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Abstract— In order to evaluate the seismic risk of the building 
stock in urban areas, it is imperative to identify qualitatively and 
quantitatively the components of the expected earthquake input 
motion at ground level. Following the seismic hazard 
determination, site effects analysis is a critical step of the 
procedure to identify the seismic motion at the soil surface. This 
paper presents the soil response calculation at three selected 1D 
soil profiles, located at areas with different geological 
characteristics in the city of Serres in northern Greece. Selection 
of input motion at bedrock level, consideration of soil 
nonlinearity during strong ground motion and obtained seismic 
response at the soil surface, are presented in detail for the 
investigated case, within the framework of the SeiVAS research 
project. The variation of the soil response depending on the 
specific soil deposit layering in different city areas is highlighted 
and discussed accordingly. 

Keywords - site effects analysis; soil non-linearity; seismic 
response; input motion  

I.  INTRODUCTION 

The significant construction growth of Greek cities during 
the last decades of the 20th century, poses several questions 
regarding the strength of the existing structures against 
earthquake activity in the most seismic region of Europe. The 
assessment of the structural environment vulnerability is 
achieved with seismic risk studies that consider state of the art 
approaches to evaluate the numerous parameters participating 
in the structural response ([1-3]).  

In order to evaluate the seismic risk of the building stock 
in urban areas, it is imperative to identify qualitatively and 
quantitatively the components of the expected earthquake 
input motion at ground level. After performing a seismic 
hazard analysis to obtain the expected level of seismic motion 
at bedrock level, according to pre-defined scenarios and return 
periods, site-effects analysis is commonly utilized to evaluate 
the response of the soil deposit and to calculate the 
acceleration time-histories at the ground surface. This paper 

presents the case of Serres, a city in northern Greece (resident 
population 60000), that was investigated in the framework of 
SeiVAS research project (Seismic Vulnerability Assessment 
of the building stock in the city of Serres). The ultimate 
purpose of the project is to evaluate the seismic vulnerability 
and loss estimation of the building stock in the urban area 
under consideration. 

The methodology followed during the presented research 
is based on the principles set by several large scale research 
projects, where highly esteemed institutions have cooperated 
worldwide to investigate efficient approaches towards the 
assessment of seismic risk at residential areas. Several Greek 
research teams and Institutions participated in such projects, 
e.g. RiskUE (2001-2004) [4], LESSLOSS (2004-2007) [5], 
SRM-DGC (2006-2008) [6,7] and Syner-G (2009-2013) [8], 
developing significant expertise in this scientific field. 
Members of those research groups also participate in the 
SeiVAS project, applying state of the art methods that were 
either previously tested or they are currently under 
development and verification. 

The SeiVAS research project includes all the phases that 
compose a full scale seismic risk evaluation in properly 
structured work packages (WP). After the assessment of 
seismic hazard and the determination of the soil deposit 
conditions at the first part of the project (WP1-WP2), in WP3 
the seismic response at the soil surface (free field conditions) 
is estimated employing soil response analysis procedures. At 
the same time, using the rapid visual screening approach, the 
inventory of a reliable sample of the building stock is 
completed (WP4), involving the recording of the main 
characteristics that affect the seismic response of the structures 
in the investigated area. The obtained results of the first phase, 
along with the database of the recorded building properties 
and properly selected seismic vulnerability functions (WP5), 
will then be utilized to assess the seismic vulnerability of the 
building stock (WP6). 
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A brief description of the seismic hazard evaluation and 
the geotechnical and geophysical investigation is first given in 
the next paragraphs, followed by the detailed presentation of 
the seismic soil response calculation procedure. The results of 
the site effects analysis at the soil surface level are presented 
and discussed accordingly. 

II. EXAMINED EARTHQUAKE SCENARIOS 

A. Seismic Hazard Analysis Results 

The first step towards the seismic risk study is the seismic 
hazard assessment in the broader city area. Seismic sources in 
the investigated region along with ground motion prediction 
equations are used to this end, to assess seismic hazard for 
Serres city ‘rock’ sites in terms of expected peak acceleration 
levels at predefined return periods of 100, 475 and 950 years. 
Several study cases have been considered, comprising of both 
near-field and far-field ground motion scenarios [9-10]. 
Moreover, for comparison purposes, it is of particular interest 
to examine the results of the scenario that does not include 
recent findings concerning an existing fault in the city area, 
which corresponds to the seismic hazard considerations of the 
contemporary Seismic Code regulations. As expected, if the 
parameters of the aforementioned fault are taken into account, 
estimated acceleration levels are significantly higher, differing 
from the current Seismic Code predictions. 

B. Selection of Input Motions 

The dynamic response of the soil deposit is significantly 
affected from the input motion characteristics, i.e. the 
amplitude and frequency content of the acceleration time-
history at bedrock level. It is therefore decided to employ five 
different seismic motions, based on actual recordings of 
earthquakes in Greece (Table 1). The seismotectonic 
environment, earthquake magnitude and fault distance of the 
motions, are selected in a manner to be consistent with the 
particular case of Serres broader area [11-12]. During the soil 
response analysis, each record is normalized to peak input 
acceleration levels determined from the seismic hazard 
assessment for predefined scenarios resulting from various 
fault parameters and return periods of the earthquake event. 

The selection of suitable input motions in this research, 
concerns the vulnerability assessment of existing buildings 
rather than the design of new structures. Nevertheless, it was 
deemed appropriate to comply with the guidelines of EC8 
related to the suitability of selected recordings for time-history 
analysis (EN1998-1 [13], §3.2.3.1). More specifically, apart 
from the requirements concerning the seismotectonical 
environment, the mean acceleration response spectrum of the 
selected normalized input motions is comparable with the 
respective elastic response spectrum of EC8, for soil type “A” 
conditions. In this way both tasks are achieved to a 
satisfactory degree, i.e. to select representative for the site 
time-history recordings and comply with seismic code 
regulations. Fig. 1 shows normalized response spectra of the 
selected earthquake recordings, compared to normalized soil 
type “A” spectra from EC8 and from the previous Greek 
Seismic Code EAK 2000 [14]. 

TABLE I.  SELECTED EARTHQUAKE RECORDINGS 

Recording 
properties 

Earthquake Recordings 

ATH99L ATH99T KOZ95T PEL84L VSK14NS 

Earthquake Athens Athens Kozani Kremidia Cephalonia

Date 07/09/1999 07/09/1999 13/05/1995 25/10/1984 26/01/2014

Country Greece Greece Greece Greece Greece 

Mw 5.9 5.9 6.6 5.0 6.1 

PGAa (g) 0.12g 0.11g 0.14g 0.17g 0.10g 

Geology type A type A type A type A type A 

Fault type normal normal normal normal strike-slip 

Distance 17km 17km 16km 9km 34km 

a. Peak Ground Acceleration 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 0.5 1 1.5 2 2.5 3 3.5 4

A
cc
 (m

/s
²)

T (s)

Input Motion Response Spectra (normalized)

ATH99L ATH99T

VSK14NS PEL84L

KOZ95T MeanRS

ΕΑΚ2000 EC8

Mean+σ Mean‐σ

 

Fig. 1. Acceleration response spectra (normalized) of the selected earthquake 
recordings, compared to the EC8 and Greek Seismic Code (EAK 2000) 
spectra for type A soil. 

III. DETERMINATION OF SOIL DEPOSIT PROPERTIES 

A. Geological and Geotechnical Data 

In order to calculate the response at the soil surface it is 
imperative to determine the soil deposit properties at various 
city areas. To this end, existing geological and geotechnical 
data can be utilized to obtain information for the soil 
formations and subsoil characteristics. The geological map of 
the area, although in small scale (1:50.000 [15]), gives a draft 
idea of the formations in the broader Serres city area. An 
approximate demonstration of the geological formations is 
given in fig. 2, along with the map of the urban city area. The 
northern region of the city has a moderate to steep slope 
topography and is characterized by stiff Neogene formations. 
The topography and soil properties are different at the centre 
and southern part of the urban area, where softer soils such as 
alluvial fans or recent alluvial deposits can be detected.  

Available borehole data from geotechnical investigations 
inside the residential area provide the number of blow counts 
of the standard penetration test (NSPT) with depth. Such data 
were  provided   from  the   Municipality  records  for  shallow  
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Fig. 2. Geological formations (recent alluvia, alluvial fan and neogene 
formations), available geotechnical investigations (L1-L4, L14, L16, L17, 
L20, L21, L22) and sites of geophysical measurements (Array 1: TEI, 2: 
Prefecture, 3: Tanks) (after [19], map source: Google™ maps web service). 

0

2

4

6

8

10

12

14

16

18

20

22

0 50 100 150 200 250 300 350 400 450

D
e
p
th
 (
m
)

Vs (m/s)

Location L1 "Prefecture" 

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

36

38

40

42

44

0 50 100 150 200 250 300 350 400 450

D
e
p
th
 (
m
)

Vs (m/s)

Location L21 "TEI"

 
Kalteziotis, Sampatakakis, Vasileiou (1992)

Athanasopoulos (1994)

Raptakis, Pitilakis, Anastasiadis, Lontzetidis  (1994)

Pitilakis, Anastasiadis (1998)

Anastasiadis, Raptakis, Pitilakis (2001)

Wair et al. (2012)  

Fig. 3. Evaluation of Vs profiles based on NSPT borehole data from various 
expressions. 

boreholes (up to 20m depth) inside the residential area (L1-L4 
in fig. 2), and from Egnatia Odos S.A. [16] for larger depths 
(up to 40-45m) at the city ring road (L14 to L22 in fig. 2). The 
NSPT blow count number can be correlated with the seismic 
shear wave velocity at the respective soil depth, according to 
several literature expressions for different soil categories. A 
state-of-the-art review of available relationships can be found 
in Wair et al. [17] for various soil types as well as in Pitilakis 
[18] for soils of Greece. The respective shear wave velocity 
(Vs) profiles with depth, evaluated from the consideration of 

the most suitable Vs-NSPT relationships according to the 
investigated soil type and layer depth, are used for the efficient 
design of the geophysical survey that follows. Indicatively, 
fig. 3 shows the resulting Vs profiles of the first soil meters for 
L1 and L21 locations of fig. 2. 

B. Geophysical Investigation 

The geophysical survey that follows, consists of both 
single-station and array type measurements [10]. More 
specifically, numerous single-station ambient noise 
measurements are performed following a dense grid pattern 
inside the residential area, according to the SESAME Project 
[20] guidelines. Processing the recorded signal at each 
location, i.e. calculation of the Horizontal to Vertical Spectral 
Ratios (HVSR), can provide an estimation of the soil deposit 
fundamental frequency f0. This frequency is indicative of the 
entire soil deposit elastic characteristics and expected bedrock 
level.  

The spatial distribution of the obtained f0 results is 
presented in fig. 4 (update of measurements presented in 
Theodoulidis et al. [10]). Three main f0 ranges can be 
identified, i.e. 1.0-1.5Hz at the north-western area, 0.25-0.5Hz 
at the south and 0.5-1.0Hz in the centre and northeastern part 
of the city. A small area at the southwestern city part also 
belongs in the latter f0 zone (orange), whereas the blue point 
inside the “yellow” results area is attributed to low quality 
initial measurements, as confirmed by a second survey in 
several neighboring points (depicted with larger circle 
diameters in fig. 4), and is considered as a 1.0-1.5Hz site as 
well. The general measurement trend is comparable to the 
available geological map, indicating a transition from stiffer to 
softer soil formations in the north-south direction. Yet, there 
are distinct differences at several regions, whereas some 
peculiar findings during the HVSR calculation at specific city 
locations (circles with red perimeter exhibiting a second 
resonance frequency at lower values), seem to require 
additional measurements with different approaches, which are 
beyond the scope of the SeiVAS research program. 

 

 

Fig. 4. Locations of single station ambient noise measurements and obtained 
f0 results (after [10], updated with new measurments). 
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The next stage of the geophysical survey concerns the 
determination of soil deposit dynamic characteristics in 
carefully chosen city sites. The selection procedure for the 
array measurements locations was based on the geological 
map of Serres and was significantly aided by the processed 
existing geotechnical data and the preliminary evaluation of 
the single-station measurement results. The final choice is 
given in fig. 2 and includes three locations (Array 1, 2 and 3), 
one at each identified geological formation. The arrays setup 
comprised of simultaneous measurements at points located in 
the perimeter of concentric cycles. The cycle diameter can be 
related to the soil depth range that the method would provide 
reliable results concerning the dynamic soil properties. The 
analysis of the obtained measurements, using the GEOPSY 
tools [21], resulted in the proposal of 1D shear wave velocity 
profiles at each examined location.  

As expected from existing data and in situ observations, 
results at Array 1 location (TEI of Central Macedonia) reveal 
a deep soil deposit (>280m) with relatively soft soil near the 
surface. On the contrary, quite stiff soil properties are found in 
the northern city region near Array 3 (Municipality Water 
Tanks area), where large Vs velocity equal to 1000m/s 
(adequate for bedrock level consideration) is found at the 
depth of 60m from the surface (fig. 5). The most challenging 
task of this stage was the evaluation of results in Array 2 
(Prefecture building), where the measurements quality is 
inevitably poor, due to the central location and the constant 
traffic noise at the area, even at night hours that the 
measurements took place. Intermediate soil stiffness properties 
were identified and were properly correlated with existing 
borehole data in several specific locations of the same f0 zone 
(orange points in fig. 4), to provide representative soil Vs 
profiles for the site effects analyses that follow. 

C. Determination of Soil Deposit Layering 

The final aim of the geophysical and geotechnical 
investigation is to provide representative Vs profiles for the 
residential area that will be used during the dynamic soil 
response analyses. Therefore, it is required to identify zones of 
similar expected soil response in the city, and assign in each 
zone the appropriate 1D soil profile. The zonation of the city 
is aided by the single station measurements, which are 
indicative of the entire soil deposit properties (depth and 
stiffness) in each location. Fig. 4 offers a nice first 
approximation of regions with different soil deposit 
characteristics, using the f0 range discrimination that was 
mentioned earlier. Nevertheless, especially for the Array 2 
location which belongs to the orange zone (0.5-1.0Hz) that 
dominates the residential area, additional considerations are 
required to make sure that the proposed Vs profile is indeed 
representative. To this end, the soil dynamic characteristics at 
the southwestern part of the orange zone (4 points in fig. 4) 
were modified for the first 40m according to geotechnical data 
from 4 existing boreholes at the ring road of the city. On the 
other hand, a similar differentiation approach with alternate 
surface soil properties was attempted at the northeastern area 
using preliminary site effect analyses, revealing only slight 
variation of the obtained results. Indicative Vs profiles with 
depth are presented in fig. 6 for the investigated cases. It 

should be noted that in all cases sensitivity analysis was 
performed, examining variations of the bedrock depth and soil 
elastic properties. 

IV. SEISMIC SOIL RESPONSE ANALYSIS 

A. Theoretical Approach 

The soil seismic response (or site effects) analysis 
examines the vertical propagation of shear waves within a 
one-dimensional soil deposit and calculates the expected 
response at the surface. The soil deposit is considered to 
consist of homogeneous and isotropic horizontal layers with 
different elastic properties, laterally extended to infinity. Input 
motion is considered at the seismic bedrock level, which is 
related to the underlying rock formation characterized by 
shear wave velocity values larger than 750m/s. The basic 
parameters of each layer concern its thickness, density , shear 
modulus G and damping factor , whereas the resulting shear 
wave velocity in the layer can be calculated as:  




S

G
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Fig. 5. Indicative array measurement results in Array 3: Municipality Water 
Tanks area  (after [10]). 
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Fig. 6. Examples of shear wave velocity (Vs) profiles examined during the 
site effects analyses. 
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The calculation of the amplitude of harmonic shear waves 
propagating through the layered soil media is described in 
Schnabel et al. [22]. The methodology is based on the analysis 
of transient motions into harmonic components, using the 
Fourier transformation, and subsequently the calculation of the 
resulting harmonic response in any depth using appropriate 
transfer functions. The final transient response can be then 
obtained using the inverse Fourier transform. The soil 
response analysis is performed using the program SHAKE 
2000 [23], based on the initial SHAKE code [22] with minor 
modifications. 

During the analysis, input motion is applied at outcrop 
conditions of the bedrock layer, considering ideally soil type 
A properties according to EC8. The calculation of the deposit 
seismic response takes into account soil nonlinear behavior, as 
discussed in the following paragraph, and provides the 
response in terms of acceleration time-histories at the surface. 
Analysis concerns five different input motions, corresponding 
to the particular site conditions and normalized to the desired 
peak acceleration according to the examined seismic hazard 
scenarios. 

B. Soil Non-Linearity 

The soil profile properties obtained from the geophysical 
investigation correspond to negligible soil shear deformations, 
where the soil behavior is essentially linear elastic. 
Nevertheless, during an earthquake incident, the developing 
shear deformation level is expected to reach significant values, 
driving the soil response to the nonlinear behavior range.  

A simplified yet efficient and computationally 
straightforward approach to consider soil nonlinearities during 
seismic shaking is to employ an equivalent linear procedure. 
During this approach, the soil shear modulus and damping at 
various depths are modified with the respective shear strain 
level, according to properly selected G-gamma-D curves [24, 
25]. This method has been proved to provide well-constrained 
results and is widely used to perform 1D dynamic soil 
response analyses. The modification of the soil elastic 
properties is based on an effective rather than the peak shear 
strain time-history value, since the latter refers to a single 
occurrence with limited effect on the soil column response 
during the entire strong ground motion. The effective shear 
strain value can be calculated from the following expression, 
according to coefficient ratio [23]: 


1

.
10




M
coef ratio      

where M is the magnitude of the earthquake corresponding to 
the examined seismic hazard scenario. Typical values for this 
coefficient are between 0.40-0.75 [23]. 

Proper consideration of soil nonlinearity requires that the 
utilized G-gamma-D curves correspond to the dynamic 
behavior of the investigated soil types. In the soil profile cases 
of the present research, borehole data from existing 
geotechnical investigations were taken into consideration to 
facilitate the selection of suitable curves from the literature. 

Several curves for different soil properties and depths have 
been considered, such as those proposed by [26] and [27], the 
latter presented in fig. 7. 

In order to closely reproduce the variation of the 
developing shear deformation and soil properties modification 
with depth, a detailed layering of the examined soil deposits is 
introduced, based on an automated option of SHAKE 2000 
that creates sub-layers according to the specific soil properties 
at each depth. Moreover, a sensitivity analysis is carried out in 
all examined cases, to verify that a slight variation of the 
utilized G-gamma-D curves selection at several soil layers, 
especially of soft soils near the surface, does not affect 
significantly the obtained response. 
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Fig. 7. Utilized G-gamma (up) and D-gamma (down) curves for the 
consideration of equivalent linear soil response (after [27], corresponding 
approximately to specific soil depths). 
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C. Site-Effects Analyses Results and Discussion 

Evaluation of results during the site effects analyses for 
five different input motions is more efficient using the 
acceleration response spectra at surface level. Mean 
acceleration response spectrum of the obtained results and 
comparison with response spectra of the EC8 and Greek 
Seismic Code is used to draw specific conclusions in each 
examined location.  

The surface acceleration response spectra results in the 
case of Array 2 (Prefecture) are indicatively presented in fig. 
8, along with the mean values and one standard deviation, for 
the investigated scenario (M=6.2, r=0.02) and earthquake 
return periods of 100, 475 and 950 years respectively. The 
expected increase of the response is obvious at the surface for 
examined scenarios of larger return periods. The response of 
all five input motions is quite similar in terms of peak ground 
acceleration (PGA) values, whereas the response spectrum 
shape at other periods is related to the particular frequency 
characteristics of each earthquake recording along with the 
eigen period of the soil deposit. 

Most interesting is the case of the 475 years return period 
scenario, which is consistent with the 10% exceedance 
probability in 50 years of the Seismic Codes for the design 
earthquake in the region. A comparative evaluation of the 
obtained results with the current Seismic Code predictions for 
the area seismicity (Zone I) and the local soil conditions (soil 
type C for EC8 and B for the Greek Seismic Code) is given in 
fig. 9. It is evident that the obtained response is much larger 
compared to the Seismic Codes elastic response spectra, 
raising several questions regarding the adequacy of the 
resistance capacity of the existing structures. The main reason 
for this discrepancy is probably the consideration of the 
recently identified fault in the broader city area that results in 
significant peak acceleration values at bedrock level during 
the seismic hazard assessment, larger than those adopted in the 
Seismic Codes. When an alternative seismic hazard scenario 
without this specific fault is examined, then the response 
results are in much better agreement with the Seismic Codes, 
as presented in fig. 10. 

The different soil deposit properties (bedrock depth and 
soil layer elastic characteristics) result in a noticeable variation 
of the obtained response when results in four different city 
locations are compared (fig. 11). The response spectrum at 
Array 1 location, where soft soils and deep deposit conditions 
are met, is characterized by larger values at the period range 
between 0.8-3.0sec, compared to the other locations. Yet, the 
peak spectral acceleration is lower than other sites, mainly due 
to the large developing shear strains and significant inelastic 
behavior of the soft soils near the surface. When sites of stiffer 
soil conditions are examined, peak ground acceleration is 
increased whereas the period range of significant spectral 
values is getting narrower, as clearly seen in the case of the 
Array 3 location where the stiff Neogene formations are met. 
It should be noted though that, in the northern part of the city, 
the consideration of the steep slope topography using 2D site 
effects analysis is still an open issue. 

 

0

2

4

6

8

10

12

14

16

18

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

A
cc
 (m

/s
²)

T (s)

Response Spectra (return period 100 years)

ATH99L ATH99T

VSK14NS PEL84L

KOZ95T MeanRS

Mean+σ Mean‐σ

 

 

0

2

4

6

8

10

12

14

16

18

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

A
cc
 (m

/s
²)

T (s)

Response Spectra (return period 475 years)

ATH99L ATH99T

VSK14NS PEL84L

KOZ95T MeanRS

Mean+σ Mean‐σ

 

 

0

2

4

6

8

10

12

14

16

18

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

A
cc
 (m

/s
²)

T (s)

Response Spectra (return period 950 years)

ATH99L ATH99T

VSK14NS PEL84L

KOZ95T MeanRS

Mean+σ Mean‐σ

 

Fig. 8. Array 2 - Prefecture location: Acceleration response spectra of five 
input motions and respective mean values for the the investigated scenario 
(M=6.2, r=0.02) and return periods of 100, 475 and 950 years (from top to 
bottom). 
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Fig. 9. Array 2 - Prefecture location: Mean acceleration response spectrum 
coompared to Seismic Code predictions for the investigated scenario (M=6.2, 
r=0.02, return period of 475 years). 
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Fig. 10. Array 2 - Prefecture location: Mean acceleration response spectrum 
coompared to Seismic Code predictions for the scenario without the Serres 
fault consideration (475 years return period). 
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Fig. 11. Mean acceleration response spectra at four locations in the city of 
Serres with different soil deposit properties (475 years return period). 

 

V. CONCLUSIONS 

The use of seismic risk studies is quite common during the 
last decade in order to assess seismic vulnerability and loss 
estimation of the building stock in urban areas. This paper 
presents the first phase of the procedure, concerning the 
identification of expected earthquake ground motion, in the 
case of Serres city located in northern Greece. 

Data from existing geotechnical investigations in the 
residential area are utilized, along with geophysical surveys 
comprising of both single station and array type ambient noise 
measurements, to provide reliable 1D shear wave velocity 
profiles in selected locations in the city. Moreover, the single 
station measurements in combination with existing geological 
data facilitate the zonation of the city to areas of similar 
seismic response. 

The soil seismic response analysis that follows, takes into 
consideration properly selected input motions scaled to peak 
acceleration values from predefined seismic hazard scenarios. 
Soil response results at the surface, in terms of acceleration 
response spectra, reveal a significant difference from the 
current Seismic Code predictions, mainly due to the 
consideration of a recently identified fault in the broader city 
area. Also, response variation is evident between locations of 
different deposit depth and soil elastic properties. 
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