
ground motions were selected considering earthquake magnitudes, fault distances, source
mechanisms, and local site conditions which are consistent with the design ground mo-
tions. The selected ground motions and their characteristics for earthquake level DD-1 are
listed in Table 3.

The site conditions of the stations from which the selected earthquake records origi-
nate were set to site class ZC according to TCPEC (2020) [42] and arranged in such a way
that they represent different values within the range Vs0=360-760 m/s. The moment mag-
nitudes of the selected earthquakes were determined to correspond to the magnitude of
the deterministic scenario earthquake expected for the region based on the hazard deag-
gregation results. The fault mechanisms were selected as strike-slip in accordance with
the seismotectonic characteristics of the region. Since the deterministic earthquake sce-
nario assumes a distance between source and site of 20-25 km, the distances between the
event and two of the recording stations were set to approximately Rip=25 km (Landers Eq,
Darfield Eq). However, since an important focus of this study is to evaluate the perfor-
mance of the scaling algorithm for earthquake records exposed to near-field effects, the
remaining records were specifically selected from the region near the faults. Another im-
portant aspect is the inclusion of records obtained during the 6 February 2023 earth-
quakes. One of the most notable aspects of this pair of earthquakes is the spectral charac-
teristics observed at the stations near the fault. Therefore, the selected records for these
events were specifically compiled from stations near the fault.

The vibration period of the first mode of the existing port structure was determined
tobe T=1.2 s. Accordingly, the spectra of the selected earthquake records were scaled to
the target spectrum within the period band of 0.24-1.8 s, which corresponds to the range
of 0.2 T-1.5 T, taking into account the criteria of TCPEC (2020) [42]. A time-domain spec-
tral matching procedure was used for the scaling, which preserves the overall phase
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characteristics and non-stationary features of the ground motion. The aim is to demon-
strate the advantages of time-domain spectral matching in the performance-based design
of infrastructures such as ports where multiple complex effects occur, especially when
modeling structural and non-structural components with different dynamic properties.
The method adequately preserves the spectral stationarity, energy and frequency content
of the original time histories while matching their spectra to the targeted hazard spectrum
over the selected period range. For the seven earthquakes, the results of the spectral
matching indicate a high degree of agreement between the matched ground motion spec-
tra and the target spectrum (Figure 6), confirming the robustness of the algorithm used.
Figure 6 shows the spectral acceleration (SA) and spectral displacement (SD) spectra and
their mean values for both horizontal components at the DD-1 earthquake level. Although
individual acceleration or displacement spectra show limited, record-specific deviations,
the mean acceleration and displacement spectra show almost excellent agreement with

the target GMRS within the relevant period range.
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Figure 6. Selected ground motions (scaled for earthquake level DD-1), spectral acceleration and dis-

placement spectra and their mean values (both horizontal components).

The acceleration, velocity, and displacement time histories before and after spectrum
matching for station AFAD-2712 are presented in Figure 7. The original and scaled spec-
tral acceleration, spectral displacement, and Arias intensity curves for the same station are
shown in Figure 8. Similarly, the acceleration, velocity, and displacement time histories
before and after spectrum matching for station AFAD-4611 are presented in Figure 9,
while the corresponding original and scaled spectral acceleration, spectral displacement,
and Arias intensity spectra are given in Figure 10.

. For the ground motion recorded at station AFAD-2712, there are no significant dif-
ferences between the time histories before and after the matching in terms of acceleration,
velocity and displacement (Figure 7). There is also no significant deviation between the
spectrum of the original ground motion to be scaled (blue curve in Figure 8) and the target
spectrum (black curve in Figure 8). The main reason for this is that the scaling ratio be-
tween the spectrum of the selected record set and the target spectrum is close to one (scal-
ing ratio = 0.86). Due to this compatibility, it is not necessary to add a large number of
adjustment wavelets in the time domain to achieve matching, and consequently, no pro-
nounced differences occur between the time histories before and after the match. Figure 8
shows a clear correspondence between the target spectrum (black curve) and the ampli-
tudes of spectral acceleration and spectral displacement of the scaled record (red curves).
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On the other hand, observation of the velocity component in Figure 7 shows velocity
pulses with amplitudes of over 1 m/s. The algorithm used successfully scales the records
while preserving many salient features, including pulse-like waveforms, that are a char-
acteristic feature of near-fault ground motions.
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Figure 7. Original and scaled (e.g., spectral matching) acceleration, velocity, and displacement time
histories of the Kahramanmaras earthquake recorded at the AFAD-2712 station. In the figure, blue

lines represent the original earthquake records, while red lines denote the scaled earthquake records.
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Figure 8. Original (blue lines) and scaled (red lines) spectral acceleration, spectral displacement and
normalized Arias intensity of the Kahramanmaras earthquake recorded at station AFAD-2712. In

the figure, black lines represent the target spectrum.
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Figure 9. Original and scaled (e.g., spectral matching) acceleration, velocity, and displacement time
histories of the Kahramanmaras earthquake recorded at station AFAD-4611. The blue curves indi-

cate the original records, while the red curves represent the scaled records.
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Figure 10. Original (blue lines) and scaled (red lines) spectral acceleration, spectral displacement,
and normalized Arias intensity of the Kahramanmaras earthquake recorded at station AFAD-4611.

In the figure, black lines represent the target spectrum.

The ground motion recorded at station AFAD-4611 shows clear differences between
the time histories before and after scaling in terms of acceleration, velocity and displace-
ment (Figure 9). There are also clear discrepancies between the spectrum of the original
ground motion to be scaled (blue curve in Figure 10) and the target spectrum (black curve
in Figure 10). The main reason for this is that the ratio between the spectrum of the selected
record spectrum to the target spectrum is about 3 (scaling ratio = 3.01). This discrepancy
makes it necessary to add a larger number of adjustment wavelets in the time domain to
achieve matching, which in turn leads to differences between the time histories before and
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after scaling. As can be seen in Figure 9, the amplitudes of displacement, velocity and
acceleration in the scaled records increase to a certain degree in both the short- and long-
period bands. Figure 10 shows that there are no significant differences between the target
spectrum (black curve) and the amplitudes of spectral acceleration and spectral displace-
ment of the scaled recordings (red curves). The acceleration and displacement spectra of
the record match the target spectrum as intended. This result confirms the success of the
algorithm used, but also shows that certain aspects should be checked before scaling the
selected records (e.g., the scaling ratio). For this purpose, the following approach is rec-
ommended:

The selected original ground motions should be subjected to preliminary selection
against the target response spectrum (e.g., to ensure that the scaling ratio is within a cer-
tain threshold range). Then, the spectral matching algorithm is applied to make only the
necessary and limited adjustments to the time histories to obtain ground motions that
ultimately match the target spectrum. Although TCPEC (2020) [42] does not impose any
explicit limitations in this respect, there are different recommendations in the literature:
some sources recommend an upper limit of 4 for linear—elastic structural analyses [45,46]
while other sources recommend scaling ratios in the range of 0.5 to 2.0 for nonlinear anal-
yses [47]. In this study, the upper limit of the scaling ratio was set to 3, as this represents
a reasonable compromise between these recommendations.

The basic principle of the time-domain spectral matching algorithm is to achieve
spectral compatibility through small-scale modification in the time-domain content of the
scaled ground motion. Therefore, large-scale adjustments to the time-domain characteris-
tics may lead to results that contradict the basic philosophy of the algorithm. Although
the time-domain spectral matching algorithm can effectively improve the consistency be-
tween the spectrum of the scaled record and the design spectrum, careful selection of the
original ground motions is still essential. This is particularly important for the perfor-
mance-based design of structures subjected to multiple complex actions, such as port fa-
cilities, where structural and non-structural components with different dynamic proper-
ties need to be modeled appropriately.

An examination of the other earthquake records shows that conclusions similar to
those summarized above can be drawn for the time histories of acceleration, velocity, and
displacement before and after the match, as well as for spectral parameters such as spec-
tral acceleration, spectral displacement, and Arias intensity. According to the spectral
matching results, the spectra of the matched ground motions show a high degree of agree-
ment with the target spectrum, which further confirms the effectiveness of the proposed
algorithm.

5. Conclusions

This study shows that the time-domain spectral matching method offers a more
physically realistic and robust approach for generating spectrum-compatible ground mo-
tions than conventional frequency-domain scaling techniques. By preserving the phase
relationships and non-stationary (time-varying) characteristics of recorded ground mo-
tions, this method maintains critical features such as energy distribution, frequency con-
tent, and near-fault effects (e.g., velocity pulses). As a result, it enables a more reliable
assessment of seismic demands in the performance-based seismic design of complex
structures, such as maritime ports.

Within this framework, a detailed spectral matching process based on the site-spe-
cific GMRS for the port area was conducted. Using recorded earthquake motions with
diverse spectral and time-domain characteristics, the study produced scaled ground mo-
tions applicable to components with different dynamic properties, suitable for time-his-
tory analysis of port structures. This approach allows for the simultaneous and consistent
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evaluation of the seismic responses of both primary structural elements (e.g., piles, decks,
and foundation systems) and secondary systems (e.g., cranes, pipelines, equipment sup-
ports, and storage units).

Another novel and key contribution of this research is in converting multiple ground
motion recordings from near-fault stations during the 6 February 2023 earthquakes into
scaled records suitable for performance-based design through a time-domain spectral
matching approach. This demonstrates the method’s capability to realistically reproduce
distinct near-fault ground motion features, particularly velocity pulses, and to generate
scaled motions that can be reliably applied to components with varying dynamic charac-
teristics. In this regard, the study makes a significant scientific contribution by bridging
the gap between seismic hazard representation and structural performance assessment in
complex engineering systems such as maritime port facilities.

This study demonstrates strong potential for generating realistic, site-specific, spec-
trum-compatible ground motions; however, it also identifies several areas for future re-
search and methodological improvement. In particular, incorporating advanced soil-
structure interaction models and developing three-component scaled ground motions—
including the vertical component—for use in three-dimensional nonlinear dynamic anal-
yses would enable a more comprehensive assessment of structural responses. Further-
more, addressing the challenges of representing complex soil conditions and broadband
ground motion characteristics is crucial for enhancing the applicability of the proposed
approach to diverse geotechnical and seismotectonic settings. Additionally, evaluating
the physical consistency of energy distribution and phase relationships during the spec-
tral matching process would improve the realism of the matched records in reflecting ac-
tual earthquake behavior. Future studies should focus on refining the mathematical mod-
ification algorithms used in time-domain spectral matching methods, ensuring more ac-
curate representation of energy spectra and phase continuity, and examining the com-
bined effects of varying fault mechanisms and soil conditions in an integrated manner.
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