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Abstract 
Recently, number of new constructions and engineering projects increased in 
Georgia, especially in Tbilisi, the capital of Georgia. Because of significant 
seismic activity of Caucasus region, seismic hazard assessment is very impor-
tant issue for seismic-designing of engineering projects. Due to modern 
building codes, complex study of the local area is crucial for proper design of 
any type of constructions. Among them, following studies should be per-
formed: probabilistic seismic hazard assessment, geological, geotechnical, 
geophysical, etc. After that, all information should be merged to each other 
and taken into account while designing of the project. In this paper, location 
of one construction site was selected as an application of complex study in 
order to show how can be merged different studies to each other. At the be-
ginning, geological survey (well drilling) and geotechnical studies including 
laboratory tests were performed. Then geophysical profiling and downhole 
tests in wells were done by obtaining direct and shear wave velocities includ-
ing estimation of physical-mechanical parameters. Next, probabilistic seismic 
hazard assessment and site-depended seismic hazard assessment were per-
formed based on all information obtained by different studies. As a result, in-
fluence of local soil amplification on seismic hazard assessment is shown for 
the study area. 
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1. Introduction 

Earthquakes are one of the dangerous natural hazards especially, for regions 
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with moderate and high seismic activity. Earthquake hazard mitigation requires 
researches in many areas including geotechnical earthquake engineering. In the 
past few decades, significant advancement has been made to understand and 
develop physical and analytical modelling for aforementioned geotechnical 
earthquake engineering problems. 

Seismic hazard maps, as spatial representations of ground motions for fixed 
probability levels, are significant for seismic design and seismic risk mitigation. 

In addition, soil nonlinearity plays an important role. Signs of soil nonlineari-
ty include decreased spectral ratios of surface to input motion near the dominant 
frequency of the soil, decreased statistical uncertainty in prediction of peak ac-
celeration, and increased effective period of surface motion. 

The nonlinearity of soil behavior is known very well, thus most reasonable 
approaches to provide reasonable estimates of site response are very challenging 
area in geotechnical earthquake engineering. Understanding of Site Response of 
geological materials under seismic loading is an important element in develop-
ing a well-established constitutive model. A number of different techniques have 
been developed for site response analysis [1]. 

Shear-wave velocity data has become increasingly important in evaluating site 
conditions for ground motion amplification. In particular, its average over the 
first thirty meters (Vs30) is currently the standard parameterization for ad-
dressing site-conditions. 

In this paper, the P and S wave velocities together with available geotechnical 
parameters were used to perform a geomechanical characterization of the local 
site, enabling the proposition of a soil classification. It is well known that near 
surface P and S-wave seismic velocities provide valuable information for studies 
of ground motion behavior, natural frequencies and the liquefaction potential 
under the effects of an earthquake [2]. 

In the manuscript, case study of complex seismic studies and site response 
analysis are proposed for the local site. 

The study area is located in central part of Tbilisi, the capital of Georgia with 
latitude 41.728756˚N, longitude 44.757249˚E. 

This manuscript focuses on the integration of geophysical survey for geotech-
nical site characterization and site-dependent seismic hazard assessment for lo-
cal area. One of the most important parts of the study is evaluation of the geo-
technical near-surface features of the area using refracted wave method through 
the acquisition, processing and interpretation of direct and shear waves, estima-
tion physical properties of the local soil. In fact, some geotechnical parameters 
were estimated, such as Vs/Vp ratio, Poisson ratio, density, shear modulus, 
Young’s modulus, common deformation modulus, etc. Then subsoil classifica-
tion based on Eurocode 8 was done as well as based on Georgian building codes 
[3]. Taking into account all physical properties of local soil, site response analy-
sis was done. As the final results, all obtained information was merged to each 
other and side dependent probabilistic seismic hazard assessment (PSHA) was 
done. Calculation of Probabilistic Seismic Hazard was performed using the 
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Software CRISIS2015 [4]. CRISIS offers many advantages at different stages of 
PSHA. 

2. Geology of the Region and Local Site 

The Caucasus is a part of the Alpine folded system and is located between the 
Black and the Caspian Seas. The depressed zones surrounding the Greater Cau-
casus are found along the seas, and the Alpine folded structures are usually lo-
cated between them [5]. 

The Caucasus region is a broad zone of deformation forming part of Al-
pine-Himalayan collision belt. The Greater and Lesser Caucasus Mountains 
roughly extend between the Caspian and Black seas, and are separated by an in-
termountain depression that encompasses Georgia. Geological data indicate that 
the formation of the Greater and Lesser Caucasus began in the Late Miocene (10 
- 12 MYBP), with an average uplift of about 1.6 mm per year resulting in about 
10 km uplift [6]. One hypothesis is that the Black Sea and the southern portion 
of the Caspian (and presumably the intermountain sedimentary basin) are rem-
nants of back-arc basins [7]. 

The territory of Georgia, as a component part of the Caucasian seismoactive 
region, belongs to the Mediterranean belt. Its seismotectonic activity is the result 
of the interaction between the Arabian and Eurasian plates. In Georgia the ma-
jority of active faults are hidden (overlapped by sediments of different thick-
ness), except some regional thrusts. They are displaced on the surface as flexures 
or as clusters of regional faults [8]. 

The city of Tbilisi lies within the Adjara-Trialeti zone, which consists of folds 
and faults of the northern frontal structures of the Southern Caucasus. Based on 
geological and geophysical investigations, there are several active faults in the 
Adjara-Trialeti zone, but only two of them have been identified near the city. 
These are located roughly along the northern and southern borders of the Adja-
ra-Trialeti zone [9]. According to the publication [9] it was interpreted the 
northern branch to be dipping to the south with reverse motion, and the south-
ern branch to be dipping north with reverse motion. Tbilisi lies roughly mid-way 
between these two faults (Figure 1). 

3. Seismicity of the Study Area 

Earthquake catalogue of Georgia consists of two different parts: historical and 
instrumental. Documentary historical catalogue stretches back to the beginning 
of the Christian era. The parameters of historical earthquakes are determined on 
the basis of the intensity data analysis [10] from contemporary documentary de-
scription of damage caused by earthquakes. For the older events the errors, in 
both location and date, may be substantial. 

The accuracy of parameters of instrumental period is much higher. The in-
strumental period in Caucasus has begun in 1899, when the seismic station was 
installed in Tbilisi. At the beginning of the 20th century some seismic stations  
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Figure 1. Seismicity map and active faults of Caucasus. Blue circles correspond to earthquakes from historical and early instru-
mental period, red circles to earthquakes from instrumental period (M ≥ 1.5). 

 
were installed in Georgia. They were equipped by the low sensitive equipment 
generally of mechanical type. The data of early instrumental (till 1930) period 
has nearly the same quality as in the 19th century. Parameters of earthquakes 
mainly estimated on the basis of intensity data and therefore we consider cata-
logue of this period as historical (Figure 1) [11] [12] [13]. 

The study area is less seismically active than the Javakheti plateau or the 
greater Caucasus region. Figure 1 shows earthquakes of historical and early in-
strumental periods. 

All instrumentally located earthquakes located near study area are shown in 
Figure 1. 

Among them, an Ms = 4.2 earthquake occurred in 1969 southeast of the city, 
with an intensity of IV in Tbilisi. On 14 December 2000, 15:45:36.6 (GMT), an 
Ms = 3.5 earthquake occurred near Tbilisi. The intensity of this earthquake in 
the city was quite strong. The epicenter distance was about 12 km and had an 
intensity of IV-V by MSK scale at some territory of Tbilisi. Even with this low 
intensity, some old buildings were damaged and some of them were collapsed. 
The earthquake on 25 of April in 2002 with magnitude Mw = 4.6 had an epicen-
ter within the city, with an observed macroseimic intensity of VI-VII. Event du-
ration was approximately 3 seconds in the city centre. The maximum horizontal 
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acceleration in Tbilisi was 0.11 g (recorded at a distance of 8 km) [14]. 

4. Data and Methodology 

In the presented manuscript one engineering project location was selected as the 
case study. For this location high rise building construction was planned (more 
than 12 floors). For this location complex survey was applied such as geological 
and geotechnical investigations, geophysical survey (seismic profiling and 
downhole test in wells), seismic hazard assessment, site-dependent seismic ha-
zard assessment. All needed data for probabilistic seismic hazard assessment 
such as active faults, seismic source zones, seismic catalogues and seismic para-
meters, ground motion attenuation models, etc. were collected and reviewed. At 
the end all investigations were merged and final conclusions were done. 

Analysis in the presented manuscript were applied schematically is shown in 
Figure 2. 

4.1. Seismic Hazard Assessment 

As the first stage, all needed data for probabilistic seismic hazard assessment 
(PSHA) were collected and standard four stage assessment was applied [15]-[27]. 
Analytically, the effects of all earthquakes of different sizes, occurring at different 
locations within different earthquake sources, and having various probabilities 
of occurrence are integrated into a single seismic-hazard curve that shows the 
probabilities of exceeding different levels of ground shaking at the site during a 
specified period of time [28]. 

4.2. Geophysical Prospecting 

After PSHA geophysical survey is very important to obtain local engineer-
ing-geological structure in order to study site-dependent seismic hazard analysis. 
 

 
Figure 2. Scheme of analysis applied in the manuscript. 
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The refracted wave method for study was used by obtaining information up to 
30 m depth. Based on seismic profiling direct and shear wave velocities of elastic 
waves were observed, corresponding seismic-geological profiles were built and 
physical-mechanical parameters were estimated [29]. 

The refracted wave method gives possibility to estimate power of the top and 
lower layers and elastic wave velocities in those layers. The method is based on 
observation of the direct and shear wave velocities front offset time from source 
to geophones installed as a line [30]. 

Seismic Profiling was done using 10 and 20 Hz geophones, distance interval 
between them was 1 - 2 m. Seismic waves were generated using 10 kg hammer 
shot on special plastic plate. Geophones and shots were done by Z-Z and Y-Y 
orientation. 

Additionally, downhole tests were done in wells prepared while geological in-
vestigations. Thus, results of geophysical studies can be obtained more precisely. 

Registration of elastic waves was done by 24-channel seismograph GEODE by 
GEOMETRICS company. Then data processing and interpretation was done, 
seismic profiles were built and physical-mechanical parameters were estimated. 
Data processing and interpretation was done using the software SeisImager by 
the same GEOMETRICS Company. 

Using seismic refraction method shear wave velocity structure was studied up 
to 30 m depth that is very important because seismic effect depends on local soil 
structure [31]. 

4.3. Geological Investigations 

For the site area geological and geotechnical investigations were done. Boreholes 
were drilled (in total 18 boreholes) and samples taken from boreholes were ana-
lyzed. As a result, detailed lithology was defined. During the investigations fol-
lowing physical-mechanical parameters were estimated: Density, Common de-
formation modulus, shear modulus, traction, and internal friction angle. 

Next step is to migrate PSHA results with site amplification which is assessed 
based on shear wave velocities. 

For site characterization and acceleration calculation EERA software was used 
[32]. 

During the earthquakes, the ground motions on soft soil sites were found to 
be generally larger than those of nearby rock outcrops, depending on local soil 
conditions [33] [34]. These amplifications of soil site responses were simulated 
using several computer programs that assume simplified soil deposit conditions 
such as horizontal soil layers of infinite extent. 

The equivalent linear model represents the soil stress-strain response based on 
a Kelvin-Voigt model [35]. The equivalent linear approach consists of modifying 
the Kelvin-Voigt model to account for some types of soil nonlinearities. 
• Analysis were done as following procedure; 
• Input strong motion records were selected, scaled and filtered; 
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• Calculation of compatible strain-reading shear wave profile and apply strain 
calculation procedure which at the middle of sub-layers; 

• Estimation of amplification factors between two sub-layers; 
• Calculation of Fourier amplitude spectrum of acceleration at the top of se-

lected sub-layer; 
• Calculation of all response spectra at the top of selected sub-layers; 
• Calculation of final acceleration taking into account all steps above. 

The equivalent linear model represents the soil stress-strain response based on 
a Kelvin-Voigt model [36]. 

After procedures mentioned above acceleration time series were obtained. 
Also, site-dependent seismic hazard analysis is done using Crisis 2015. CRISIS 
2015 offers many advantages at different stages of PSHA. 

5. Results and Discussions 

In the manuscript results are presented according to the working scheme men-
tioned above. 

First of all, probabilistic seismic hazard assessment (PSHA) is done for the 
rock site based on all updated information such as, tectonic settings, active 
faults, seismic source zones, seismic catalogues, magnitudes, distance distribu-
tions, seismic parameters, ground motion attenuation models, etc. 

As a result, seismic hazard curve is built (Figure 3). 
As a next stage, seismic profiling using refracted wave method was done by 

obtaining both direct and shear wave velocities. 6 seismic profiles (5 profiles 
with 46 m length and 1 with 23 m length) were done crossing each other. Also, 
downhole tests in 8 boreholes (which were crossing seismic profiles) were done. 
Due to the study area was very small; no significant changes in velocities and 
layer depths were detected. Thus, average velocity structure was obtained for 
both direct and shear waves (Figure 4). 

Besides, following parameters were obtained: 
Based on geological investigations structure of the study area was observed:  
Layer 1-Loosed soil, sandy clay; 
Layer 2-Hard and semi hard brown clay with crushed stones up to 10% - 25%; 
Layer 3-Broun and grey argillite heavy cracked, with exhausted sandstone fil-

lers. 
During the geological investigations following physical-mechanical parame-

ters were estimated: density, common deformation modulus, shear modulus, 
traction, and internal friction angle (Table 2). 

As it seems from Table 1, Table 2, physical-mechanical parameters obtained 
by geological investigations and geophysical studies are in good correlations to 
each other. 

After all above, one dimensional soil response analysis was applied. 
Based on shear wave velocities soil structure was analyzed, shear modulus and 

unit weight was assessed (Figure 5). 
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Figure 3. Seismic hazard curve for the study area. 

 

 
Figure 4. Average velocity profiles. 

 
For each existing material in the local area shear modulus and damping ration 

is assessed (Figures 6-8). 
After all above, amplification factor between two sub-layers for local soil was 

assessed (Figure 9). 
As a next step, as an input for the software EERA, strong ground motion record 
from the 25.04.2002 earthquake in Tbilisi (Magnitude 4.8 Mb, MSK intensity 7, 
epicentre 41.77˚N 44.86˚E) was selected. The epicentre was located at about 9.8 
km distance from the study area. Used earthquake record was scaled and filtered 
(maximum frequency cut-off was selected 25 Hz, mean square frequency - 6.547 
Hz), (Figure 10). 
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Table 1. Physical-mechanical parameters for the study area. 

Layer N Depth, m Vp, m/s Vs, m/s Vs/Vp 
μd 

poissoncoef. 

Ed 
Youngsdyn. 

Mod. 

GD 
Shear mod., 

MPa 

Kd 
Compr. 

Strength, 
MPa 

ρ 
Density, 
gr/cm3 

D 
Common 

defor. mod 
MPa 

τ 
Compr. str. 
limit, MPa 

Vs30 
(m/s) 

I 2 310 175 0.56 0.2661 150 58 1050.07 1.9 8.03 1.65 

624 II 7 600 340 0.57 0.2635 580 231 4117.33 2 23.04 0.01 

III 21 3010 1310 0.44 0.3832 11390 4119 162527.20 2.4 1624.80 18.21 

 
Table 2. Physical-mechanical parameters for the study area obtained by geological investigations using laboratory testing. 

Layer N 
ρ 

Density, gr/cm3 

D 
Common defor.mod 

MPa 

GD 
Shear Modulus, MPa 

C 
Traction, MPa 

Φ  
Internal friction angle 

I 1.95 - - - - 

II 2 22.00 24.5 0.05 18 

III 2.38 1724.00 4079 4.00 27 

 

 
Figure 5. Shear velocities, shear modulus and unit weight for each layer material. 

 
After applying one dimensional ground response analysis, output acceleration 

time series with corresponding spectral acceleration were obtained (Figure 11) 
which is very important input for seismic designing of the building. 

At the end amplification factor was added to the probabilistic seismic hazard 
assessment. All data and parameters for analysis are the same as was used before 
for study, only local soil conditions (amplification factor) was added and calcu-
lations were done ones again (Figure 12). Calculations were done for PGA (Peak 
Ground Acceleration), 50 years exposure time and different probabilities. 
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Figure 6. Shear stress and damping ratio for the layer 1 introduced 
by geological investigations. 

 

 
Figure 7. Shear stress and damping ratio for the layer 2 introduced 
by geological investigations. 

 

 
Figure 8. Shear stress and damping ratio for the layer 3 introduced 
by geological investigations. 

 
As, it seems from the figure, inclusion of site amplification factor for the study 

area gives significant difference for PGA values. PGA values for all probabilities 
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Figure 9. Amplification factor for the local soil. 

 

 
Figure 10. Earthquake acceleration record, scaled and filtered. 

 
were increased with about 0.07 g. This difference is caused due to the local soil 
structure and high amplification (average shear wave velocity up to 30 m depth 
(Vs30) for the site is 624 m/s). Acceleration peak value from 0.22 g (Figure 10) 
increased to 0.25 g (Figure 11) due to local soil conditions and amplification. 
Thus, to take into account detailed local soil structure for seismic design is es-
sential. 

6. Conclusions 

Georgia is the earthquake prone country. Thus, proper seismic designating for 
constructions is an essential issue. For designing complex geotechnical studies is 
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Figure 11. Acceleration record obtained after one dimensional 
ground response analysis. 

 
required based on modern technologies and updated databases such as geology, 
earthquake catalogues, active faults, ground motion attenuation, etc. 

In the presented manuscript, case study for such complex studies is presented. 
At the beginning, geological survey (well drilling) and geotechnical studies in-
cluding laboratory tests were performed. Then geophysical profiling and down-
hole tests in wells were done by obtaining direct and shear wave velocities in-
cluding estimation of physical-mechanical parameters. Physical-mechanical pa-
rameters obtained from geological and geophysical investigations show the good 
correlation to each other. 

Next, probabilistic seismic hazard assessment and site-depended seismic ha-
zard assessment were performed based on all information obtained by different 
studies. 

PSHA was done for the rock site and on the surface taking into account local 
soil structure based on shear wave velocities up to 30 m depth. As a parameter, 
Peak Ground Acceleration (PGA) was selected and calculations were done for 
different probabilities. 
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Figure 12. Seismic hazard assessment for the study area including local soil conditions. 

 
As it was expected, after taking into account site amplification, PGA values 

increased with about 0.07 g. Thus, it should be taken into account for proper 
seismic designing.  

Acceleration peak value from 0.22 g (Figure 10) increased to 0.25 g (Figure 
11) due to local soil conditions and amplification. Thus, to take into account de-
tailed local soil structure for seismic design is essential. 
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