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Abstract: In the territory of Dushanbe city, the capital of Tajikistan, detailed geological and geophysi-
cal data were collected during geophysical surveys in 2019–2020. The data comprise 5 microtremor
array measurements, 9 seismic refraction tomography profiles, seismological data from 5 temporary
seismic stations for standard spectral ratio calculations, 60 borehole datasets, and 175 ambient noise
measurements. The complete dataset for Dushanbe was used to build a consistent 3D geologic model
of the city with a size of 12 × 12 km2. The results of the seismological and geophysical surveys were
compared and calibrated with borehole data to define the boundaries of each layer in the study area.
The Leapfrog Works software was utilized to create a 3D geomodel. From the 3D geomodel, we
extracted six 12 km long 2D geological cross-sections. These 2D geological cross-sections were used
for 2D dynamic numerical modeling with the Universal Distinct Element Code software to calculate
the local seismic response. Finally, the dynamic numerical modeling results were compared with the
amplification functions obtained from the seismological and ambient noise data analysis. The 2D
dynamic numerical modeling results allowed a better assessment of the site effects in the study area
to support seismic microzonation and the determination of local peak ground acceleration changes in
combination with regional seismic hazard maps. In addition, our results confirm the strong seismic
amplification effects noted in some previous studies, which are attributed to the influence of local
topographic and subsurface characteristics on seismic ground motions.

Keywords: numerical modeling; geomodeling; seismic noise; site effects; seismic microzonation;
peak ground acceleration

1. Introduction

As of today, ensuring seismic safety in urban environments remains one of the most
complex challenges in seismology and earthquake engineering worldwide. Recent trends
in these areas include the application of dynamic 2D and 3D numerical models for assessing
seismic hazards in specific regions or zones—e.g., [1–4]. These models offer numerous
advantages, particularly in terms of simulating various earthquake scenarios, e.g., [5–8],
and the results of their application can be integrated with response spectrum analysis to
provide the quantitative data necessary for earthquake engineering—e.g., [9,10].

Dushanbe city, the capital of Tajikistan (Figure 1), has a high population density
(5700 people/km2), outdated infrastructure and communication, complex geological con-
ditions, deteriorating housing conditions, and limited opportunities for urban expansion,
significantly increasing the risk of seismic impact [11,12]. Historically, earthquakes have
caused major damage, especially to cities with critical infrastructure and high population
densities [13]. The high level of damage in cities is often associated with local geologi-
cal conditions and geotechnical properties that contribute to the amplification of seismic
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ground motions [14,15]. These effects, combined with the high vulnerability of buildings,
can lead to catastrophic consequences during earthquakes [16].

Local effects that amplify seismic actions are typically caused by topographical fea-
tures and soft deposits, including alluvial, eolian, and lake sediments or artificial fill, as
emphasized in the works of Bard [16,17] and Wald and Allen [18]. For this reason, seismo-
logical engineers often divide cities into separate microzones based on location effects and
ground properties [2,19–21]. Such location analysis usually relies on geological analysis,
borehole drilling, and studying seismic noise data [17,22].

However, for the quantitative assessment of seismic risks, engineers and scientists
not only create maps and compare data but also develop physically based simulations of
ground motion using numerical methods and models to fully account for all the processes
of seismic wave propagation—e.g., [2,7,8,23,24]. This approach surpasses empirical predic-
tion methods, such as simplified laws or indirect indicators, especially in complex urban
environments [2,7,10]. Ground motion assessment methods combine the characteristics of
the earthquake source, propagation path, attenuation, and site effects using approximate or
statistical approaches [25,26].

Despite the speed of these methods, they have limitations in accuracy and control
over the fundamental processes. In contrast, physically based modeling, relying on
computational–mathematical tools, can precisely reproduce ground motions during earth-
quakes [27,28]. This approach allows not only to recreate scenarios of past earthquakes but
also to predict ground movement and its impact on infrastructure, e.g., [4,6,7,23,28], as well
as to determine site effects and define response spectra for microzonation—e.g., [9,19–21,29].
It is also possible to model long-term effects such as liquefaction or landslides [30]. Numer-
ical models that reflect the physics of seismic wave propagation have been validated by
comparing them with actual ground motion data, demonstrating their reliability, especially
in the case of 3D models—e.g., [31–33].

In our study utilizing existing geophysical, seismological, and borehole data, we
created a 3D geomodel for target areas in Dushanbe measuring 12 × 12 km2 using Leapfrog
Works software (provided by Seequent Limited, Christchurch, New Zealand). Subse-
quently, 2D dynamic numerical models were developed using UDEC (Universal Distinct
Element Code, provided by Itasca Consulting Group, Inc., Minneapolis, USA). From the
3D geomodel, six 2D geological cross-sections of 12 km in length were extracted, which
were used for 2D dynamic numerical modeling to assess the site effects and peak ground
acceleration (PGA). These models enabled the analysis of seismic wave propagation in
various lithological and topographical conditions.

Furthermore, the integration of shear wave velocity data and horizontal to vertical
spectral ratio (HVSR) contributed to creating a site effect distribution map for the studied
area. The 2D dynamic numerical modeling results were compared with the fundamental
frequency (f0) obtained from HVSR ambient noise measurements and standard spectral
ratio (SSR) data. This allowed for a more accurate assessment of the site effects and
determination of the PGA in the study area, contributing to more substantiated seismic
microzonation and seismic hazard assessment. The results also confirmed the impact of
strong seismic amplification due to local topographical and ground characteristics, in line
with the conclusions of previous studies [11,34].

The main issue of our research is to analyze the influence of the soil conditions in the
upper part of the strata (composition, density, water content, etc.) that most influence the
effects of seismic shaking on construction. The initial structural geological analysis of the
considered seismic zone was made during Probabilistic Seismic Hazard Analysis (PSHA)
of the study area [35].

These dynamic numerical models will ultimately allow us to develop more accurate
seismic hazard maps and improve construction standards. We will be able to obtain re-
sponse spectra for various simulated ground motions and sources, determine amplification
spectra, and gain a better understanding of fundamental site effects, thus providing more



Geosciences 2024, 14, 117 3 of 32

reliable predictions of damage levels from future earthquakes and deformation caused by
seismic events of varying intensities.
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The second terrace is elevated by a 1–3 m step above the Varzob River floodplain and 
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gently slopes southwestward, is predominantly composed of loess strata 20–40 m thick 
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Figure 1. (a) Study area: the city of Dushanbe, marked on the map with an area of 12 × 12 km2,
featuring high-lighted river networks and lithological characteristics of the study area; (b) Epicenters
of shallow earthquakes for the period from 818 CE to 2023. Earthquake data was taken from the
Central Asia Seismic Risk Initiative, Earthquake Modeling for Central Asia (CASRI-EMCA; [36,37])
catalog until 2017 and supplemented with data from the U.S. Geological Survey (USGS) catalog from
2017 to 2023. Active faults are highlighted in red and marked by references in the text. Coordinates
refer to the UTM 42N zone.

2. Study Area

The majority of Dushanbe is located across three terraces and adjacent slopes, referred
to locally in Central Asia as “Adyrs”—a term denoting hill-sloping foothills as well as
individual hills and ridges on valley slopes. This region is also characterized by its diluvial
loess deposits, positioned at an altitude of 800–900 m above sea level. The floodplain of
the Varzob River, originating in a narrow valley in the north, progressively broadens as it
extends southward, primarily composed of gravel and sand, as depicted in Figure 1a. The
depth of these gravel deposits notably diminishes from approximately 300 m in Dushanbe’s
central area to 20–40 m near its western and eastern peripheries.

The second terrace is elevated by a 1–3 m step above the Varzob River floodplain and
is overlaid by a loess cover ranging from 5 to 10 m in thickness. The third terrace, which
gently slopes southwestward, is predominantly composed of loess strata 20–40 m thick
and features a pronounced escarpment of 12–18 m leading down to the second terrace, as
detailed in the study by Hakimov et al. [34].

2.1. Seismicity of the Region

The systematic collection of earthquake records in Central Asia and Tajikistan began
in 1895. In Tajikistan, the first seismic station was established at the end of 1939 in the
capital, then known as Stalinabad till 1961 (now Dushanbe), at the Stalinabad Astronomical
Observatory. By 1986, an extensive network of analog seismic stations had been established
in Tajikistan, allowing for reliable data collection on seismic events both within the republic
and beyond its borders. The map of earthquake epicenters in Tajikistan demonstrates both
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shallow (depth ≤ 45 km) and deep focal (depth ≥ 70 km in the Pamir area) earthquakes,
providing a clear understanding of seismic activity in the region (Figure 2).

Geosciences 2024, 14, x FOR PEER REVIEW 4 of 34 
 

 

established in Tajikistan, allowing for reliable data collection on seismic events both 
within the republic and beyond its borders. The map of earthquake epicenters in Tajikistan 
demonstrates both shallow (depth ≤ 45 km) and deep focal (depth ≥ 70 km in the Pamir 
area) earthquakes, providing a clear understanding of seismic activity in the region (Fig-
ure 2). 

 
Figure 2. Epicenters of shallow (depth ≤ 45 km; shown in red) and deep-focal earthquakes (depth ≥ 
70 km, shown in blue), according to the catalogs of the Central Asia Seismic Risk Initiative, Earth-
quake Modeling for Central Asia Catalogue (CASRI-EMCA; [36,37]) for the period from 818 CE to 
2017, supplemented with data from the updated catalog of the U.S. Geological Survey (USGS) for 
the period from 2017 to 2023. Active faults are highlighted in red and marked by references in the 
text. Coordinates refer to the UTM 42N zone. 

An analysis of all available catalogs, including the Central Asia Seismic Risk Initia-
tive–Earthquake Modelling of Central Asia (CASRI–EMCA; [36,37]), covering the period 
from 818 CE to the present, was conducted. During this research, some adjustments and 
clarifications were made. As a result, a catalog of strong and perceptible earthquakes in 
the Dushanbe–Vaksh area from 1907 to 2015 was compiled, with intensity at the epicenter 
of more than VI units on the MSK-64 scale [38]. 

Throughout its history, Dushanbe has frequently faced strong seismic impacts 
caused by local and regional earthquakes. From 1907 to 2007, around Dushanbe city, 17 
earthquakes with magnitudes ranging from 3.7 to 7.4 and epicenter intensities between VI 
and IX units on the MSK-64 scale were registered (Table 1). These earthquakes were man-
ifested within the city’s limits with intensity from III and VII units on the MSK-64 scale. 
Specifically, Dushanbe was affected by tremors with intensities of VII–VIII (i.e., “very 
strong”) units on the MSK-64 scale during the 1907 Karatag earthquake and intensity of 
VI during the 1952 Stalinabad earthquake. Additionally, the city recorded tremors with 
intensities of VI–VII (i.e., “strong”) units on four occasions: the 1943 Fayzabad earthquake, 
the 1949 Khait earthquake, the 1980 Dushanbe earthquake, and the 1989 Hissar earth-
quake (Table 1; [38,39]). 

  

Figure 2. Epicenters of shallow (depth ≤ 45 km; shown in red) and deep-focal earthquakes
(depth ≥ 70 km, shown in blue), according to the catalogs of the Central Asia Seismic Risk Ini-
tiative, Earthquake Modeling for Central Asia Catalogue (CASRI-EMCA; [36,37]) for the period from
818 CE to 2017, supplemented with data from the updated catalog of the U.S. Geological Survey
(USGS) for the period from 2017 to 2023. Active faults are highlighted in red and marked by references
in the text. Coordinates refer to the UTM 42N zone.

An analysis of all available catalogs, including the Central Asia Seismic Risk Initiative–
Earthquake Modelling of Central Asia (CASRI–EMCA; [36,37]), covering the period from
818 CE to the present, was conducted. During this research, some adjustments and clar-
ifications were made. As a result, a catalog of strong and perceptible earthquakes in the
Dushanbe–Vaksh area from 1907 to 2015 was compiled, with intensity at the epicenter of
more than VI units on the MSK-64 scale [38].

Throughout its history, Dushanbe has frequently faced strong seismic impacts caused
by local and regional earthquakes. From 1907 to 2007, around Dushanbe city, 17 earthquakes
with magnitudes ranging from 3.7 to 7.4 and epicenter intensities between VI and IX units on
the MSK-64 scale were registered (Table 1). These earthquakes were manifested within the
city’s limits with intensity from III and VII units on the MSK-64 scale. Specifically, Dushanbe
was affected by tremors with intensities of VII–VIII (i.e., “very strong”) units on the MSK-64
scale during the 1907 Karatag earthquake and intensity of VI during the 1952 Stalinabad
earthquake. Additionally, the city recorded tremors with intensities of VI–VII (i.e., “strong”)
units on four occasions: the 1943 Fayzabad earthquake, the 1949 Khait earthquake, the 1980
Dushanbe earthquake, and the 1989 Hissar earthquake (Table 1; [38,39]).
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Table 1. Historical earthquakes were recorded near the study area of Dushanbe (data provided by
the Institute of Geology, Earthquake Engineering and Seismology, National Academy of Sciences
of Tajikistan).

Earthquakes Datum Latitude Longitude Magnitude
(Mw) Depth (km) Distance to

Dushanbe (km)
Intensity

(MSK–64 Scale)

Karatag 21.10.1907 38.70 68.10 7.4 25 60 VII
Chuyanchi 27.10.1907 38.80 68.40 6.2 24 38 VI
Fayzabad 11.01.1943 38.53 69.31 6.2 12 40 VI

Khait 10.07.1949 39.17 70.87 7.4 18 190 VI
Stalinabad 27.02.1952 38.60 68.90 5.0 8 0 VI–VII

Hissar-Babatag 04.08.1953 38.50 68.50 4.0 8 14 IV–V
Andzhir 07.07.1953 38.40 68.90 4.3 5 21 IV–V
Yavroz 16.09.1960 38.67 69.17 4.9 14 40 V–VI

Chimtepa 02.01.1966 38.47 68.70 3.9 10 11 IV
Hissar 21.04.1968 38.47 68.65 4.9 8 15 V–VI
Lyaur 24.04.1970 38.37 68.71 4.6 8 22 IV–V

Sultanabad 17.06.1976 38.47 68.97 3.7 3 21 III
Sultanabad 10.07.1979 38.45 68.94 4.0 2 20 III
Dushanbe 16.12.1980 38.48 68.75 5.0 5 8 V

Hissar 22.01.1989 38.49 68.67 5.8 7 13 V–VI
Hissar-Babatag 27.03.1999 38.47 68.50 4.3 5 25 IV–V

Dushanbe 18.08.2006 38.52 68.88 4.3 5 10 V–VI

2.2. Seismic Hazard Affecting Dushanbe City

In this context, assessing urbanized areas’ seismic hazards and vulnerability becomes
a priority task for earthquake-prone regions. This paper is focused on the local seismic
hazard affecting the capital of Tajikistan, Dushanbe city, located between two active tectonic
faults (Figure 1): the Hissar–Kokshaal and the Ilyak–Vaksh [40,41]. As a result, early
seismic microzonation maps classified most of the city’s areas as having IX units of intensity
(i.e., “destructive”) on the MSK-64 scale [42,43].

Until now, studies of seismic hazards in Tajikistan have used a predominantly qualita-
tive approach to seismic microzonation. The study of the effects of strong earthquakes has
significantly influenced the methods of seismic microzonation of Tajikistan, the delineation
of seismogenic zones [44], and the microzonation of significant cities, as noted in the studies
of Kogan et al. [40].

Early seismic microzonation maps of Dushanbe were developed in 1937 by Tsshoher [45]
and in 1948 by Medvedev [46], mainly based on engineering-geological and hydrogeologi-
cal data. These maps divided the city’s territory into zones with a seismic intensity of VII
and VIII units (i.e., “very strong”) according to the MSK–64 scale. In 1953, instrumental
data on weak earthquakes created the third seismic microzonation map that identified
zones of seismic intensity VIII, IX, and above IX on the MSK–64 scale within Dushanbe [42].

The latest seismic microzonation map, which now serves as the standard, was com-
piled in 1975 [47]. The Quaternary loess is one of the most common types of deposit in
the city and its surroundings, characterized by varying thickness and hydromechanical
properties; clays, sands, and gravel are also encountered [48]. Recently, new data on the
seismic microzonation of Dushanbe have been obtained, covering not only general geo-
logical conditions but also new geophysical data and records from a temporary seismic
network [34].

3. Materials and Methods

In modern seismology, collecting high-quality data is crucial for successful research.
This project employed advanced methodologies to gather accurate and comprehensive
data for subsequent analysis.

Our research is based on a database containing seismic and detailed geological in-
formation pertinent to urban areas. The goal is to convert qualitative data into quantita-
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tive measures through scientifically grounded numerical models. These models aim to
encapsulate the earthquake process, focusing on the “Source”, “Path”, and “Site” com-
ponents [49,50]. Emphasis is placed on the “Site” component, particularly the geological
structure of the urban areas being studied.

Probabilistic seismic hazard assessments inform the components of the “Source” and
“Path”. This involves (a) convoluting ground motions from earthquakes at rocky sites
with models of local amplification effects and (b) using scenario earthquakes for numerical
modeling. However, it’s noted that modern computational resources are often limited for
comprehensive two-dimensional dynamic modeling.

In the first part of this project, conducted in Dushanbe during 2019–2020, extensive
geological and geophysical data were collected. These data encompass five microtremor
array measurements (MAM), nine seismic refraction tomography (SRT), five temporary
seismic stations for SSR from earthquake data, 60 borehole data, and 175 measurements of
HVSR (Table 2). All these data were integrated and presented on maps within a Geographic
Information System (GIS) using a unified reference system, as detailed in the first part of
our project by Hakimov et al. [34].

Table 2. Use of geophysical methods for collecting new data. Borehole data provided by the
HIETSCCT [51] were analyzed and adapted to meet the specific requirements of our study, as detailed
in the study by Hakimov et al. [34].

Method Assessed Data Processing Results

175—HVSR measurements passive seismic (ambient noise
records at 30 min intervals) HVSR method fundamental resonance

frequency map

9—SRT measurements active seismic
(P-wave) P-wave inversion P-wave velocity (Vp) patterns,

subsurface structures

5—MAM measurements passive seismic (ambient noise
records at two-hour intervals)

spatial autocorrelation (SPAC),
Rayleigh wave

dispersion curves,
S-wave velocity (Vs) patterns

5—temporary seismic station
recordings and 1 permanent

reference station

passive seismic
(instrumental data) SSR from earthquake amplification factors

data compilation
lithological maps and

cross-sections
data from 80 boreholes

data evaluation and
adaption

surface lithology,
subsurface structures

3.1. Geophysical Surveys in Dushanbe

Current data from field studies were applied to confirm the modeling results of the
Dushanbe area. In the project’s initial phase, a dataset for the seismic microzonation of
Dushanbe was formed and processed (details in Hakimov et al. [34]; Table 2).

Within the scope of this research, borehole data were expanded. New measurement
data were combined with lithological settings, geological profiles, and information from
60 borehole loggings supplemented by records of 20 other boreholes. All borehole informa-
tion was collected in the studied area of the city of Dushanbe based on materials provided
by the Head Institute of Engineering and Technical Surveys of the State Construction
Committee of Tajikistan (HIETSCCT; [51]; Table 2 and Figure 3a).

Below, we summarize the results of seismic and seismological surveys, which are
considered the most relevant input data for the 3D geomodel study and 2D dynamic
numerical modeling, as described in Section 3.5 and Section 3.6 of this paper, respectively.
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3.2. Summary of Ambient Noise Measurements

Ambient noise measurements at a single station were processed using the HVSR
method. Based on the data obtained using a mobile single station, we developed maps
of changes in the characteristics of identified resonance frequency peaks in the study area
(Figure 4).

All measurements of the ground motion characteristics of the medium in this area
were carried out with a maximum interval of about 500 m between the nearest points. Based
on the HVSR measurement data, several ground motion parameters in the study area were
presented: (a) the main resonance frequency (f0), (b) the amplitude of the main peak (A0),
and (c) the polarization of ambient noise. Figure 4 illustrates these parameters in selected
HVSR recordings in the target areas of Dushanbe city, indicating the fundamental resonance
frequency (Figure 4a), the amplitude of the main peak (Figure 4b), the polarization of the
ambient noise (Figure 4c), and HVRS plots for specific parts of the study area (Figure 4d).
Here, the fundamental resonance frequency is the lowest frequency with a relatively
distinct peak.
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By interpolation between individual measurement sites, the main resonance frequen-
cies of sediments in the study area were determined (Figure 4a). Practically, the entire
territory is characterized by frequencies well below 2 Hz. The resonance frequency is
higher only in the areas near the city center, especially in the W and E parts. In this part
of the study area, the thickness of the loess decreases rapidly, and gravels are exposed
(Figure 4c). As indicated in the work of Hakimov et al. [34], clear HVSR peaks, i.e., signifi-
cant impedance contrast, are observed between loess layers and bedrock in the E and W
parts of the study area. Flat HVSR curves and low amplitude peaks predominate in the S
and N areas along the middle of the site, where the surface consists of thick gravel deposits
(Figure 4c), consistent with the data from Pilz et al. [11] and Hakimov et al. [34].

Figure 4c presents a map showing the polarization of ground motion at identified
resonant peaks. In this map, HVSR findings are depicted using diamond shapes, where the
diamond’s color indicates the frequency, its size illustrates the corresponding amplitude,
and the direction of its longer diagonal indicates the preferred shaking azimuth. It is no-
ticeable that ground motion polarizations vary considerably on loess deposits, particularly
those to the W and E of the study area adjacent to the Adyr hills (Figure 4c). Therefore, it
seems that the polarization of ground motion at these resonant frequencies is influenced by
the slope orientation of the Adyr hills, especially near the W and E sides of the hills. All
identified HVSR peaks along the Adyr hills, ranging between 0.4 and 2 Hz (as established
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from the SSR data, see Section 4.1), are presumably the result of resonance within the
loess layer. Nonetheless, at azimuths generally parallel to the Adyr hills, these peaks are
characterized by a minor and more localized morphological impact, as detailed in Figure 4c.

For a more detailed examination and to view a map across the city and corresponding
HVSR graphs, reference to the work of Hakimov et al. [34] is recommended. This paper
focuses on applying the HVSR method to map the characteristics of the site effects, con-
structing a 3D geomodel based on HVSR studies of the site effects, and comparing the
HVSR results with the results of numerical dynamic modeling.

3.3. Earthquake Records and SSR Method

The site response is typically determined using the SSR method, comparing recordings
at the analyzed site with those from a nearby base station. It is assumed that recordings
from the base site (usually a station located on open hard bedrock) include the same effects
from the source and propagation as recordings from other sites. Thus, the spectral ratio can
provide information about the site response [34].

Using the earthquake data from our project (see Hakimov et al. [34]), in this study,
we additionally utilized stations that are located within the study area (Figure 3a; Table 3)
and recalculated the SSR data using station BAV as the reference station relative to other
stations (BB2, BB0, and BAU).

Table 3. Temporary seismic stations determine the SSR with location details, placement relative to
three terraces, and predominant ground types visible from the surface.

Station Position Terrace Uppermost Sediment Types

BB2 1 km N of the Hissar canal (left bank) 3rd loess (<45 m)
BB0 1 km W of the Varzob river (right bank) 2nd loess (<10 m)
BAU 800 m E of the Varzob river (left bank) 1st loess (<20 m)
BAV

(reference site) 2 km W of the Varzob river (right bank) 3rd gravel

For the analysis of the SSR curve at the BAV station (E and N components; Figure 5(a1))
as a reference, we used the Djerino station (DZET), which is located on the outcrops of Paleo-
zoic rock (granite), approximately 14 km N of the city (Hakimov et al. [34]). As expected, no
clear peak can be distinguished on the SSR (E and N components; Figure 5(a1)) and NHVSR
curve, although the station has flat curves with a peak at low frequencies (0.8–2 Hz), indi-
cating that the BAV station is located on a denser layer of gravel (Figure 5(a2)). In addition,
the EHVSR curve shows slightly more amplification at frequencies of 3–5 Hz than the
NHVSR curve (Figure 5(a3)).

The choice of reference station for the study area was simple as the HVSR results
at station BAV showed a flat peak; this indicates its suitability as a reference station for
SSR. It is essential to highlight that the BAV station is not a perfect reference station but
rather a better option in the study area compared to other stations (BB2, BB0, and BAU). As
indicated in the study by Hakimov et al. [34], the BAV station is located on consolidated
alluvial deposits (Figure 3a).

S-wave windows were defined to assess the SSR curves from the five selected earth-
quakes, and the Fourier amplitude spectrum (FAS) was calculated for each component
using Geopsy software (version 3.4.2; [52]). For each component of S-waves extracted,
S-wave windows were taken from selected earthquakes with a taper of 5%, with the win-
dow duration based on the most extended temporal duration of the S-waves. Fast Fourier
transform was computed, and a smoothing parameter of 40 by the Konno and Ohmachi [53]
function was applied to the Fourier spectra. Then, the ratio between the Fourier spectrum
of the target site and that of the reference site was executed component by component. The
average of the SSR of all the selected earthquakes was finally determined for each station.
Only N and E components were considered in the SSR calculations.
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Figure 5. Analysis of the SSR for S-waves (a1–d1), derived from data of five selected earthquakes
for each station’s E and N components and a comparative spectrum for the reference station BAV.
Additionally, the figures (a2–d2) present the curves of the earthquake horizontal to vertical spectral
ratio (EHVSR), while (a3–d3) illustrate the HVSR curves based on ambient noise (NHVSR) from
each station. A black dashed line on all graphs indicates the average SSR value for the E and N
components based on data from the five selected earthquakes.

The corresponding SSR curves are shown in Figure 5(a1–d1). Their root-mean-square
value (Havg) was calculated for all horizontal elements. This parameter determined the
HVSR and EHVSR coefficients for combined horizontal components. A review of various
methods for combining horizontal spectra can be found in the studies of Albarello and
Lunedei [54] and Fäh et al. [55]. These studies also confirm using the quadratic mean in
calculating the average spectral ratio. The HVSR curves related to earthquakes (EHVSR;
Figure 5(a2–d2)) were determined for each station. Also, HVSR time interval curves that
do not correspond to earthquakes were compiled, representing HVSR data related to noise
(NHVSR; Figure 5(a3–d3)).

3.4. Microtremor Array Measurements and Seismic Refraction Tomography for the Vs30
Distribution Map

Ambient noise measurements are successfully used for 2D and 3D seismic charac-
terization of subsurface areas, allowing the determination of shear wave velocities (Vs)
distribution in underground layers [56,57]. This passive method is particularly suitable for
assessing site effects and subsequent seismic hazard analysis [16,58].
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According to the MAM and SRT results obtained in the studies by Pilz et al. [11] and
Hakimov et al. [34], the lowest Vs (200–250 m/s) and Vp (400–550 m/s) were measured
in the NW and NE parts of the city where loess deposits are observed, especially in the
E part where the thickness of loess deposits is 80–100 m and the lowest velocities are
observed. Higher Vs (400–550 m/s) and Vp (800–1150 m/s) are observed in the city’s N,
SW, SE, and center (Figure 6b). These velocities may correspond to a mixed loess–gravel
layer, increasing to a gravel–sandstone layer. The highest values of Vs = 550 m/s and
Vp = 1150 m/s are observed in the N and are obtained at a depth of 5–8 m, where the
gravel layer transitions to the sandstone layer (Figure 6b).
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(seismic wave propagation velocity at a depth of 30 m).

The average shear wave velocity in the upper 30 m of ground (Vs30) was calculated
to assess the study area’s seismic stability and ground condition characteristics. This
parameter is crucial in seismic microzonation and is widely used in engineering geology
and seismology.

Using data from previous studies, SRT, and MAM profiles, we constructed the Vs30
map shown in Figure 6b. The Quaternary sediment was divided into layers, each character-
ized by a different velocity Vs. Vs30 was calculated according to the recommendations of
the National Earthquake Hazards Reduction Program (NEHRP; [59]) and is determined by
the following equation:

Vs30 =
30

∑n
i=1 (h i/Vsi)

(1)
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where Vs30 is the average shear wave velocity in the upper 30 m of sediment, hi is the
thickness of the i-th sediment layer within the 30 m, Vsi is the shear wave velocity in each
layer, and n is the total number of layers within the 30 m depth.

3.5. Three-Dimensional Geomodeling

The term “geomodel” refers to a model representing geoscientific data in a 3D en-
vironment; thus, we integrated geographic, geological, and geophysical data related to
the study site. The main advantage of using 3D geomodeling software, such as Leapfrog
Works (version 2021, 2.5), over 2D GIS software is that a single model can simultaneously
present and visualize many surface and subsurface data. The primary goal of the geomodel
created was to understand the subsurface structures in combination with surface data. The
geomodel is a necessary preliminary step before creating numerical models. Here, we
extracted a 2D section from the Leapfrog Works model, which will be used for 2D dynamic
analysis of the influence of ground characteristics on seismic ground motions (see details
and results in Section 4.3).

3.6. Two-Dimensional Dynamic Numerical Modeling Methodology

The study focused on modeling ground motions and amplification effects in Dushanbe
city, considering several influencing factors. To accurately characterize the mechanical
behavior of discontinuous materials, we employed the Distinct Element Method (DEM),
integrated within Itasca’s UDEC software (version 2021, 6.37). DEM, initially developed by
Cundall [60] for rock mechanics analyses, effectively handles discrete elements or blocks,
each defined by unique elastic properties and distinct layer boundaries.

In our study, the UDEC software, which combines DEM with the finite difference (FD)
method, was pivotal for conducting the 2D numerical experiments. This integration is
particularly advantageous as it allows for precise determination of material deformation
within discrete blocks, enhancing the simulation’s fidelity over methods such as 3D inter-
polation algorithms. While useful for spatial data interpolation, that method only partially
accommodates the complex interplay of mechanical behaviors and discontinuities typical
in geological substrates.

Moreover, UDEC’s computational efficiency is tailored specifically for 2D simulations,
facilitating faster and more resource-efficient analyses compared to 3D models that require
higher computational overhead. The capability of UDEC to manage large displacements
and rotations within the blocky media structure, as opposed to the smooth interpolations
by other methods, was essential. However, in this study, the models were constructed as
a continuum. The contacts between surface layers and underlying rock were effectively
managed by assigning high cohesion values at the joints, simulating a ‘glued’ interaction,
which is crucial for analyzing urban geotechnical environments confined to the elastic range.

Additionally, the application of the Rayleigh damping scheme, following Bathe and Wil-
son [61], allowed for accurate accounting of energy dissipation mechanisms, such as viscous
damping, with free-field conditions maintained along the boundaries. This methodological
choice highlights UDEC’s robustness in predictive analysis of seismic ground motion and its
superior visualization tools, which are indispensable for presenting complex geotechnical
data and deriving insightful conclusions from the modeled mechanical interactions.

3.6.1. The Static Model

Before proceeding with the dynamic modeling process, each model must reach an
initial static equilibrium (according to Wolter et al. [62]). Static modeling includes deter-
mining the overall structure of the model, model parameters, fluid flow, and boundary
conditions (groundwater level values for static and dynamic models in this study were
not considered).

The model’s general structure consists of fixed contacts on a 2D plane with diagonally
opposite triangular FD zones to enhance elastic flow calculations [63]. The material proper-
ties for each layer include Mat1 for the loess layer, Mat2 for gravel, Mat3 for conglomerate,
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and Mat4 for sandstone. Each contact’s joint material is also specified: one for loess, two
for gravel, three for conglomerate, and four for sandstone.

Static modeling establishes the foundation for dynamic analysis by ensuring the
model’s initial state of equilibrium. To finalize the static model, boundary conditions are
defined within the modeling area. Displacement boundaries are set by limiting velocities
for deformed blocks along the x and y axes, preventing displacement at the model’s base
and sides. Additionally, a dynamic free field for 1D finite difference calculations is created
to simulate seismic wave propagation along the boundaries, facilitating vertical shear wave
signal transmission. The node count along the finite difference calculation zone’s edge
determines the free field boundaries. Static models are thus characterized by their dimen-
sions, properties, and boundary conditions. An automatic Rayleigh damping coefficient
is applied for model stabilization, absorbing vibrational energy. Mechanical calculations
continue until static conditions are achieved, indicated by the ratio of unbalanced to applied
mechanical forces reaching a set limit (in our case, 1 × 10−9).

3.6.2. The Dynamic Model

After the completion of static modeling, which is aimed at stabilizing the model, the
stage of dynamic modeling follows. This stage is implemented by applying an artificial
wave signal to the model base over a set interval. The dynamic response to the load of
various model elements is analyzed by studying wave propagation paths and the maximum
displacements of the blocks, in our case, layers.

Initially, dynamic boundary conditions are set to facilitate optimal wave propagation in
the model area. These include non-reflecting (viscous) boundaries at the model’s base and
free field conditions along its sides. This setup predefines initial vertical wave propagation
and minimizes seismic wave reflection, as detailed by Wolter et al. [62].

After setting up the dynamic boundary conditions, the model is subjected to dynamic
loading through a Ricker wavelet, defined by two primary frequencies: 1.4 and 3.5 Hz. This
particular wavelet is frequently used in engineering seismology because it closely mirrors
the spectral content of accurate seismic data (as noted by Gholamy and Krienovich [64]).
Introduced by Ricker in 1953 [65], the Ricker wavelet is characterized by a specific equation:

A =
(

1 − 2π2f2t2
)

e−π2f2t2
(2)

where A is the amplitude, f (Hz) is the central frequency (1.4 and 3.5 Hz), and t (sec) is the
dynamic time. Figure A1 in Appendix A shows the form of the Ricker wavelet used in
this work.

The wavelet propagates from the model’s base, traversing its entirety along the y-axis.
The dynamic load’s amplitude and duration vary with the signal. Signal duration is time set
and adjusted by scaling peak values with a coefficient. Dynamic modeling and recordings
span 15 s to capture all secondary seismic phenomena. This extended duration is crucial,
especially for models simulating the cumulative effects of geological conditions and terrain,
as these secondary effects may emerge over time.

To confirm the modeling results, 48 synthetic receivers (“history points”) were strate-
gically placed around the model’s perimeter on its free surface for each of the six profiles.
A reference receiver is situated at the model base, nearly −1000 m deep, with the highest
point at 1100 m (Figure 3b). These “history points” monitor a range of parameters over time,
such as displacement, velocity, and acceleration in x and y directions. They continuously
record synthetic signals on the surface during the modeling process, capturing velocity and
acceleration data both at the model’s base and its surface.

FD zones are key points in dynamic modeling, where their size affects the velocity
of computations and the transmission of high-frequency seismic signals. Large FD zones
velocity up computations but are less efficient at transmitting high frequencies, while
smaller zones do the opposite. An ideal FD zone size that balances velocity and signal
efficiency was proposed by Kuhlemeyer and Lismer [66]. They suggested that the FD zone
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size (∆l) should be approximately one-tenth of the wavelength of the highest frequency (λ)
in the input shear wave, according to the equation:

∆l ≤ λ

10
⇒ ∆l ≤ Vs

10 × f
(3)

where Vs (m/s) is the shear wave velocity, and f (Hz) is the modeled frequency. In models
using Mat1 (loess) with Vs = 320 m/s and an upper frequency of 8 Hz, ∆l is about 5 m.
Larger FD zones are used in the lower parts of the model to speed up seismic energy
calculations. Accurate alignment of nodes between neighboring zones is critical to avoid
artificial reflections, especially at contacts between zones of different sizes. Although
computationally expensive, this alignment is often necessary for accurate modeling (see
details in Section 4.4).

4. Results
4.1. SSR Results

Station BB0, positioned on the side opposite BAU, is situated atop a slim loess layer
(5–10 m), beneath which lies a layer of gravel, as depicted in Figure 3a. Consequently, its
peak pattern resembles station BAV, established on a gravel base. The SSR graphs illustrate
modest amplitude peaks within the 0.6–1 Hz frequency range, reaching amplitudes between
2 and 4. Furthermore, these graphs show a slight amplitude rise in the 4–6 Hz frequency
spectrum. This increase is more pronounced in the EHVSR curve, exhibiting amplitudes
of 3–6. On the NHVSR curve, a subtle but distinct peak at 5.8 Hz with an amplitude
of 3 indicates its location above a thin layer of loess, as shown in Figure 5(b1–b3). The
correlation of these data with data from nearby boreholes and geologic cross-sections
confirms the existence of a surface layer of loess above the gravel layers, as shown in
Figure 3a.

The data from Station BAU (Figure 5(c1–c3)) show similar peaks from 0.5 to 1 Hz,
accompanied by a clear peak between 3 and 5 Hz, with amplitudes ranging between 4 to 5.
This is particularly evident in the SSR (E and N components) and EHVSR (Figure 5(c1,c2)).
Additionally, the NHVSR data indicate that a slight bump can be observed at the lower-
frequency range of 0.5–1 Hz and a clear peak around 4.5 Hz. The low-frequency peaks
(0.5–1 Hz) observed in the SSR curves (E and N components; Figure 5(c1)) and in the
EHVSR (Figure 5(c2)) are likely related to a deeper and more compact layer (sandstone or
conglomerate), identified as bedrock.

Station BB2, located in the W part of the city with a thick loess layer, exhibits numerous
peaks at lower frequencies (0.4–6 Hz), as shown in Figure 5(d1–d3). The N and E compo-
nents of the SSR curves show several peaks at 0.4 to 4 Hz range, having amplitudes ranging
from 4 to 9 (Figure 5(d1)). In the 1.5–6 Hz frequency band, peaks of lower amplitude are
observed on the EHVSR (Figure 5(d2)). In addition, a clear peak at 1.5 Hz is noticeable on
the NHVSR curve (Figure 5(d3)). Analysis of borehole data around the station indicates
that the thickness of the loess layer is 40–45 m, increasing near the Adyr hills and including
sandstone layers below (profile DP1; Figure 3b).

In summary, there is a notable consistency in the form and position of the fundamental
resonant frequency identified by the SSR, EHVSR, and NHVSR curves. The spectral coeffi-
cients of EHVSR and SSR (E and N components) are similar in shape and magnitude, with
the minor amplification observed at the BAV station attributed to topographical effects not
significantly altering the outcomes. Stations BB2 and BAU on a thin loess layer typically
exhibit higher amplification levels. Reliable responses on EHVSR and SSR sites can gen-
erally only be obtained when earthquakes are distributed around the stations at various
distances. A strong impedance contrast is the primary cause of the elevated amplitudes at
several sites. This assertion is reinforced by examining the site’s ground conditions and
aligns with the research findings of Pilz et al. [11] and Hakimov et al. [34].

The extent of amplification reveals variations in the spectral ratios of NHVSR and
EHVSR—earthquake data typically exhibit higher amplification levels than NHVSR across
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broader frequency ranges. NHVSR tends to show lesser amplification, particularly at
lower frequencies, and around 1 Hz, the amplification ratio of SSR to NHVSR falls below
one. At some of the stations (BAV, BB2 and BAU) located over thicker sedimentary rock
layers, noticeable peaks correspond to higher harmonics on both EHVSR and SSR (E and
N components) curves, where amplification often is greater than 3. Given that NHVSR is
commonly used to gauge only the fundamental resonant frequency (or offer amplification in
a limited frequency band around it), it is likely to underestimate amplification at frequencies
above this fundamental frequency significantly. Consequently, the amplification ratio of
SSR (E and N components) to NHVSR is anticipated to fluctuate with frequency and
vary among different stations, depending on the location of the peak associated with the
fundamental frequency.

4.2. Maps of the Distribution of Site Effect Inferred from HVSR Results in the Study Area

A map illustrating the site effects on the study area can be seen in Figure 6a. As part of
this study area’s initial approach to seismic microzonation, we first performed interpolating
values: fundamental resonance frequencies of HVSR (the most pronounced low-frequency
peak) and corresponding peak amplitudes (Figure 4).

The first two maps in Figure 4, detailing interpolated resonant frequencies and peak
amplitudes, were combined to produce a map showing the intensity of the site effects
(Figure 6a). This map identifies areas with pronounced site effects, characterized primarily
by elevated peak HVSR amplitudes (greater than 3) and fundamental resonant frequencies
important for earthquake engineering (below 5 Hz). Areas that exhibit these combined
features are highlighted in red in the HVSR distribution map for site effect, as shown in
Figure 6a and distribution site effects on 3D geomodel shown in Figure 6b. Notably, these
areas are concentrated in two main regions: a larger area in the E part and a smaller area in
the W part. It is important to note that these summary data do not account for topographic
effects (especially at low frequencies) and focus solely on site effects potentially due to
ground amplification.

Figure 6 shows the “HVSR site effect” distribution map (Figure 6a) together with the
Vs30 distribution map (Figure 6b). Low Vs30 values characterize sites with very strong site
effects. Both very strong and strong site effects (marked in red and gold colors in Figure 6a)
are observed in the Adyr hills area in the NW and NE, where loess cover over compacted
gravel and sandstone layers is present. It is also observed that Vs30 values increase in the
central, SW, and SE parts of the study area. The site effect distribution map shows two
main zones: the first zone in the W and SW shows moderate to slight site effects (marked
in yellow and light green colors in Figure 6a). The second zone in the NE and SE similarly
shows a transition from moderate to slight site effects. The SW, SE, and central parts of the
city show very slight and no site effects (marked in blue and light blue colors in Figure 6a).
Similarly, these areas are highlighted by high Vs30 values on the Vs30 distribution map
(Figure 6b).

4.3. Three-Dimensional Geological Model Development

The integration of various data sources is critical to creating a cohesive and objective
picture of the geological structure. All collected data were combined to create a uniform 3D
geomodel of 12 × 12 km2, which served as the basis for further research.

Based on data from 100 HVSR, four SRT, three MAM measurements, and 80 boreholes,
a 3D geomodel of the Dushanbe city area measuring 12 × 12 km2 was created using
Leapfrog Works software (Figure 7b,c). At each point where HVSR measurements were
conducted, the thickness of surface layers was determined using the following equation for
HVSR data:

h =
Vs30

4f0
, (4)

where h is the thickness of the layer, and f0 represents the determined resonance frequency.
Also, the second and third peaks of HVSR were calibrated, considering data from nearby
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boreholes. For a more precise distribution of values, the first loess layer was divided into
W and E parts, excluding the central part from N to S, where gravel predominates, based
on borehole data and geophysical measurements.
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(pink), gravel (grey), and loess (yellow).

In this case, the subsurface model geometry is reconstructed using a digital geologic
map and a 3D geologic model. Figure 7 shows the geologic map and 3D geologic model scale
covering the central part of the study area. The collected data include geologic cross-sections,
borehole data, and geophysical information. Extensive field surveys conducted early in the
project (see details in Hakimov et al. [34]) facilitated the accurate determination of contact
points and provided an accurate representation of the structural arrangement of the geologic
layers. Thus, the resulting 3D geomodel represents a geological structure consisting of four
layers: sandstone (brown), conglomerate (pink), gravel (gray), and loess (yellow).

4.4. Two-Dimensional Dynamic Numerical Modeling Results
4.4.1. Two-Dimensional Dynamic Numerical Modeling Applied to Six Profiles

The models use three contact types to represent the underground structure geometry:
material, dividing, and sub-division contacts, as demonstrated in the DP5 profile model in
Figure 8. Material contacts separate different materials, used only in combined topographic-
geological model, while dividing contacts segment the model into areas with varying FD
zone edge lengths. For example, the upper model parts use 5 m and 10 m edge-length zones.
In contrast, the lower parts have double-sized zones, with these dividing contacts being
horizontal and positioned 20 to 300 m below the surface (Figure 8b). Sub-division contacts
further split large blocks into smaller sub-blocks due to UDEC code processing limits,
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requiring substantial memory and potentially exceeding standard computer capacities [63].
These contacts are aligned horizontally or vertically for effective zoning.
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Figure 8. Example of a 2D dynamic numerical model of profile DP4. (a) presents a 2D dynamic
numerical model, showing four types of geological contacts and materials used for the four geological
layers of the DP4 profile; (b) illustration of the 2D model of the DP4 profile, filled using FD, with the
designation of zones and an example of precise node fitting in FD zones.

Node velocities in the model were adjusted using an automatic Rayleigh damping
coefficient to optimize energy dissipation and reproduce the system’s natural behavior. The
model employs geotechnical parameters characterizing block material and joint properties,
including Young’s modulus (E), bulk modulus (K), shear modulus (G), dry density (ρ),
Poisson’s ratio (ν), joint standard and shear stiffness (jkn and jks), joint tensile strength
(jtens), and cohesive forces (jcoh) at contacts (Table 4). K and G values were derived
from P- and S-wave velocities and analyzed from seismic profiles using wave equations.
Elastic properties, such as Vs values and densities, which ranged from 1900 to 2400 kg/m³,
were based on the findings of Kapylov [48] and Hakimov et al. [34]. Thus, the contacts
between surface layers and other blocks were reinforced by assigning high values to the last
parameters. They were set at values (104 kg/m3), (104 GPa), and (104 MPa), respectively.

Table 4. The values of geotechnical/dynamic properties used for the modeled material types. Vp—P-
wave velocity; Vs—shear wave velocity; ν—Poisson’s ratio; ρ—dry density; E—Young’s modulus;
K—bulk modulus; G—shear modulus.

Material Lithology Vp (m/s) Vs (m/s) ν ρ (kg/m3) E (GPa) K (MPa) G (MPa)

Mat1 loess 600 300 0.33 1900 0.46 451 173
Mat2 gravel 900 450 0.33 2000 1.09 1068 410
Mat3 conglomerate 2200 1200 0.28 2200 8.32 6303 3250
Mat4 sandstone 2800 1500 0.3 2400 13.9 11583 5346

Based on borehole data and geophysical surveys, we identified four geological layers
in the Dushanbe area, as mentioned above. Figure 8a shows how the sequence of geologic
formations in the target area serves as a basis for defining the modeled materials. Thus,
all formations are summarized through the four material types. Table 4 summarizes the
geotechnical and dynamic property values used in the subsequent dynamic modeling.
According to the values of shear wave velocity (Vs) and borehole data, the soft material
type is represented as Mat1 (loess). The Mat2 layer gravel is classified as a hard material,
Mat3 (conglomerate) is the second hardest material, and Mat4 (sandstone) represents the
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hardest material in the modeled sequence. The characteristic moduli were calculated from
the measured seismic velocities (Vp, Vs) and design density (ρ) of the material according to
the equations provided in Appendix A.

4.4.2. Two-Dimensional Dynamic Numerical Model Processing

Ricker wavelets were recorded using 48 synthetic receivers placed on the surface of
each profile and six synthetic reference receivers at the base of each profile, allowing for
the assessment of surface effects concerning the modeled subsurface conditions. The SSR
was calculated for the 48 synthetic surface receivers. We employed this method to analyze
the spectral ratios of the modeled data. The Geopsy software (version 3.4.2; [52]) was
used to study spectral amplification. As noted earlier, the main focus in Geopsy is on
determining object characteristics through the analysis of ambient noise. One of the seismic
noise analysis tools in Geopsy is based on the HVSR method.

This method was applied to investigate the spectral properties of the modeled data.
All surface acceleration records of the x-component were compared with the corresponding
model base data (obtained from the reference receiver P4.RB). These reference receivers from
the model’s base were then doubled and subjected to a filtering process. A synthetic dataset
consisting of three-component records was created for each receiver under consideration, as
shown in Figure 9 on the example of synthetic receiver P4.R4 of profile DP4. In this dataset,
the surface receivers cover records from the reference receiver, replacing both horizontal and
vertical components. This synthesized dataset is subsequently analyzed using the HVRS
method schematically illustrated in Figure 9. Fourier spectra are computed for all recordings,
similar to the HVSR analysis process. The spectral amplitudes of the surface recordings are
then divided by the reference amplitudes, similar to the HVSR separation method. This
process results in a spectral ratio curve for each surface receiver, as shown in Figure 9.
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Figure 9. Scheme of preparation of the Ricker wavelet output signal from the synthetic receiver P4.R4
on the DP4 profile for subsequent spectral analysis using the Geopsy software (version 3.4.2).

Similar to the provided example, the resulting curve effectively depicts the spectral
scenario of deamplification or amplification. Consequently, the curve shown in Figure 9
indicates that the surface “history” experiences amplification in three distinct spectral
ranges relative to the reference recordings. The most pronounced amplification, exceedingly
almost 2, is observed at a frequency of around 0.5 Hz. On the other hand, deamplification
in the spectrum is noted in two frequency bands, with the most significant deamplification
observed at a frequency of 1 Hz. The insights from these spectral studies are then utilized
in our analysis to establish a correlation between spectral amplification and the HVSR and
SSR methodologies.
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4.5. Results of 2D Dynamic Numerical Models: 2D SSR Analysis

Using 2D dynamic numerical models, it was established that the propagation of seismic
waves in the study area of Dushanbe could vary significantly depending on lithological
and topographical conditions.

In this section, we demonstrate the results of 2D SSR analysis, which were calculated for
six profiles in the study area in Dushanbe using the Ricker wavelet. Data were collected from
48 synthetic surface receivers and six reference receivers. A comparison of SSR (average of E
and N components), EHVSR, and HVSR data was also conducted with results obtained from
Hakimov et al. [34] and with the results of 2D SSR from synthetic receivers (Figure 10).
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Figure 10. Map showing a comparative analysis of the results of 2D SSR from synthetic receivers (rep-
resented by green triangles and black line) with SSR (average of E and N components) data obtained
from temporary seismic stations (indicated by blue triangles and blue line) and the corresponding
results of the nearest HVSR measurements, represented by green circles and green line.
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The analysis of 2D SSR revealed a series of peak frequencies within the ranges of
0.6–2 Hz, 3–4 Hz, and 5–6 Hz. The most notable minimum peaks, identified at 0.6–0.7 Hz,
are regularly observed with varying amplitudes on most 2D SSR curves. Of particular
interest is comparing these SSR (average of E and N components), EHVSR, and HVSR data
with results obtained from previous studies by Hakimov et al. [34], where similar peak
frequencies were found. This low-frequency peak is consistent with measurements taken
at stations BAV, BAU, BB0, and BB2, according to SSR (E and N components), EHVSR, and
NHVSR (Figure 5), where overall analysis indicated the presence of several moderate peaks
in the ranges of 0.6–2 and 3–5 Hz across all profiles of the study area (Figure 10).

Topographic amplification is predominantly observed with coefficients between 1 and
2 in the W and E parts of the city, characterized by a thick layer of loess (Figure 7a). In
these areas, according to SSR (average of E and N components), EHVSR, and HVSR data,
an increase in amplitude of four times or more was recorded (Figure 5). Historical data
show that in the NW and NE of the city, there are thick surface loess layers, reaching a
depth of more than 40 m, which is confirmed by studies by Kopylov [48], Pilz et al. [11],
and Hakimov et al. [34].

4.5.1. Comparison of Results in the SW to the Central Part of the Study Area on Gravels

The DP2 and DP6 profiles are located on gravels extending from N to S (DP2) and
from W to E (DP6), as shown in Figure 7a. The results obtained at the DA4 and DA3
arrays located on gravel show the presence of two distinct sedimentary layers consistent
with the Vs profiles (DA4 and DA3; Figure S1 reported in the Supplementary Materials).
The upper layer, characterized by Vs values in the range of 400–700 m/s, suggests gravel
deposits, while the deeper layer, with Vs values in the range of 1200–1250 m/s, indicates
more complex rock formations. Specifically, for DA4, the Vs 1200–1250 m/s range starts
at a depth of 65 m, while for DA3, it starts below 55 m, as shown in Figure S1 reported
in the Supplementary Materials. In addition, this SW trend of deepening of the upper
conglomerate layer is supported by cross-sections of DP2 and DP6 profiles, as shown in
Figure 3b.

Seismic response at station BAV in the SW shows minimal seismic amplification,
making it the reference for SSR calculations (Figure 5(a1–a3)). Comparisons with DP2.R6
and HVSR peaks (D144 and D146; Figure 10) near BAV show flat curves with peaks at low
(0.8–1 Hz) and high (6–8 Hz) frequencies on dense gravel layers (Figure 3b). BAV’s SSR
(E and N components) curves lack high-frequency peaks, except for a 3.9 Hz peak on its
EHVSR curve (Figure 5(a1–a3)). The synthetic receiver DP2.R6 shows a 4.9 Hz peak with a
lower amplitude (Figure 10).

Similar results are evident in the N part of the study area, where the DP2 and DP4 mod-
els intersect at the gravel area in the center of the study area (Figure 7a). Two-dimensional
SSR data obtained from the DP2.R1 and DP4.R4 receivers show coincident low-frequency
peaks (0.6 Hz) with relatively low amplitude. When comparing these data with HVSR
results (D72 and D74; Figure 10), the low-frequency peaks are absent, but high-frequency
peaks (3–9 Hz) with low amplitude (<2) are present, which may indicate the influence of
the river channel on these high-frequency peaks.

All receivers on gravel deposits (DP3.R8, DP6.R3, DP6.R7) show no pronounced SSR
peaks (Figure 10). DP6.R7’s 2D SSR data correlate with HVSR at D175, showing a peak at
4–5 Hz. DP6.R3’s results match DP6.R7 at low (0.6 Hz) and high (4–5 Hz) frequencies but
differ from HVSR data (D147, D148; Figure 10), suggesting local topographical influences
on seismic response.

4.5.2. Comparison of Results in the NW, NE, and SE Part of the Study Area on Loess

In the NW study area, synthetic receivers DP1.R1, DP1.R2, and DP4.R1, along with
seismic station BB2 on loess deposits, show high amplification factors (Figure 10). SSR
data from BB2 and these receivers reveal distinct peaks at 1–1.5 Hz, supported by HVSR
measurements (D165; Figure 10). DP1.R2, located on a thinner loess layer, shows a 2.5 Hz



Geosciences 2024, 14, 117 21 of 32

peak in SSR and HVSR data (D69; Figure 10), indicating decreasing loess thickness from N
to S.

The SRT profiles (DSP3, DSP4, DSP5; Figure S1 reported in the Supplementary Materials)
in the NW study area demonstrate a consistent decrease in surface longitudinal wave
velocity, aligning with loess presence [34]. Borehole data and DP1 geological cross-sections
confirm loess thickness reduction from N to S. At depths over 30 m, where loess turns to
gravel, longitudinal wave velocity increases. This is further affirmed by MAM shear wave
velocities (DA5; Figure S1 reported in the Supplementary Materials), revealing a decrease
in Vs up to 45 m, associated with loess, and an increase below, indicating a shift to a gravel
layer on top of bedrock at 70 m.

In this direction, we also observe seismic station BB0 and synthetic receiver DP5.R3
of model DP5 (SW to NE orientation), both located on a thin loess layer (5–10 m) overlaid
by gravel (Figure 10), showing similar peak patterns to station BAV and receiver DP2.R6
on gravel. BB0’s SSR (E and N components) curves exhibit peaks at 0.6–1 Hz (amplitude
2–4; Figure 5(b1–b3)) and a modest increase at 4–6 Hz, more pronounced on the EHVSR
curve (amplitude 3–5; Figure 5(b2)). The NHVSR curve indicates a small peak at 6 Hz
(amplitude 3), indicating its location on a thin loess layer (Figure 5(b1–b3)). Compared with
DP5.R3 (2D SSR) data, it shows similar frequency peaks in HVSR (D77, D82; Figure 10)
near these points, with a peak at 0.9–1 Hz (lower amplitude) and distinct peaks at 6–10 Hz.
HVSR (D77) closely matches DP5.R3 data, both on thin loess (<10 m), while D82 indicates
an even thinner layer (<5 m), confirmed by the HVSR frequency of 10 Hz and borehole
data and DP5’s profile cross-section (Figure 3b).

Data from DP2.R3 and HVSR receivers (D62 and D76; Figure 10) located near the thin
loess layer show low-frequency peaks and a distinct peak at 6 Hz, consistent with the D76
results, while D62 shows a peak at 9 Hz in an even thinner loess layer (<5 m). In the NE
and SE of Dushanbe, the overlapping models DP3 and DP4 (DP3.R1 and DP4.R6) and DP3
and DP5 (DP3.R3 and DP5.R6) show low-frequency peaks and significant amplification at
4–4.5 Hz in the area near the BAU seismic station, indicating impedance contrast between
loess and gravel (Figure 10). The BAV station located on gravel contrasts with BAU by
the absence of high-frequency peaks, indicating different amplitudes of the data for SSR
and EHVSR but similar depth structures. Near BAU, the data for DP5.R5 and HVSR
(D161) show low and distinct peaks at 3–4.5 Hz, reflecting similar thickness of loess. DP3
overlaps with DP4 and DP5, showing consistent low-frequency peaks and high-frequency
similarities at 3 Hz, indicating similar loess layers (Figure 10).

DP5.R8, located on a thick loess layer in E, shows a distinct 1 Hz peak in the SSR data,
possibly influenced by topographic amplification as suggested by nearby HVSR data (D127,
D128; Figure 10). We discuss these topographic effects in more detail in the Section 5.

4.6. PGA Distribution Inferred from 2D Dynamic Numerical Simulations

Shear waves propagate more smoothly from hard to softer materials, but as they travel
from softer to harder materials, they encounter reflection or refraction due to changes
in shear wave velocity impedance (Vs). This causes seismic energy to be intensified
in materials with lower Vs values due to geologic factors, which are accompanied by
prolonged seismic shaking and enhanced peak ground motion. The DP5 profile, as shown
in Figure S2 reported in the Supplementary Materials, illustrates these dynamics. In this
model, as shown in Table 4, loess (Mat1) has the lowest Vs, followed by gravel (Mat2),
conglomerates (Mat3), and sandstone (Mat4) have the highest Vs. This arrangement of
Mat1 and Mat2 materials favors the capture of seismic energy. Although the energy in Mat3
and Mat4 materials is largely dissipated, seismic shaking in Mat1 is much more prominent.
The PGA values in Mat1 are 2–3 times higher than in the other materials.

Figure S2, reported in the Supplementary Materials, shows PGA data for eight sur-
faces and one reference receiver on the DP5 profile, analyzing PGA amplification and
duration of seismic shaking. The analysis focuses on x-component acceleration for DP5
surface receivers, using P5.RB at the model base as a reference. Surface receivers in Mat1
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experience 3–4-times-longer seismic motion than those in Mat2, except for P5.R5, which
shows significant secondary shaking due to its location at the Mat2 and Mat3 boundary.
The highest PGA amplification is observed in Mat1, with lower values in the more complex
Mat2. This variation is linked to material structural characteristics, where thinner layers
lead to shorter shock durations and potential amplification from wave focusing. Topo-
graphic effects further enhance PGA at P5.R7 and P5.R8, located on hilltops with thick
loess deposits.

Figure 11 shows Ricker wavelet calculations for PGA distribution across Dushanbe
city models, indicating higher accelerations on loess deposits than gravel (Figure 11b). This
suggests a tendency for more significant loess acceleration than gravel.
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Figure 11. (a) a map showing the distribution of PGA results was obtained using the Ricker wavelet,
with (b) selective data from surface receivers in the study area.

Higher PGA values are observed on loess deposits in the city’s NW and NE parts,
with lower values in central gravel areas. This highlights the accurate simulation of vertical
variations in dynamic geotechnical properties. Specifically, the NE Adyr hills receiver
DP5.R8 shows the highest PGA (0.39 g), and the NW loess areas (receivers DP1.R1 and
DP4.R2) also exhibit high values (0.36 g). In contrast, central gravel areas (receivers DP2.R1
and DP4.R4) display lower PGAs (0.21 g and 0.24 g, respectively).
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In the NE, the intersection of models DP3 and DP4 at receivers DP3.R1 and DP4.R6,
both on loess deposits, shows consistent PGA values of 0.33 g, reflecting uniform loess
thickness as verified by nearby geological data. PGA analysis in Dushanbe indicates that
loess thickness and topography affect amplification, notably in the Adyr hills, where sharp
relief changes significantly increase PGA in the NE and NW. The complex PGA distribution
in gravel areas also points to topographical impacts, with increases observed mainly in
the E part of the study area. The significant PGA amplification in topographically varied
regions like the Adyr hills suggests the influence of wave reflections. Despite lower absolute
PGA values in these regions, the importance of detailed topographical analysis in seismic
hazard assessments for Dushanbe is underscored. The forthcoming Section 5 will juxtapose
these observations with historical earthquake data, aiming to deepen our understanding of
seismic activity and assess the effectiveness of seismic risk analysis models.

5. Discussion
5.1. Analysis of the Site and Topographic Effects and Their Impact on the NE and SE Sites Using
Dynamic Numerical Modeling and, in Comparison, with the Results of HVSRs and SSR

In our geophysical studies for creating 3D geomodels and quality site effect maps,
the HVSR method stood out for its simplicity in conducting ambient noise measurements,
allowing for a dense data network. However, HVSR has limitations, such as its reliance on
additional data like shear wave velocity for layer thickness determination.

In our study, low-frequency HVSR data (below 1 Hz) did not match SSR data, indicat-
ing no “topographic” peak in HVSR. However, we noticed low-frequency amplification,
likely linked to the topography of the Adyr hills in the E and NE. This is evident in the
HVSR results, which show a clear low-frequency peak around 1 Hz with high amplitude,
possibly related to loess deposit thickness. This observation was consistent across all HVSR
measurement points along the Adyr hills (Figure 12).
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Figure 12. Lithological map covering the NE and E areas of the city, including the Adyr zones. The
map compares the 2D SSR results for receivers DP4.R7 and DP5.R8. The comparison encompasses
spectral curves obtained for purely topographic and combined topo-geological models. Also included
are data from the nearest HVSR measurements and results of SSR, EHVSR, and NHVSR from the
BAZ seismic station located along the Adyr hills on loess deposits extending from NE to SE. This
comparison aids in better understanding the influence of topographic effects and geological factors
on the seismic characteristics of the NE and E areas of the city of Dushanbe.



Geosciences 2024, 14, 117 24 of 32

Figure 12 compares 2D SSR results for receivers DP4.R7 and DP5.R8, examining pure
topographic and the combined topo-geological models, including data from HVSR (D14;
D121; D93; D97; D119) and BAZ (SSR, EHVSR, and NHVSR) stations on Adyr hills loess
deposit, to examine topographic and geological impacts on seismic characteristics. The
analysis shows overlapping amplifications in both models, with low-frequency peaks at
0.5–0.9 Hz varying by model, aligning with geological amplifications at specific loess layer
thicknesses and vs. high-frequency overlaps are noted, with specific amplifications likely
due to topography.

High-frequency overlaps are observed in pure topographic models, with DP4.R7
and DP5.R8 showing overlaps at 1.7 Hz and 1.1 Hz, respectively. DP4.R7 amplification
(0.5–1.9 Hz) is mainly topographic due to its hilltop location, while DP5.R8 also shows
topographic amplification at 1.1 Hz. In the Adyr hills’ depressions, it is easier to distin-
guish between geological and topographic effects, with topographic effects showing at
0.5–0.6 Hz and geological effects above 1 Hz. HVSR (D14 and D121) comparisons reveal
no low-frequency peaks (0.5–0.9 Hz) for DP4.R7 and DP5.R8 but 1–1.8 Hz peaks, indicating
topographic influences. D14 data align with DP4.R7 at 1.8–2 Hz, lacking low frequencies
due to a thinner loess layer. D121 matches DP5.R8 at 1–1.1 Hz, confirming topographic
effects on the same loess layer, enhancing amplitude at 1 Hz. Other HVSR (D93, D97, D119;
Figure 12) points on the Adyr hills show peaks at 0.9–1 Hz, also enhanced by topography.

Station BAZ, located on thick loess in the Adyr hills, exhibits lower-frequency peaks
(0.5–1 Hz) across SSR, EHVSR, and NHVSR analyses, with nearby HVSR stations showing
similar low-frequency peaks (0.8–1.2 Hz). SSR data highlights peaks between 0.5 to 1.1 Hz
with amplitudes of 8 to 14, EHVSR shows a distinct peak at 0.8 Hz with a lower amplitude,
and NHVSR indicates a clear peak at 1 Hz with a lower amplitude. These results suggest
a layer of higher compaction at frequencies of 1.1–4 Hz and demonstrate the influence
of topography on seismic characteristics at BAZ. Comparisons with DP4.R7 and DP5.R8
reveal matching peaks at various frequencies, indicating similar topographic effects, though
with lower amplitudes in purely topographic models (Figure 12).

In our study, as well as in other research [67–69], we confirm that topographic po-
larization effects can be effectively analyzed using the HVSR method, especially in cases
where the terrain is characterized by clearly defined ridge morphology and simple geologi-
cal features.

5.2. Comparing 2D Dynamic Numerical Modeling Results with Historical Earthquakes
in Dushanbe

First analyze the PGA by seismic events in Dushanbe based on the studies of Neg-
matullaev et al. [39] and Abdurakhmatov et al. [36]. For this comparative analysis, our
study selected seismic data from the 1980 Dushanbe earthquake (Mw = 5.0) and the 1989
Hissar earthquake (Mw = 5.8) located near Dushanbe in the Ilyak fault zone (Figure 1a and
Table 1). These records were collected within the CASRI project [36].

In this study, we interpolated PGA maps for these two historical earthquakes to
compare the results with 2D numerical dynamic modeling (Figure 13).

The 1980 Dushanbe earthquake (Mw = 5.0) occurred 8–9 km S of the city, causing
significant damage with an intensity of VI–VII units on the MSK-64 scale. It resulted in
cracks in buildings and landslides on loess slopes within 15 km of the city—the earthquake’s
elliptical seismic activity pattern, oriented NE, aligned with the Ilyak fault. Geological
analysis suggests shifts in the Upper Jurassic rocks, as confirmed by Mirzobaev et al. [70].

The second event used for this work is the Hissar earthquake that occurred on 22 Jan-
uary 1989, with a magnitude of Mw = 5.8, which was the strongest in the Ilyak fault area.
Occurring 12–13 km SW of Dushanbe, it caused significant damage in Sharora village,
with approximately 100 houses destroyed; the earthquake triggered landslides, resulting in
247 fatalities. The earthquake intensity was VI units on the MSK-64 scale, affecting an area
of about 1800 km2, including Dushanbe, and triggered liquefaction in loess strata, leading
to landslides [71].
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Figure 13. Comparative analysis of accelerations recorded during two significant earthquakes by the
network of analog seismic stations of the Engineering Seismology Service (ESS) from 1978 to 1999,
with results from 2D dynamic numerical modeling. (a) Map showing the distribution of the PGA
(m/s2) results for the 1980 Dushanbe earthquake with a magnitude of Mw = 5.0 and a focal depth of
5 km, distance from the city 8 km; (b) Map showing the distribution of the PGA (m/s2) results for the
1989 Hissar earthquake with a magnitude of Mw = 5.8 and a focal depth of 10 km, distance to the city
13 km [36,39]; (c) Map demonstrating the distribution of the PGA (m/s2) results, calculated using the
Ricker wavelet, for all surface receivers in the study area reported in the Supplementary Materials
(Figure S3).

Comparing accelerations from the 1980 Dushanbe earthquake (Mw = 5.0, intensity
VI–VII) and the 1989 Hissar earthquake (Mw = 5.8, intensity VII–VIII) shows differences
despite similar epicenter distances from Dushanbe (8 and 13 km) and impact levels (inten-
sity V–VI). The Hissar earthquake’s PGA ranged from 0.2 to 1.1 m/s2, while the Dushanbe
earthquake ranged from 0.4 to 1.16 m/s2, likely due to different seismic mechanisms and
radiation directions. The Hissar earthquake extended latitudinally along the Ilyak fault,
whereas the Dushanbe earthquake was oriented NE along a rupture intersecting the fault.

In Dushanbe’s S and N areas with gravel deposits, Hissar earthquake accelerations
were 0.2–0.4 m/s2, and Dushanbe earthquake accelerations were 0.4–0.7 m/s2. In con-
trast, areas with loess deposits in the NW and NE showed higher PGA values for both
earthquakes: 0.9–1.16 m/s2 for the Dushanbe earthquake and 0.9–1.1 m/s2 for the Hissar
earthquake, particularly at specific stations in the NW and NE (Figure 13a,b).

Two-dimensional numerical modeling highlights the impact of surface topography
and loess layers on ground behavior during seismic events in Dushanbe’s NE and NW
areas, increasing the risk of high PGA values (Figure 13c). The variability in PGA on
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loess deposits suggests precise ground movement predictions, especially when analyzed
alongside historical data from the Dushanbe 1980 and Hissar 1989 earthquakes.

Comparative analysis with 2D dynamic numerical modeling indicates that PGA values
on gravel and loess deposits ranged from 2 to 3.9 m/s2 due to the Ricker wavelet. Lower
PGA values (2–3 m/s2) were recorded in the city’s SW part, on gravel, aligning with
historical event observations. The highest PGA values (3–3.9 m/s2) were observed in
the NE on loess deposits at specific receivers, with similar or moderately high values
(3–3.3 m/s2) also in the NW on loess deposits (Figure 13c).

Using model estimates, this study confirms, on one side, the increased local seismic
hazard in Dushanbe city’s densely populated NE and NW areas. Thick loess deposit
characterizes these areas and is presently exposed to the intense construction of high-rise
buildings. Therefore, these areas are particularly susceptible to significant damage (also
due to the development of small landslides) during seismic events.

On the other side, the central part of Dushanbe, including the SW area planned for
future development, is less affected by seismic ground motion amplification, except for
regions covered by a thicker layer of loess. The N and NE areas and the Adyr zones are
identified as areas marked by larger seismic ground motions during earthquakes. This
finding is crucial for considerations in Dushanbe’s construction planning, emphasizing
that the most suitable areas for building are stable regions and river terraces with varying
thickness gravel deposits covered by a thin layer of loess deposits.

5.3. Comparison of the Results of 2D Dynamic Numerical Modeling of PGA with the Results of the
HVSR Site Effects: The Importance of the Topographic Amplification Effects

Numerous studies underscore the impact of topographic features on the spectral
attributes of seismic waves. Fundamental research in this area includes works by Bou-
chon [72] and Bard [73]. These studies provide essential insights into how topographical
elements can alter the spectral properties of seismic waves. For instance, Geli et al. [74]
found a notable amplification of the seismic wave spectrum at hilltops compared to their
bases, particularly at wavelengths that match the hill’s width. Additional research supports
the idea that factors like height, slope angle, and surface convexity also play roles in influ-
encing spectral amplification, as evidenced in studies by Zhang and Wang [75], Panzera
et al. [69], and Ulysse et al. [14].

In our study, we combined the Vs30 data, fundamental resonant frequency (f0), and
amplitude values (A0) to create a site effect map for Dushanbe, as shown in Figure 6a.
From the available HVSR data, we calculated the degree of amplification of seismic ground
motion at each site. This degree, referred to as the “site effect level”, is based on a combined
assessment of the three parameters at each site. For example, ground motion amplification
is generally considered significant if the peak HVSR amplitude is greater than 2 and the
resonant frequency is between 0.5 and 8 Hz, with more ground motion occurring at the
lower end of this frequency range (Figure 4). Frequencies above 8 Hz generally correlate
with moderate to slight site effects. Regarding shear wave velocities, Vs30 values above
550 m/s generally indicate a lower potential for amplification, while values below 350 m/s
indicate a greater potential for such amplification, as shown in Figure 6.

In the NW and NE study areas, as well as in the Adyr zones, shear wave velocities are
very low (200–350 m/s; Figure 6b). On the site effect map, these areas are marked as having
strong and very strong site effects (Figure S4a reported in the Supplementary Materials).
According to HVSR data, the main resonance frequencies in these zones range from 0.9
to 2.5 Hz, with amplitudes of 4 to 6, where some topographic effects are also observed
(Figure 10). This frequency variability indicates changes in the depth of bedrock. The
SE corner of the study area, dominated by gravel, is characterized by the most negligible
impact on the site and, accordingly, the most negligible local seismic shaking amplification.
Another zone, located in the SW towards the N of the study area, is also characterized
by reduced seismic shaking amplification, as indicated on the site effect map (Figure S4a
reported in the Supplementary Materials).
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Comparing with PGA data from 2D dynamic numerical modeling, we observe a
similar trend: the NW and NE parts of the city, as well as the Adyr zones, are marked
by high PGA values (3–4 m/s2), while in the area dominated by gravels, PGA values are
lower (2–2.7 m/s2; Figure S4b reported in the Supplementary Materials). The additional
azimuthal HVSR results show a predominant NE–SW orientation of the ambient noise
wavefield, especially near the Ilyak fault and some other places (Figure 4c). This indicates a
strong influence of the Ilyak fault on the orientation of the seismic wave field. However,
this orientation may also be influenced by topographical features [76], as in the E parts
of the Dushanbe area, where Adyr zones are more common, surface irregularities are
often observed.

6. Conclusions

Understanding local geological and seismic features is paramount in modern earth-
quake hazard assessment, especially in areas with high seismic activity, such as the
Dushanbe area. Our study has significantly contributed to this area by developing a
detailed 3D geological model of the city. This model visualizes the geological structures
and allows for a deeper understanding of the dynamics of seismic shaking in the study area.

The application of 2D numerical modeling in combination with this 3D geomodel
has opened new horizons for analyzing potential threats. Special attention was given to
analyzing site effects and identifying areas most at risk from earthquakes. These data
have proved invaluable for planning precautionary measures and developing sustainable
development strategies.

Furthermore, comparing our comprehensive modeling results generally aligns with
conclusions drawn from previous research [11,34,38,47,48]. Integrating various methods
and approaches allows for a more complete picture of seismic threats and identifies potential
areas for further research.

We assert that topographical amplification causes fundamental frequency peaks
around 1 Hz and likely contributes to the formation of a second peak around 2.5 Hz
(Figure 12). It was also established that surface-layer amplification starts at a frequency
of 1.5 Hz. Analysis of peak amplitudes of HVSR, SSR (from temporary seismic stations),
and 2D SSR showed that higher areas of the studied territory, including the NW and NE
sections, as well as Adyr zones, are marked by stronger site effects, and thus by higher local
seismic hazards (Figure 6). Our data also correlate well with observations during historical
earthquakes (Dushanbe 1980 and Hissar 1989), confirming high PGA values in the NW and
NE areas (Figure S4 reported in the Supplementary Materials).

The study revealed that moderate to strong site amplification, registered and modeled
in the frequency range from 0.5 to 3 Hz, significantly impacts local seismic shaking. This
is particularly relevant for taller buildings (>4 floors), which are more sensitive to seismic
impacts in this frequency range. Therefore, the possibility of such amplification in the
NW and NE sections and Adyr zones should be considered without conducting deeper
investigations. Furthermore, our research shows that the SE and SW areas of the city,
oriented N towards the center, are only subject to weak site amplification, suggesting less
vulnerability of these zones to earthquakes.

Our study is very helpful in assessing seismic risk in Dushanbe city, which is located
near the active Ilyak fault zone and has experienced significant past earthquakes (e.g.,
Karatag 1907, Sultanabad 1952, Dushanbe 1980, Hissar 1989; [35]) with intensities reaching
VI–IX units on the MSK-64 scale. This history underscores the need to prepare for similar
events (Figure 1; Table 1).

Dushanbe’s growing population and expanding (partly uncontrolled) settlements
heighten the urgency to develop effective seismic risk reduction strategies. Our research
should contribute to more accurate seismic risk assessment in Dushanbe, the biggest
city in Tajikistan, enhancing seismic safety and sustainable economic development. The
comprehensive database we compiled, covering seismological, geological, and tectonic
data, is vital for correctly assessing seismic risks to critical infrastructures.
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The 3D geomodel and 2D dynamic numerical models we developed for seismic micro-
zonation provide valuable insights into potential seismic damages, guiding reconstruction,
land use planning, and other critical measures. This approach, including the creation of
site influence maps and PGA models and modeling of various earthquake scenarios, can
be applied not only in Dushanbe but also for seismic hazard assessment in other cities and
key economic areas of Tajikistan, for example, in places where large industrial structures
are planned.

The upcoming work will involve a more quantitative assessment of seismic impact
potential based on results from numerical modeling. Additionally, it will incorporate
machine learning methods, specifically neural networks, which are particularly significant
in predicting various parameters in seismically hazardous zones.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences14050117/s1, Figure S1: Integration of the 3D geomodel
with results of microtremor array measurement (MAM) and seismic refraction tomography (SRT)
geophysical measurements in the Dushanbe study area, based on the research by Hakimov et al.
(2021); (a) microtremor array measurement (MAM) results for points DA3 (in the south), DA4 (in
the SW), and DA5 (in the NW) with their projection onto the 3D geomodel; (b) display of seismic
refraction tomography (SRT) results for points DSP3 (in the NW), DSP4 (in the west), DSP5 (in
the west), DSP6 (in the SE), and DSP7 (in the NE) with their visualization in the 3D geomodel;
(c) combined 3D geomodel demonstrating the results of MAM and SRT measurements, with surface
models corresponding to the locations of geophysical measurements; Figure S2: Demonstration of
PGA results for profile DP5. The graphs present acceleration data for the x-component, showing
PGA (g) for eight surface receivers and one reference receiver; Figure S3: Acceleration time histories
(x-component) and PGA values at selected surface receivers across six profiles in the study area:
(a) Profile DP1 PGA results; (b) Profile DP2 PGA results; (c) Profile DP3 PGA results; (d) Profile
DP4 PGA results; (e) Profile DP5 PGA results; (f) Profile DP6 PGA results; Figure S4: Analysis
of the distribution of site effects and their comparison with the results of 2D dynamic numerical
modeling in the study area. (a) The distribution of site effects, emphasizing the combined influence
of the resonance frequency (f0) and peak amplitude (A0); (b) the distribution of PGA (m/s2) results,
calculated using the Ricker wavelet for all surface receivers in the study area; (c) visualization of
the distribution of 2D dynamic numerical modeling results of PGA (m/s2) on a 3D model of the
study area.
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Appendix A. Equations Used to Determine Model Parameters on the Base of the P-Wave
Velocity Vp (m/s), Shear Wave Velocity Vs (m/s) and Dry Density of Rock ρ (kg/m³)

Poisson’s ratio ν:

ν = 0.5
V2

p − 2V2
s

V2
p − V2

s
(A1)

Young’s Modulus E (GPa):

E =
V2

p × ρ× (1 + ν)(1 − 2ν)
1 − ν

(A2)

Bulk Modulus K (MPa):

K =
E

3(1 − 2ν)
(A3)

Shear Modulus G (MPa):

G =
E

2(1 + ν)
(A4)
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