
Academic Editor: Roberto Zivieri

Received: 29 July 2025

Revised: 8 August 2025

Accepted: 10 August 2025

Published: 14 August 2025

Citation: Adar, K.; Akyildiz, M.H.;

Buyuksarac, A. Assessment of Soil

Conditions with Rayleigh Ellipticity

Analysis and Microtremor Methods at

Strong Motion Stations in Diyarbakır

(Türkiye). Appl. Sci. 2025, 15, 8973.

https://doi.org/10.3390/

app15168973

Copyright: © 2025 by the authors.

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

(https://creativecommons.org/

licenses/by/4.0/).

Article

Assessment of Soil Conditions with Rayleigh Ellipticity Analysis
and Microtremor Methods at Strong Motion Stations in
Diyarbakır (Türkiye)
Kubra Adar 1,†, Mehmet Hayrullah Akyildiz 1,* and Aydın Buyuksarac 2,†

1 Department of Civil Engineering, Dicle University, 21280 Diyarbakir, Türkiye; kubraadar00@gmail.com
2 Çan Vocational School, Canakkale Onsekiz Mart University, 17400 Canakkale, Türkiye; absarac@comu.edu.tr
* Correspondence: hayrullah.akyildiz@dicle.edu.tr
† These authors contributed equally to this work.

Abstract

This article presents the results of single-station microtremor measurements conducted
in Diyarbakır Province. To develop shear wave velocity profiles and determine dynamic
soil parameters for the region, measurements were carried out at eight strong-motion ac-
celerometer stations located within the provincial boundaries and operated by the Disaster
and Emergency Management Authority (AFAD). Data were recorded in three components
over a 30 min period. For analysis, the Rayleigh wave ellipticity method was employed
in combination with inversion techniques, along with the Horizontal-to-Vertical (H/V)
Spectral Ratio method. These analyses yielded shear wave velocity profiles for each station,
from which Vs values, predominant ground frequency, and amplification factors were
obtained. Based on the average shear wave velocity in the upper 30 m (Vs30), ground
classifications were made. In the final stage, earthquake acceleration records were analyzed
and compared with the microtremor results. The findings indicate that the predominant
frequency values range from 3.64 to 16.61 Hz, while ground amplification values vary
between 1.20 and 2.85. The lowest Vs30 value was 555 m/s, and the highest damage
vulnerability index (Kg), calculated from the H/V analysis, was 1.90.

Keywords: microtremor; s-wave velocity; rayleigh ellipticity analysis; accelerometer; H/V
spectral ratio; soil vulnerability

1. Introduction
Türkiye is an earthquake-prone country, shaped by the following three main tectonic

systems: the East Anatolian Fault, the North Anatolian Fault, and the Aegean Graben sys-
tems. Although Diyarbakır Province—the study area—does not lie on an active fault line,
it is affected by earthquakes originating from the East Anatolian Fault Zone. The Eastern
Anatolian Fault tends to move more slowly than the Northern Anatolian Fault. For this
reason, the recurrence periods of Eastern Anatolian earthquakes are quite long. For exam-
ple, ref. [1] determined the period of 5.7M earthquakes as 12, 6.2M earthquakes as 43 years,
6.7M earthquakes as 152 years, and 7.2M earthquakes as 533 years. The most important
earthquakes affecting Diyarbakır are the 1866 Kulp (6.8M) and 1975 Lice (Mw6.8) earth-
quakes. Apart from this, historical and instrumental earthquakes that affected Diyarbakır,
just like the 6 February 2023 earthquakes, can be listed as the 1513 Pazarcık earthquake
(7.4M), the 1822 Kahramanmaraş earthquake (7.5M), the 1866 Karlıova earthquake (7.2M),
the 1872 Antakya earthquake (7.2M), the 1874 Gezin earthquake (M = 7.1), the 1875 Sivrice
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earthquake (6.8M), the 1893 Çelikhan earthquake (7.3M), the 1905 Pötürge earthquake
(6.8M), the 1971 Bingöl earthquake (6.8M), the 1977 Palu earthquake (5.2M), the 1986 Sürgü
earthquakes (5.8M), and the 1998 Ceyhan earthquake (5.9M).

A recent example of this is the Kahramanmaraş earthquakes (7.7M and 7.6M) of
6 February 2023, which impacted large parts of Türkiye and also affected the northern
border of Syria [2–9].

To reduce the impact of earthquakes or to prepare for potential scenarios, it is crucial
to accurately determine soil conditions. In this context, determining shear wave veloc-
ity is essential for identifying layer thicknesses and local soil classifications. Moreover,
understanding the earthquake–soil–structure interaction requires knowledge of the soil’s
dynamic parameters.

Soil predominant frequency is a reliable indicator for estimating sediment thickness
and plays a vital role in microzonation studies. Consequently, the Horizontal-to-Vertical
Spectral Ratio (H/V) method is widely used. Lermo and Chavez-Garcia [10] conducted
microtremor measurements on soft soils and analyzed them using the Nakamura method,
concluding that it is suitable for determining the soil’s predominant period. Siyahi and
Selcuk [11] used microtremor measurements from 220 points in Adapazarı to determine the
soil’s predominant period and amplification values. Över et al. [12] divided the Antakya
district into five microzones based on microtremor measurements at 69 points and ReMi
measurements at 15 points. Buyuksarac et al. [13] conducted microtremor measurements at
114 locations in Sivas and identified four different seismic microzones using the H/V ratio
method. In Bursa, Çoban [14] conducted soil classification based on the dominant period
using the H/V Spectral Ratio method was carried out using the H/V Spectral Ratio method,
evaluating 205 acceleration records from 82 earthquakes recorded at 41 stations to assess
earthquake damage risk. Karslı and Bayrak [15] determined Vs30, the damage potential
index, site dominant period, and amplification values through single station microtremor
measurements for the Yakutiye district of Erzurum, providing insights into potential
earthquake scenarios. The Eastern Anatolian Fault Zone, which affects Diyarbakır, is
characterized by slower slip rates compared to the Northern Anatolian Fault. Consequently,
earthquake recurrence intervals are relatively long. According to Sayıl and Çoban (2017) [1],
recurrence periods are approximately 12 years for M5.7 earthquakes, 43 years for M6.2,
152 years for M6.7, and 533 years for M7.2 events. Historical earthquakes that have impacted
Diyarbakır include the 1866 Kulp (M6.8) and 1975 Lice (Mw6.8) earthquakes, among
others [14]. Notable regional seismic events such as the 1513 Pazarcık earthquake (M7.4)
and the 1822 Kahramanmaraş earthquake (M7.5) further underscore the seismic risk of
this area. These data emphasize the urgency of assessing local site effects for seismic
hazard mitigation.

One of the methods used to obtain shear wave velocity (Vs) is the microtremor method,
a passive seismic technique. Although this method does not directly measure Vs, it esti-
mates it through inversion. It is based on Nakamura’s [16] Horizontal-to-Vertical Spectral
Ratio (H/V) method, which utilizes the ellipticity properties of Rayleigh waves for the in-
version process. Ellipticity in Rayleigh waves refers to the elliptical and retrograde particle
motion observed as these waves propagate through a homogeneous, semi-infinite medium.
Such waves arise from the vertical components of primary (P) and secondary (S) seismic
waves [17]. Researchers around the world have applied this technique to various regions.
For example, Shabani et al. [18] used Rayleigh wave inversion to obtain Vs velocity profiles
in Tehran, Iran. Rosa-Cintas et al. [19] applied the Rayleigh wave ellipticity (RWE) method,
based on the H/V technique, in different parts of Malaga. Similarly, Anggono et al. [20]
employed the RWE inversion method to determine the shear wave velocity structure at
an earthquake recording station in Tangerang, Indonesia. A microzonation study was
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conducted in the city of Oued-Fodda, located in northern Algeria, where 102 sites were
examined [21]. In this study, the RWE inversion method was used to derive the 1-D shear
wave velocity structure of the soil. Pamuk and Özer [22] obtained the S-wave velocity struc-
ture using RWE from records at three stations located in Erzurum. Additionally, Büyüksaraç
et al. [23] applied the RWE method in Çanakkale (Türkiye) to estimate bedrock depth.

This study investigates the soil conditions at eight strong-motion recording stations
installed by the Disaster and Emergency Management Authority (AFAD) [24] in the dis-
tricts of Bağlar, Sur, Çermik, Ergani, Lice, Dicle, and Kulp within Diyarbakır, Türkiye.
Microtremor measurements were conducted at each station site to characterize the shear
wave velocity structure, predominant site frequency, and site amplification. The acquired
data was processed using the Geopsy (Geopsy versions 2.4.0 and 3.4.2) software [23–26],
and an inversion analysis based on the RWE was performed within the framework of the
H/V method. As a result, Vs profiles were obtained for each site. Site classification was
subsequently carried out based on the average shear wave velocity in the upper 30 m (Vs30),
a widely used parameter in seismic site characterization. Furthermore, both unfiltered and
high-pass filtered data were analyzed using the H/V method to determine the predominant
frequency and site amplification. Based on the analysis results obtained using a high-pass
filter at 1.0 Hz, the vulnerability index was calculated. Through this approach, the dynamic
characteristics of the station sites were comprehensively evaluated. Measurements were
recorded in velocity units along three components: north–south, east–west, and vertical.
Data acquisition was conducted using a Guralp-CMG-6TD-0001 type seismometer, along
with auxiliary components such as a battery, computer system, and connection cables. The
recordings were saved in GCF (Güralp Compressed Format) using the Scream software
(version 4.6). The seismometer has a sensitivity of 2 × 1000 V/m/s and an internal memory
capacity of 8 GB. The duration of each measurement was set to 30 min.

Geological Conditions

The Southeastern Anatolia Region of Türkiye, together with its surrounding areas, is
characterized by intense seismic activity, making it one of the most tectonically dynamic
zones in the country. This seismicity arises from the complex interactions of major tectonic
plates and the presence of several prominent fault systems. Among the most influential
seismotectonic structures in this region are the Southeastern Anatolian Convergence (SAC)
and the East Anatolian Fault Zone (EAFZ), both of which have been extensively investigated
for their earthquake-generating potential [27]. Although the city center of Diyarbakır does
not frequently experience high-magnitude earthquakes, it remains vulnerable to seismic
hazards due to its proximity to active fault zones. Earthquakes originating in surrounding
areas can produce far-reaching impacts, including strong ground shaking and secondary
effects such as landslides and liquefaction—particularly in geologically vulnerable or poorly
consolidated formations.

The city and its surrounding districts are situated on the Arabian Plate, which is
moving northward under the tectonic pressure exerted by the African Plate [28]. This
northward motion leads to the subduction of the Arabian Plate beneath the Eurasian Plate,
a tectonic interaction that has driven significant orogenic (mountain-forming) and seismic
activity throughout geological history [27,29].

The northward movement of the Arabian Plate has played a pivotal role in shaping
the regional geology and seismotectonics of Southeastern Anatolia. As the plate converges
with, and subducts beneath, the Eurasian Plate, stress accumulates along major fault sys-
tems, including the Bitlis–Zagros Orogenic Belt, the East Anatolian Fault Zone, and the
North Anatolian Fault Zone. These tectonic structures are known to generate significant
earthquakes, posing substantial hazards to the infrastructure, population, and cultural
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heritage of Diyarbakır and its surrounding settlements. A historical example is the 1975 Lice
earthquake, which occurred along the Southeastern Anatolian Convergence. This devastat-
ing event caused considerable structural damage and loss of life in the Diyarbakır region,
underscoring the persistent seismic threat [30].

Geologically, Diyarbakır and its surroundings exhibit a complex and varied lithological
composition, influencing seismic behavior, soil mechanics, and land-use planning. The
region can be divided into four primary lithological zones oriented from north to south. In
the northernmost part lies the Bitlis Massif, consisting of ancient metamorphic rock units.
These rocks, formed under intense heat and pressure over millions of years, constitute the
structural backbone of the orogenic belt.

Immediately to the southeast is the Overlay Zone, comprising ultramafic sections—rock
types derived from the Earth’s mantle and typically associated with tectonic thrusting
and obduction processes. Further south lies the Arabian Platform, dominated by extensive
sedimentary rock units, including limestone, sandstone, and shale, deposited in both marine
and terrestrial environments over geological time. Embedded within the platform is the
Karadağ volcanic structure, a prominent basaltic shield volcano that has played a key role in
the region’s geomorphological evolution [28].

Geographically, the city of Diyarbakır lies between the following two major structural
features: the Bitlis Suture Zone to the north and the Mardin Uplift to the south. This location
creates a transitional zone encompassing multiple rock types and tectonic elements. The
surrounding terrain is largely composed of carbonate rocks from the Eocene to Miocene
epochs, contributing to the region’s karstic features and hydrogeological behavior.

Diyarbakır’s districts also display distinct geological characteristics. The northern
districts—Hazro, Lice, and Hani—are dominated by Mesozoic-aged units, representing
older geological formations predating the main Alpine orogeny. These formations include
limestones, dolomites, and other sedimentary rocks formed in ancient marine environments.
In contrast, the southern parts of the region, particularly along the Bitlis Suture Zone, consist
of autochthonous units—rock formations that have remained largely undisturbed in their
original positions.

Additionally, areas such as Çermik, Dicle, Ergani, Lice, and Kulp feature allochthonous
masses—rock bodies transported from their original locations by tectonic forces, often
through thrust faulting or nappe formation. These displaced units, which may comprise
complex mélanges or ophiolitic sequences, are significant from both geotechnical and seis-
mic risk perspectives [31]. Such geological heterogeneity necessitates careful consideration
in urban planning, engineering design, and disaster preparedness strategies in Diyarbakır
and its environs.

Overall, the complex interplay of tectonic activity, plate convergence, and diverse
geological formations makes Diyarbakır a region of significant scientific interest and critical
importance for seismic risk management. Continued research and seismic monitoring
are essential for enhancing resilience against future earthquakes and for advancing the
understanding of the region’s evolving geodynamic framework (Figure 1).
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Figure 1. (a) Fault map of Turkey; (b) Geological map of Diyarbakir Province [32]. Explanation of the leg-
end in (b): Pg: Paleogene, N: Neogene, Cz: Undivided Cenozoic, CzMzi: Cenozoic–Mesozoic intrusive
rocks, K: Cretaceous, PzpCmm: Palaeozoic rocks, Kj: Cretaceous–Jurassic, TK: Tertiary–Cretaceous,
P: Permian.

2. Materials and Methods
2.1. Strong Ground Motion Stations

Strong ground motion stations play a vital role in monitoring seismic activity
throughout Türkiye. These stations are operated and maintained by the Disaster and
Emergency Management Authority (AFAD), the official government agency responsi-
ble for coordinating disaster response and preparedness, including earthquake monitor-
ing. Upon occurrence of an earthquake, seismic data—specifically ground acceleration
measurements—are automatically recorded by these stations and transmitted in real time
to AFAD’s central database. This information is publicly accessible via AFAD’s official
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website, https://www.geopsy.org/ (accessed on 9 August 2025) allowing users to view
recent seismic events and related data.

The establishment of earthquake acceleration recording stations in Türkiye dates back
to 1973. Since then, the network has expanded significantly in terms of both coverage
and technological capacity. Currently, more than 950 acceleration recording stations are
strategically distributed across the country. These stations are essential for accurately
measuring the intensity and characteristics of ground shaking during seismic events,
facilitating the assessment of earthquake hazards, the updating of building codes, and the
guidance of emergency response strategies.

Despite the extensive national network, the distribution of strong ground motion
stations is not uniform across all regions. Within the provincial boundaries of Diyarbakır,
for instance, only seven districts are currently equipped with acceleration recording sta-
tions. This limited coverage may pose challenges in capturing detailed seismic data for
the entire province, particularly in rural or less-developed areas. Figure 2 illustrates the
geographic distribution of these stations within Diyarbakır, highlighting areas with moni-
toring coverage and those that may require additional instrumentation to improve seismic
risk assessment and mitigation efforts.

 

Figure 2. Distribution of accelerometer stations in Diyarbakir [24].

Historical records and seismic studies indicate that earthquakes affecting the Di-
yarbakır region predominantly originate from the Southeastern Anatolian Convergence
(SAC) Zone. This tectonically active area is characterized by the interaction between the
Arabian and Anatolian plates, resulting in significant crustal deformation and seismicity.
Understanding the dynamics of this convergence zone is crucial for evaluating regional
earthquake risk and implementing effective mitigation strategies.

https://www.geopsy.org/
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The stations have been strategically located considering this tectonic context. Specif-
ically, the Çermik (stations 2102 and 2107), Ergani (2104), Dicle (2105), Lice (2106), and
Kulp (2108) strong ground motion stations are positioned along or near the boundaries of
the SAC Zone. This deliberate placement enhances the capacity to monitor seismic events
associated with active fault systems in the region and provides valuable data for both
real-time analysis and long-term seismic hazard assessment.

Notably, there are two stations in the Çermik district. The location of the first station
was changed due to urban noise interference. Consequently, this study considers data from
both locations to incorporate comprehensive seismic information from the district.

2.2. Determination of Horizontal-to-Vertical (H/V) Spectral Ratio (Nakamura Method)

The Nakamura method, proposed by Nakamura [16], is based on seismometer record-
ings transformed from the time domain to the frequency domain. This method assumes
that microtremor waves primarily consist of Rayleigh waves generated solely by surface
sources. It further posits that the horizontal components of these waves are influenced by
ground layers and responsible for ground amplification, whereas the vertical components
are largely unaffected by subsurface structures [16]. The Horizontal-to-Vertical (H/V) spec-
tral analysis involves calculating the ratio of horizontal to vertical components of seismic
noise, providing the ground’s transfer function and several dynamic parameters essential
for understanding site response characteristics.

In this study, microtremor measurements at each station were first transformed from
the time domain to the frequency domain using Geopsy software (versions 2.4.0 and
3.4.2), an open-source tool developed under the EU-supported SESAME project (Project
Number EVG1-CT-2000-00026, FP5 program). Using two versions enabled cross-validation
of inversion results to ensure robustness.

Initially, no filters were applied during the first stage of analysis. A window length
of 100 s with 5% overlap and a cosine window function was employed following trend
corrections. This window length defines the minimum observable frequency (1/T) in the
spectral curve. To reduce spectral noise and improve clarity, the Konno–Ohmachi frequency-
dependent smoothing function with a smoothing factor (b) of 40 was applied, with the
analysis frequency range set between 0.1 and 20 Hz.

However, significant spectral spreading at low frequencies was observed in eight
measurement points, undermining result reliability. To address this, a second analysis stage
employed a high-pass filter. In Diyarbakır, loose soil layers are thin and rapidly transition
to bedrock (Figure 1b), limiting surface wave propagation—corroborated by Vs values.
Therefore, data were high-pass filtered at 1.0 Hz to eliminate low-frequency environmental
and site-specific effects. This filtering did not cause significant data loss and prevented
misinterpretations, such as those in İmamoğlu’s [29] study, where dominant low-frequency
vibrations led to erroneous conclusions about thick, soft layers in the study area.

The high-pass filter also enhanced the accuracy of soil classification and site resonance
frequency identification [33–36] by minimizing low-frequency scattering. In this stage,
frequencies above 1.0 Hz were primarily examined, with particular attention to 0.6, 0.7,
and 0.8 Hz. Additionally, the STA/LTA algorithm with an anti-trigger option [37] was used
to detect sudden changes in recordings. STA and LTA window lengths were set to 1.00 and
30 s, respectively. This phase utilized a 50 s window length, a smoothing factor (b) of 20,
and a frequency range from 1.0 to 20 Hz.

Two different versions of Geopsy software were employed: version 3.4.2 was used
for initial data processing steps such as filtering and detrending, while version 2.4.0 was
preferred for the inversion process involving ellipticity analysis with the Dinver plugin.



Appl. Sci. 2025, 15, 8973 8 of 21

This choice was based on module compatibility and software stability. Cross-validation
ensured consistency and comparability between results from both versions.

2.3. Inversion Using H/V and Rayleigh Wave Ellipticity Analysis

Ambient seismic vibrations arise from natural and anthropogenic sources, typically oc-
curring within a period range of 0.1 to over 5 s. This range also encompasses longer periods
observed in microtremor measurements, especially at sites with thick soil deposits. Such
vibrations are widely used in geophysical investigations to assess subsurface conditions by
analyzing ambient seismic noise [38].

One of the most commonly applied analytical techniques for microtremor data is
the Horizontal-to-Vertical Spectral Ratio (H/V) method. For calculating H/V Spectral
Ratios, stationary windows dominated by surface waves—mainly Rayleigh waves—are
selected from ambient noise records. Following trend removal, a 100 s window length
with 5% overlap and a cosine taper function was applied, in accordance with SESAME
project guidelines (2004). This method generates H/V curves that provide insights into
key site characteristics, including the dominant ground frequency and amplification factor.
The peak amplitude on H/V curves corresponds to the ellipticity of Rayleigh waves—an
important parameter linked to their elliptical particle motion [39].

The shear wave velocity (Vs) structure of the subsurface varies with depth due to
distinct geological layers such as sedimentary deposits and bedrock. As Rayleigh waves
propagate through these layers, their ellipticity is influenced by the average seismic velocity
of each layer [40]. Consequently, several studies have combined Rayleigh wave ellipticity
with inversion methods to estimate shear wave velocity profiles [40–42].

Rayleigh waves are a type of surface wave formed by the combination of vertical
P-wave and horizontal S-wave motions. In a homogeneous, semi-infinite medium, these
waves propagate in elliptical orbits opposite to the direction of travel. Their ellipticity varies
in layered media, shifting between the surface and bedrock due to the dispersive nature
of wave propagation in such environments [43,44]. The H/V ratio varies with frequency,
reaching its maximum at the dominant frequency and decreasing at higher frequencies.
This characteristic makes the H/V method an effective tool for determining a site’s vs.
structure [5,35,36].

Accurate estimation of shear wave velocity profiles based on Rayleigh wave ellipticity
and frequency-dependent behavior is particularly valuable in seismic microzonation and
shallow geotechnical studies. This approach enables assessment of deeper soil layers and
provides more reliable results compared to traditional methods [40,45–47]. Key param-
eters derived from this method include Vs30—the average shear wave velocity of the
upper 30 m—and the site’s dominant frequency. These parameters form the foundation for
earthquake-resistant design and other geotechnical applications [48].

Two different versions of the Geopsy software were used sequentially during data
processing. Version 3.4.2 was employed for basic data processing tasks such as filtering
and detrending of microtremor data. Version 2.4.0 was necessary for performing inversion
via ellipticity analysis. Geopsy software evolves with user requirements, which explains
the use of different versions for distinct processing steps.

Initially, microtremor records were loaded into Geopsy version 3.4.2. After trend
corrections, filtering was applied using a band-pass filter ranging from 0.50 to 20.00 Hz
with a Butterworth filter to refine the data across frequency bands. Subsequently, the filtered
data were processed in Geopsy version 2.4.0 using the Max2Curve tool and Dinver plugin.
Within Dinver, the ellipticity curve option was selected, and by inputting appropriate
model parameters, shear wave velocity profiles of the subsurface were generated.
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For Rayleigh waves to exhibit dispersion, propagation must occur in a layered medium.
Ellipticity thus varies between ground surface and bedrock levels [40,41]. This analysis
strategy, combining two software versions and the Dinver plugin, allowed robust shear
wave velocity estimation.

2.4. Vulnerability Index (Kg) and Elasticity Behavior

The weight factor is calculated to assess the seismic risk level within the work ar-
eas prior to an earthquake. Based on Nakamura’s studies [47,48], an equation was pro-
posed (Equation (1)) that incorporates the soil amplification factor and the dominant
frequency. This equation has since been applied as a method of evaluation in various study
areas [10,49–52].

Kg =
A2

o
fo

(1)

In this equation, A0 represents the soil amplification factor, while fo denotes the
dominant frequency of the soil. Kg value is used to classify seismic risk levels:

• 0–5: Low risk
• 6–10: Medium risk
• 11–20: High risk
• Above 20: Very high damage potential [48].

Shear deformation is also evaluated as part of seismic hazard assessments. It is calcu-
lated based on the maximum acceleration and the damage potential index occurring on the
bedrock [47,48,53]. Nakamura [54] proposed the following equation for shear deformation
(Table 1):

γe = Kg ∗ e
π2 ∗ Vb

∗ amax (2)

In this equation:

• γe is the shear deformation;
• Kg is the damage potential index;
• amax is the maximum acceleration generated by the earthquake at the station;
• Vb represents the shear wave velocity;
• e is a constant coefficient, typically taken as 0.6 [55].

amax values were taken from surface acceleration records during the Kahramanmaraş
earthquakes (Table 2). In Equation (2), Vb represents the average shear wave velocity for
near-surface layers, as provided in Table 3. This is not the seismic bedrock velocity due to a
lack of borehole or deep downhole data.The resulting strain estimation reflects shallow site
conditions and should be interpreted accordingly.

If the shear wave velocity value in Equation (2) is accepted as the average seismic
foundation value of 600 m/s, 1/(π2vb) = 1.69 × 10−6 (s/cm) is obtained and if e = 0.6 is put,
Kg(e) ∼= Ag2/Fg and the effective strain can be estimated by multiplying the Kg(e) value
with the maximum acceleration of the basement ground in cm/s2 [54]. For the Vb value,
the average shear wave velocity presented in was used for amax, the maximum acceleration
values recorded at stations during the Kahramanmaraş earthquakes were considered.

As the shear stress increases, the soil behavior changes, which, in turn, affects the
degree of damage. Ishihara [56] investigated the elastic and plastic responses of soil based
on the shear deformation value. When shear deformation increases, the elastic charac-
teristics of the soil diminish, leading to a higher likelihood of structural or geotechnical
damage [50,51]. In this study, shear deformation values were calculated using the max-
imum acceleration values recorded at ground motion stations during the Pazarcık and
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Elbistan earthquakes. The results are presented in Table 1, where the dynamic behavior of
the soil is interpreted according to predefined limit states.

Table 1. Soil condition is based on shear deformation value [54,56].

Size of Strain 10−6 10−5 10−4 10−3 10−2 10−1

Phenomena Vibration Crack, Settlement Landslide, Soil compaction, Liquefaction
Dynamic properties Elasticity Elasto-plasticity Collapse

Table 2. The impact of the Kahramanmaraş earthquakes on the province of Diyarbakır (the 6 February
2023 Kahramanmaraş earthquakes).

Station
Number

District
Location

Pazarcık Earthquake Elbistan Earthquake Damage Status

Distance
to Fault
(Repi)

PGA
(cm/s2)

Distance
to Fault
(Repi)

PGA
(cm/s2) Destroyed

To be
Demolished
Immediately

Badly
Damaged

Moderately
Damaged

Slightly
Damaged

2101 Baglar 287.3533 77.08 260.2429 21.59 7 13 571 810 8201

2102 Çermik The station was removed in 2017

2103 Sur 297.0747 53.74 269.7384 23.82 1 - 599 345 4980

2104 Ergani 262.2236 116.46 221.1311 21.22 2 - 416 175 5071

2105 Dicle No earthquake record is available. - - 205 152 2516

2106 Lice 342.159 72.30 300.347 8.27 11 1 444 276 2485

2107 Çermik 234.9221 112.26 196.4765 47.61 17 18 433 264 2506

2108 Kulp 372.13 20.66 331.38 7.95 1 - 623 145 3129

Table 3. Vs30 velocity values and soil classification.

Station Code Vs30 (m/s) TBDY (2018) EUROCODE 8 NEHRP (2003) Geological Status
2101 600 ZC B C Terrestrial Clastics
2102 765 ZB B B Yellowish clayey marl
2103 635 ZC B C Unsorted Terrestrial Clastic Rocks
2104 750 ZC B C Clastics and Carbonates
2105 675 ZC B C Clastics and Carbonates
2106 730 ZC B C Clastics and Carbonates
2107 555 ZC B C Yellowish clayey marl
2108 610 ZC B C Yellowish clayey marl

3. Impact of the Kahramanmaras Earthquakes on Diyarbakır
On 6 February 2023, at 04:17 local time, an earthquake of Mw = 7.7 magnitude occurred,

centered in Pazarcık, Kahramanmaras. Nine hours later, at 13:24, a second earthquake of
Mw = 7.6 magnitude struck with its epicenter in Elbistan, within the same province. These
earthquakes, which occurred on the East Anatolian Fault System, had a significant im-
pact on 11 provinces, including Diyarbakir. According to statements by the Disaster and
Emergency Management Authority [24], over 50,000 fatalities and more than 500,000 struc-
tural damages were reported. The Kahramanmaras earthquakes were recorded by over
a hundred seismic stations, including those located in Diyarbakir. The largest ground
motions recorded in Diyarbakir due to these earthquakes [24], and the resulting dam-
age [57] are detailed in Table 2. Diyarbakır was among the cities severely affected by the
earthquake, recording extensive structural damage. According to data from the Ministry
of Environment and Urbanization (2023) [57], the city reported 49 completely collapsed
buildings, 62 buildings requiring immediate demolition, 6105 severely damaged buildings,
3747 moderately damaged buildings, and 54,721 slightly damaged buildings. The damage
distribution at the locations of the seismic stations is illustrated in Figure 3. The significant
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levels of structural damage observed correlate with the acceleration recorded at these
stations, highlighting the intensity of ground motion experienced during the event.
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Figure 3. Damage status in Diyarbakir.

Figures 4 and 5 present the images of structures that collapsed or sustained severe
damage during the Kahramanmaraş earthquakes. In Figure 4a–c, Galeria Business Center in
Yenişehir district, Serin2 Apartment and Yoldaş Apartment in Bağlar district are examples
of buildings that collapsed as a result of earthquakes, respectively. The images in Figure 5
belong to a heavily damaged building in the Prison district of the Bağlar district.

 

(a) (b) (c) 

Figure 4. Structures that collapsed during the mainshock on 6 February 2023: (a) Galeria Busi-
ness Center (Yenişehir district), (b) Serin-2 Apartment (Bağlar district), and (c) Yoldaş Apartment
(Bağlar district).
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(a) (b) 

Figure 5. A building that sustained severe structural damage as a result of seismic activity: Pho-
tographs (a,b) show the Güçlü Apartment in the Bağlar district.

4. Evaluation of Earthquake Acceleration Station Records
Seismic records from 10 earthquakes with moment magnitudes greater than 4.0 (M ≥ 4.0)

were analyzed to assess ground response and local site effects. The raw acceleration data
from these events were processed using Geopsy software, a widely utilized tool for ambient
vibration and seismic data analysis.

During the initial phase of analysis, no filters were applied to preserve the integrity
and original characteristics of the seismic signals. A window length of 100 s was initially
selected for computing the Horizontal-to-Vertical (H/V) Spectral Ratio; however, this
configuration did not produce reliable H/V graphs, likely due to signal instability or noise
interference over the extended window duration. To improve the clarity and reliability of
the spectral results, the window length was reduced to 50 s, and a cosine window function
was applied. The frequency analysis range was refined and limited to 1–20 Hz to focus
on dominant frequency content most relevant to soil response and resonance behavior in
the region.

For each of the eight acceleration recording stations within Diyarbakır Province,
seismic data from all 10 selected earthquake events were individually analyzed, resulting
in a comprehensive evaluation of 80 earthquake records in total. By assessing the variation
in the H/V Spectral Ratio across different events and locations, valuable insights were
gained into the dynamic soil behavior and potential amplification effects at each station.

The results contribute to understanding how different parts of the city respond to
seismic waves and provide a foundation for future microzonation, earthquake hazard
assessment, and structural design considerations. The spatial distribution and spectral
characteristics of the earthquake-induced acceleration records are illustrated in Figure 6,
which visually represents the seismic behavior and associated ground motion across the
study area. Each curve corresponds to earthquakes with M ≥ 4.0 recorded by the respective
station up to the present day.

It is important to note that this assumption was made only in the absence of direct earth-
quake data. Additionally, the spatial separation between stations 2104 and 2105 exceeds
the ideal tolerance for direct comparison, and this limitation is acknowledged accordingly.
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Figure 6. Earthquake records (Mw ≥ 4.0) in the study area and H/V analyses. (a) H/V analysis of
earthquake recordings from Station 2101, (b) H/V analysis of earthquake recordings from Station
2102, (c) H/V analysis of earthquake recordings from Station 2103, (d) H/V analysis of earthquake
recordings from Station 2104, (e) H/V analysis of earthquake recordings from Station 2105, (f) H/V
analysis of earthquake recordings from Station 2106, (g) H/V analysis of earthquake recordings from
Station 2107, (h) H/V analysis of earthquake recordings from Station 2108.
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5. Results
The ellipticity property of Rayleigh waves was utilized to determine shear wave

velocity through an inverse solution method implemented in the Geopsy software (see
Section 2.3 for details). Microtremor measurements were conducted at eight locations across
seven districts. For each station, phase velocities were converted into one-dimensional
shear wave velocity profiles, which are presented in Figure 7.

   

  

a 

d e f 

g h 

b c 

Figure 7. Shear-wave velocity (Vs) depth profile derived from microtremor data using Rayleigh wave
ellipticity inversion (a) St 2101, (b) St 2102, (c) St 2103, (d) St 2104, (e) St 2105, (f) St 2106, (g) St 2107,
(h) St 2108. The black and red lines present the shear wave velocity variation with the misfit value
rate obtained from the analysis. It is a misfit value that shows how well the measurement results
match the observed data. The optimal model is the one with the lowest misfit value.

Site-specific parameters such as Vs30 and the fundamental frequency (f0) are critical
for seismic site classification and hazard assessment. These parameters provide essen-



Appl. Sci. 2025, 15, 8973 15 of 21

tial information about potential soil amplification effects, which are vital for designing
earthquake-resistant structures. Although recent earthquake damages in Diyarbakır have
been largely attributed to building quality, incorporating local soil conditions remains fun-
damental for future seismic risk mitigation and resilient infrastructure planning, especially
given the proximity to the active East Anatolian Fault Zone.

Shear wave velocity, which varies with soil properties and depth, plays a key role in
determining bedrock depth and soil classification. The one-dimensional velocity profiles
shown in Figure 7 illustrate the variation in shear wave velocity within the soil layers,
enabling the calculation of the average shear wave velocity in the upper 30 m. The Vs30
values, a principal parameter in soil classification, along with the corresponding soil
classifications based on these values, are presented in Table 3. These classifications follow
three different standards: the Turkish Building Earthquake Code (TBEC) [58], the European
Union Standard (Eurocode-8) [59], and the National Earthquake Hazard Reduction Program
(NEHRP) [60].

The coefficient e = 0.6 used in Equation (2) is an empirical factor relating seismic ground
motion parameters to effective strain in the foundation soil layer. Assuming an average
shear wave velocity Vb = 600 m/s, the term 1/(π2 × Vb) is approximately 1.69 × 10−6 s/cm.
With e = 0.6, the seismic strain parameter Kg(e) can be approximated as Ag

2/Fg, where Ag

and Fg represent acceleration and frequency terms, respectively. Effective strain values are
calculated by multiplying Kg(e) with the maximum basement acceleration amax (cm/s2)
recorded during the Kahramanmaraş earthquakes. The average shear wave velocity values
used for Vb are listed in Table 3.

H/V Spectral Ratio analysis was performed for each station site based on the mea-
surements obtained. As a result, H/V graphs were generated for each location, with
two representative examples presented in Figure 8.

In the initial unfiltered analysis, inconsistent results were observed. As illustrated in
Figure 8a, significant scattering appears at low frequencies, likely due to external noise
sources such as traffic, environmental disturbances, and wind. To mitigate these effects, a
high-pass filter was applied.

As an improved approach, a high-pass filter combined with an anti-trigger application
was implemented across various frequency ranges. The resulting H/V graphs from this
method are shown in Figure 8b.

The dominant frequency and amplification values derived from all analyses are sum-
marized in Table 4. A review of Table 4 indicates that the high-pass filter with a cutoff
frequency of 1.0 Hz provides the most reliable and reasonable results.

Based on the results of the H/V analysis, the vulnerability index was calculated using
the ground-dominant frequency and amplification factor obtained in the high-pass filter
range (1.0 Hz). Calculations for each station’s location are presented in Figure 9. The shear
strain value, calculated based on the vulnerability index, was computed for each station
under two different seismic scenarios, and the results are provided in Table 5.

Soil classification is based on the average velocity (Vs30) within the upper 30 m. A
high average shear wave velocity indicates that the soil is hard and solid. Two groups of
different ground conditions have been identified. Accordingly, relatively low Vs30 and
low frequency values were observed at stations 2101, 2107, and 2108, while high frequency
and Vs30 values were obtained at other stations (Figure 10). In this case, positive results
have been obtained for the station soil. As a result of various dynamic parameters, the soils
related to the station were identified.
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(a) 

(b) 

Figure 8. (a) Unfiltered window view and H/V analysis results for two stations and (b) Filtered window view, high-pass filtered (1.0 Hz) application, H/V graphs.
Dashed lines represent the standard deviation, while the solid black line represents the average H/V ratio across all windows.
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Table 4. Fundamental frequency (F0), amplitude (A0), and site classification results.

Unfiltered
b: 40

(0.6 Hz)
b: 20

(0.7 Hz)
b: 20

(0.8 Hz)
b: 20

(1.0 Hz)
b: 20

(1.0 Hz)
Frequency
Range: 2 to
10 Hz b:20

Earthquake
Records

Station
Code

fo
(Hz) Ao fo

(Hz) Ao fo
(Hz) Ao fo

(Hz) Ao fo
(Hz) Ao fo

(Hz) Ao fo
(Hz) Ao

2101 0.52 6.36 6.37 2.82 6.37 2.82 6.37 2.82 6.41 2.85 6.22 2.90 6.53 3.72
2102 0.44 5.95 13.54 3.74 13.54 3.74 13.54 3.74 15.54 3.74 3.70 1.66 10,18 1.71
2103 0.66 4.91 14.18 2.49 14.18 2.49 14.18 2.49 14.18 2.49 6.69 1.28 18.65 2.58
2104 0.24 2.43 16.41 1.42 16.41 1.42 16.41 1.42 16.41 1.42 7.82 0.96 4.23 2.46
2105 0.44 2.68 1.46 1.52 1.38 1.96 1.38 1.94 16.61 1.79 2.58 1.25 17.53 2.14
2106 0.36 1.91 13.53 1.20 13.53 1.20 13.53 1.20 13.53 1.20 4.34 1.18 14.04 3.45
2107 1.14 1.89 1.15 2.47 1.15 2.46 1.15 2.50 3.89 2.49 3.92 2.48 3.47 2.78
2108 0.44 2.35 1.14 2.95 1.14 2.88 1.14 2.90 3.64 2.63 3.61 2.56 3.16 2.66
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Figure 9. Change in vulnerability index and dominant frequency (high-pass filter: 1.0 Hz).
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Figure 10. Distribution of fundamental frequency (F0) and average shear wave velocity Vs(30) across
the study area.
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Table 5. Strain dependence results.

Station
No

Kg γe

Pazarcık Eq. Elbistan Eq.

2101 1.26 9.95 × 10−6 2.80 × 10−6

2103 0.43 2.22 × 10−6 9.88 × 10−7

2104 0.12 1.14 × 10−6 2.04 × 10−7

2106 0.10 6.07 × 10−7 7.00 × 10−7

2107 1.59 1.98 × 10−5 8.35 × 10−6

2108 1.90 3.97 × 10−6 1.53 × 10−6

6. Conclusions
This study evaluates ground behavior at eight accelerometer stations located in Di-

yarbakır, Southeastern Türkiye, aiming to investigate the relationship between recorded
ground motions and subsurface conditions. The microtremor method was selected due to its
ease of application, cost-effectiveness, and ability to provide rapid measurements compared
to other seismic site characterization techniques. A notable advantage of this method is the
flexibility of the processing software (Geopsy), which allows data analysis across various
time intervals, thereby enhancing the reliability of comparative assessments.

At each station, 30 min ambient vibration recordings were collected and analyzed.
Using Geopsy, shear wave velocity (Vs) profiles, Vs30 values, predominant frequencies,
and amplification factors were derived. Additionally, H/V Spectral Ratio analyses were
performed using 10 earthquake records with moment magnitudes (Mw ≥ 4). These results
were then compared with microtremor measurements to evaluate consistency. The effects
of the 6 February 2023 Kahramanmaraş earthquakes were also assessed by examining
observed structural damage in the areas surrounding the stations.

Shear wave velocity results indicate that Vs values generally exceed 550 m/s, reflecting
competent ground conditions. At station 2102, where the lowest Vs was observed, shear
wave velocity increased from approximately 500 m/s at 10 m depth to over 1000 m/s
at 40 m, suggesting a transition to engineering bedrock (Vs > 760 m/s) between 20 and
40 m depth. The highest Vs30 value was recorded at station 2107, measuring 555 m/s.
Based on these findings, the sites were generally classified as medium-dense to dense
soils or rock, indicating high geotechnical capacity. Despite these favorable soil conditions,
significant structural damage occurred during the earthquakes, emphasizing that poor
building quality rather than site amplification was the primary cause of damage.

Although initial analyses covered a broad frequency range (0.1–20 Hz), a high-pass
filter at 1 Hz was later applied to mitigate low-frequency urban noise. This approach
improved curve clarity but may limit interpretation of deeper structures with fundamental
frequencies below 1 Hz and is acknowledged as a limitation of the study.

To more accurately assess site response, six different H/V analysis methods were
applied. The initial unfiltered analysis revealed predominant frequencies ranging from
0.24 Hz to 1.14 Hz, though results were affected by environmental noise, particularly at low
frequencies. To reduce such noise—typically caused by traffic or wind—a 1.0 Hz high-pass
filter was applied. This adjustment significantly enhanced the clarity of dynamic parame-
ters, making the filtered analysis more reliable. Using this filter, the highest predominant
frequency (16.61 Hz) was observed at station 2105, while the lowest (3.64 Hz) was at station
2108. The highest amplification factor (3.74) was recorded at station 2102.

Comparison between microtremor-derived parameters and earthquake recordings
revealed strong consistency, indicating that local site conditions did not contribute to
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additional seismic amplification. This supports the conclusion that observed damage was
not related to ground motion but rather to structural vulnerabilities.

The damage susceptibility index, evaluated according to Nakamura’s method [61],
ranged between 0 and 5 for all stations, corresponding to a low-risk class. Elastic behavior
assessments based on this index also confirmed that the recording sites were situated
in elastic, non-amplifying environments. These conditions are inferred to extend to the
surrounding neighborhoods.

Despite the epicentral distances of the Kahramanmaraş earthquakes exceeding 300 km,
the unexpectedly high level of damage in Diyarbakır further highlights issues related to
structural integrity and urban planning rather than seismic ground motion intensity. In fact,
Peak Ground Acceleration (PGA) values were relatively low, yet considerable structural
damage occurred, reinforcing the conclusion that vulnerability stemmed from construction
deficiencies rather than geotechnical factors.
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