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ABSTRACT Twenty-nine single-station noise measurements, processed through the Horizontal 
to Vertical Spectral Ratio (HVSR) technique, a Multichannel Analysis of Surface 
Waves (MASW) survey, and two 2D array measurements were performed in Durrës to 
provide useful elements for a geophysical subsoil characterisation. Results from noise 
measurements defined a zone eastwards of the historical centre, where the characteristics 
of shallow soil layers are responsible for modification to the seismic response. In 
particular, HVSR curves in this area showed amplitude higher than 3.4 at a period higher 
than 1 s. From the analysis of the collected data, four different groups of HVSR curves 
were recognised, whereas noise measurements were also used to retrieve a preliminary 
bedrock depth map. These results are potentially useful for correlating construction 
typologies and vibration period of the buildings with the site amplification and with the 
damages observed during the seismic sequence for which the highest magnitude event 
was the MW 6.2, 26 November 2019 earthquake. Moreover, two shear waves velocity 
VS profiles were obtained from a joint inversion of Rayleigh curves with ellipticity. In 
one case, it revealed the presence of a soil of very poor mechanical properties, which 
was classified as D soil according to the international codes (EC8, NEHRP); in the 
other case, the VS profile allowed us to retrieve important information about the seismic 
bedrock to be used in numerical modelling for the third level of seismic microzonation.
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1. Introduction

Geophysical prospection is widely used after strong earthquakes to evaluate local seismic 
response and for seismic microzonation (SM) studies (Milana et al., 2011, 2020; Gaudiosi et 
al., 2014; Laurenzano et al., 2019; Sandron et al., 2019; Ashayeri et al., 2020; Caielli et al., 
2020; Giallini et al., 2020). Among the most commonly used geophysical methods, the single-
station ambient vibrations measurements, analysed with the Horizontal to Vertical Spectral Ratio 
(HVSR) technique (Nakamura, 1989), are extensively performed in urban areas due to their 
low cost and high capability to adapt the deployment of the instruments to different logistics, 
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being non-invasive and easy to perform. Peaks in the HVSR curves may be related to subsurface 
seismic velocity contrasts, with shallower interfaces producing higher peak frequency f0. HVSR 
curves are applicable for many purposes, mostly for evaluating the site resonance frequencies 
(Mukhopadhyay and Bormann, 2004; SESAME, 2004; Gosar et al., 2010; Caielli et al., 2020) 
and mapping sediment thickness. Nevertheless, the amplitude of the HVSR curve, depending 
on the impedance contrast with the bedrock, cannot be used as site amplification. To determine 
amplification and, in turn, modifications on the ground motion due to the site it is necessary to 
perform specific local response analyses through numerical modelling of the waves propagation, 
or in alternative through experimental measures based on earthquake recordings [i.e. Reference 
Site Spectral Ratio (RSSR) and Generalized Inversion Technique (GIT) analyses]. On this regard, 
detecting the bedrock depth, by combining ambient vibration measurements with stratigraphic 
data from boreholes, and reconstructing shear wave velocity (VS) of the subsoil are essential steps 
to define geological and geophysical models for simulations.

Within this frame, we present preliminary results obtained from a recent geophysical survey, 
comprising noise measurements, Multichannel Analysis of Surface Waves (MASW) test, and 
2D seismic arrays, carried out on October 2019 in the Durrës municipality, Albania, after the 
moderate ML 5.4 earthquake occurred on 21 September 2019. This event, with its aftershocks, 
commenced a seismic sequence with several relevant shocks until January 2020 and still ongoing 
with earthquakes with M > 3.5. The strongest event of the sequence (MW 6.2) occurred on 26 
November 2019, caused the collapse of many buildings and took 51 lives.

The rationale behind the data acquisition is twofold: i) obtaining useful information for a 
proper seismic site response evaluation of the study area; ii) investigating the possibility that 
the observed damages after the September events may be caused, in some cases, by the ground 
motion amplification due to the shallow subsoil characteristics. In this respect, the results can also 
be used for individuating or excluding correlations between site effects and the stronger damaging 
patterns observed during the mainshock of 26 November.

The paper also highlights the fundamental importance of the geophysical investigations 
in defining the bedrock depth, detecting thickness and lateral variability of the shallow cover 
deposits, and in providing highlights useful from a SM perspective. In fact, SM defines how local 
geological and geotechnical characteristics of soils can influence the ground motion at site and 
modify incoming seismic waves during earthquakes. SM studies, which are at the basis of strategies 
for earthquake risk mitigation, are structured into three levels, or grades, of increasing complexity 
and detail (ISSMGE, 1999; Gruppo di Lavoro MS, 2008; Moscatelli et al., 2020): Level 1 and 
Level 2 allow us to identify zones with similar behaviour on qualitative and semi-quantitative 
methods, while Level 3 requires a much more accurate approach by means of numerical analyses 
and modelling in order to evaluate ground amplifications and to obtain response spectra and 
amplification factors. An in depth geophysical prospection, coupled with an accurate geological 
subsoil reconstruction, is, thus, useful to provide the basis for a Level 3 SM.

2. Historical seismicity of Durrës and the 2019-2020 seismic sequence

The Durrës municipality is located on a very active seismotectonic belt, where many strong 
earthquakes occurred in the past, as it is reported in several seismic catalogues (Magnani, 1946; 
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UNDP, 2003; Aliaj et al., 2010). Nine strong earthquakes, with magnitude higher than 6.0, 
occurred at the city of Durrës from 177 B.C. to 1926. These seismic events had a huge impact on 
the history and the economic life of Dyrrachium (Durrës) in the antiquity.

Based on the old chronicles, the historians mention the earthquake of 177 B.C. as the very 
first earthquake to occur in the city. There are only a few passages written by Plutarch about the 
earthquake of 1 or 2 May 58 A.D., which severely destroyed the city. Afterwards, the earthquakes 
of 334 and 345 were chronicled. The earthquake of 506 almost completely destroyed the entire 
ancient city. Considering the importance of Dyrrachium during the ancient period and being it the 
birthplace of the Byzantine emperor Anastasius I Dicorus, the city was rebuilt completely by the 
emperor immediately after that seismic event.

 The 1 March 1273 earthquake was the hardest one. The city was completely destroyed, 
hundreds of people lost their lives and the city was abandoned by thousands of people. The 
earthquakes of 1279, 1869, and 1870 were less destructive and with a lower impact on the life of 
the inhabitants.

The earthquake of 17 December 1926 with MS 6.2 and seismic intensity of IX (MSK-64 scale) 
was the first to be instrumentally recorded, and destroyed many buildings in the cities of Durrës, 
Kavaja, Shijak, and nearby villages. Many cases of liquefaction phenomena were observed 
between the city of Durrës and Shijak (Aliaj et al., 2010).

The first relevant shock of the 2019-2020 sequence is represented by the ML 5.4 earthquake, 
or MW 5.6 according to Lekkas et al. (2019a), of 21 September 2019 with epicentre located close 
to Durrës downtown (Fig. 1; preferred location and magnitude data from: www.cnt.rm.ingv.it). 
To this event are correlated a 17-km hypocentral depth and a reverse faulting focal mechanism 
with a strike slip component. Few minutes later, an aftershock occurred close to the previous 
epicentre, but with higher hypocentral depth: 29 km. After these first events, the observed 
permanent environmental effects in the city consisted of weak liquefaction phenomena along the 
coastal zone, east of the harbour (Lekkas et al., 2019a), while damages on buildings were mostly 
located in the eastern periphery (Fig. 2). The latter are represented by non-structural damages to 
buildings with reinforced concrete frame, such as detachment of plaster pieces, poundings, and 
separation cracks between reinforced concrete framing members, and by more severe damages 
on un-reinforced buildings, i.e. partial or total collapse of load-bearing masonry walls (Lekkas et 
al., 2019a).

The main MW 6.2 earthquake of 26 November 2019 re-activated the reverse faulting system, 
as it is shown by the focal mechanism in Fig. 1, and was followed in the next two days by four 
other events with magnitude higher than 5. The last relevant shock of the sequence is represented 
by the mb 5.0 earthquake (www.cnt.rm.ingv.it) of 28 January 2020. The epicentres of the events 
with magnitude higher than 5.0 are plotted on Fig. 1, and Table 1 shows the parameters of the 
main events. The variability of location and depth of the hypocentres (Table 1) may tentatively 
be related either to the progressive rupture of different segments of a single fault or to ruptures of 
different reverse faults within the local thrust system. 

The earthquakes of November induced more severe liquefaction phenomena (i.e. ejection of 
sand and water from ground fissure cracks, formation of small sand volcanoes and aprons) than 
the September events and just in the same places (Lekkas et al., 2019b; Mavroulis et al., 2020). 
Damages on buildings were extensively located in Durrës, although the very heavy structural 
damages, i.e. total or partial collapse, were scattered and mostly located east and north of the 
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Fig. 1 - Evolution of the 2019 Durrës 
earthquake sequence (see also 
Table 1), showing the location of all 
mainshocks with M 5.0 and larger. 
Focal mechanisms are taken from 
www.cnt.rm.ingv.it, while active 
faults in the study area are available 
from the GEM - GAF (Global Active 
Faults) project catalogue (partly 
modified after Weatherill et al., 2016).

Fig. 2 - Images of damaged masonry infills of one reinforced concrete building (Rruga Pavaresia) after the 21 September 
2019 earthquake.
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harbour (Lekkas et al., 2019b; see also: https://emergency.copernicus.eu/mapping/system/files/
components/EMSR412_AOI06_GRA_PRODUCT_r1_RTP01_v1.jpg).

3. Geological setting

The city of Durrës, with its 400,000 inhabitants, is sited along the Adriatic coast of central 
Albania (Fig. 3a) in a lowland, the Periadriatic depression (Meço and Aliaj, 2000), corresponding 
to a wide actively subsiding foredeep basin at the outer front of the west-verging Albanides 
orogenic belt (Ionian and Kruja zones, N-S trending). The chain and the foredeep basin are part 
of the wider Dinaric-Albanic-Hellenic Arc of the Alpine orogeny, which features a typical thrust-
and-fold structural style. Westwards directed compressional movements to the Adria microplate, 
the inception of which dates back to late Cretaceous, are still active as testified by the strong 
seismicity. The foredeep basin is filled with more than 2-km-thick marine-to-continental deposits, 
affected by syn-sedimentary tectonics since the Pliocene. The Pliocene-Quaternary sediments 
cover with angular unconformity the underlaying Miocene molasse and Jurassic-Paleogene 
carbonate successions (Fig. 3b).

The city widens partly on a broad alluvial and coastal plain, partly on a western bordering 
ridge. The plain, late Quaternary in age, is confined by: i) the narrow Mali i Durrësit ridge (187 m 
high), almost N-S trending from Durrës to Cape Bishti i Pallës, to the west (Fig. 3a); ii) a NNW-
SSE directed alignment of low hills from Vrinas to Arapaj, to the east. To the north, the plain 
is fed by the SE-NW flowing Erzeni River that, along with the Mali i Durrësit promontory and 
the adjoining beach-ridges facing the Durrës and Lalzit Gulfs, isolates a wide lowland area, the 
Kënëta e Durrësit, formerly occupied by coastal marshes and ponds reclaimed in the 20th century 
(Magnani, 1946).

The local relief is strictly controlled by the compressional structures. The western ridge (i.e. 
the Durresi hills in Fig. 3b) corresponds to the steep, east-dipping and verging, eastern limb 
of a reverse fault-related anticline, where Messinian-Lower Pliocene successions [Mengaj and 
Helmesi Formations: Kodra and Naçi (2012)] crop out. The eastern ridge corresponds to the 
culmination of a gentle anticline at Vrinas; in the middle, a broad syncline is present underneath 
the coastal-alluvial plain (Fig. 3).

Table 1 - Summary of the parameters of the largest events of the earthquake sequence (M 5.0 and larger). All data are 
taken from www.cnt.rm.ingv.it. See the text for inferences on location and depth of the hypocentres.

 Date Time (UTC) Magnitude Depth (km) Lat. Lon.

 21/09/2019 14:04:27 ML 5.4 17 41.35 19.50

 21/09/2019 14:15:54 ML 5.2 29 41.34 19.50

 26/11/2019 02:54:11 MW 6.2 22 41.40 19.52

 26/11/2019 02:59:24 mb 5.1 10 41.40 19.54

 26/11/2019 03:03:00 mb 5.3 10 41.49 19.53

 26/11/2019 06:08:22 ML 5.4 20 41.54 19.47

 27/11/2019 14:45:24 ML 5.4 25 41.56 19.52

 28/01/2020 20:15:10 mb 5.0 13 41.47 19.50
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The Messinian-Pliocene bedrock formations are well exposed on the Mali i Durrësit ridge 
(Figs. 4 and 5a). At the base it crops out the Messinian Mengaj Formation [unit code N1

3m(c, d) in 
Kodra and Naçi (2012) and Naçi et al. (2012); Fig. 4], more than 500 m thick, and composed of 
shallow marine sandstone, conglomerate and clay with gypsum. The overlaying Lower Pliocene 
Helmesi Formation (up to 1200 m thick) covers with unconformity the Messinian deposits. It is 
tripartite into: i) a lower transgressive member of shallow marine sand, conglomerate and clay, 
50-300 m thick [code N1

2h(a); Figs. 4 and 5b]; ii) alternated deep marine clay and marl of the 
intermediate member, 500 m thick [code N1

2h(b); Figs. 4, 5c, and 5d]; iii) regressive marine sand 
and clay of the upper member, 400 m thick [code N1

2h(c)], exposed further east of the study area 
but present in the subsoil (Fig. 4b). The strongly over-consolidated clays of Helmesi Formation 
are intensively quarried for brick production (Fig. 5c).

The Quaternary cover overlays with angular unconformity the Messinian-Pliocene bedrock 
and is represented by loose sediments, mostly marshy-lagoon sand, silt, and clay with peat, up 
to 130 m thick [unit code 1Qh2 in Kodra and Naçi (2012) and Naçi et al. (2012); Fig. 4], and 
by laterally contiguous littoral sands (unit code dQh2). These littoral sands where affected by 
liquefaction phenomena after the 2019 earthquakes (Fig. 4), at the backshore of Plazhi i Durrësit 
and east of the harbour (Lekkas et al., 2019a, 2019b). Thin colluvial covers and landslide deposits 
are present along the hillslopes, where widespread slope instabilities occur.

Fig. 3 - a) Tridimensional view from south of the Durrës area, with localities mentioned in the text (image from Google 
Earth Image©2019TerraMetrics); b) regional scale cross-section showing the structural setting of the Periadriatic basin 
from Durrës to Kruja [after Aliaj et al. (1996) in Meço and Aliaj (2000)]. From SW it is evident the structural setting 
of the Durrës subsoil, with the NE-verging reverse fault-related anticline (backthrust) of the Durresi hills (i.e. Mali 
i Durrësit) and the confining large syncline widening up to Vrinas. Pg3: Oligocene siliciclastic turbidites (flysch) 
covering platform carbonates of the Kruja Nappe (brick pattern); N1: Serravallian-Messinian siliciclastic deposits 
(molasse); N2: Pliocene-Pleistocene terrigenous foredeep basin deposits.
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Fig. 4 - a) Sketch of the Geological Map of Albania (scale 1:25,000, Durrës sheet); b) SW-NE trending geological 
section crossing the city (modified after Kodra and Naçi, 2012).

Fig. 5 - Geological bedrock of Durrës: a) view of the Plazhi Currilave beach and the Mali i Durrësit ridge (187 m) 
from south, with the 40° dipping and eastward tilted Mengai and Helmesi Formations (Messinian and Lower Pliocene 
respectively); b) lower sandy-clayey member of the Helmesi Formation [code N1

2 h(a) in Kodra and Naçi (2012)]; N5/35 
dipping beds; c) view from NW of the NNE-SSW oriented quarry front [Helmasi Formation, intermediate member, 
code N1

2 h(b) in Kodra and Naçi (2012)]: eastward tilted bedding planes and high angle (reverse?) faults dipping to the 
west; d) strongly over-consolidated and jointed clays of the Helmasi Formation.
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In terms of urban geomorphology, the historical centre of Durrës lays on the eastern lowermost 
slope of Mali i Durrësit and close to the harbour, whereas in the last decades the periphery has 
expanded both to the western hilltop (the light-tower neighbourhood), the eastern coastal zone 
(Plazhi i Durrësit, Shkozeti) and to the inner reclaimed plain areas, to the north. Anthropogenic 
backfill deposits are widespread all over the urban area and are mostly composed of brick and 
stone fragments within abundant sand-silt grade matrix. Their thickness is 2-5 m on average, even 
though locally exceed 10 m in correspondence of archaeological areas (i.e. at the eastern toe of 
Mali i Durrësit), and close to the harbour.

4. Review of previous available studies

The previous microzonation studies on Durrës date back to Koçiu et al. (1985), Koçiu (2004), 
and Aliaj et al. (2010), who mainly focused on the liquefaction potential of Quaternary sediments, 
depth of the bedrock, predominant period of ground oscillation, and expected seismic intensities 
(MSK-64 scale).

Three critical areas (Fig. 6a) were recognised (Aliaj et al., 2010; Duni and Theodoulidis, 2020): 
area A, of big deformation on free surface, close to the port, with predominant periods exceeding 
0.5-0.6 s, intensities higher than IX MSK-64, and high susceptibility to liquefaction; area B, in 
the inner plain and easternmost coastal belt, with 0.4-0.5 s predominant period, VIII-IX MSK-
64 expected intensity, and moderate to low susceptibility to liquefaction; area C, corresponding 
to the hills with more than 15° dipping slopes. An equal depth contour map of the top of the 

Fig. 6 - First microzonation studies for the city of Durrës [modified after Koçiu (2004) and Aliaj et al. (2010)]: a) map 
of the soil categories and related predominat periods (in s) and seismic intensities; b) equal depth contour map of the 
bedrock showing the location of DURR seismic station (modified after Duni and Theodoulidis, 2020); depth is referred 
to the ground.
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Pliocene bedrock (Fig. 6b) was also produced by Koçiu et al. (1985). It shows an approximately 
N-S elongated structure, plunging southwards up to the 140 m depth, which can be interpreted as 
the wide syncline below the plain. At its hinge zone the thick overlaying Quaternary succession 
was accommodated.

Despite useful tools, for the technicians who are responsible for earthquake-resistant design, 
may now adequately take into account the local geology influence, thanks to the introduction 
of seismic response analyses in the international and national prescriptions (BSSC, 2003; CEN, 
2004), the results proposed by Koçiu et al. (1985) and Aliaj et al. (2010) are yet reference studies, 
especially from a SM perspective.

5. Data set of geophysical measurements

Between 13 and 15 October 2019, a series of twenty-nine ambient vibration measurements 
was deployed in Durrës. Twenty-four of them (DU01-21 and DU27-29 in Fig. 7) were carried out 
within an area of approximately 3 km2, which extends across the whole historical centre. Other 
five measurements (DU22-26 sites in Fig. 7) were acquired at the eastern periphery, in Rruga 
Pavaresia at Durrës beach neighbourhood, the most damaged part of the city after the M 5.4 event 
of September.

The equipment consisted of SS02 SARA velocimetric sensors with a cut-off frequency of 0.2 
Hz, connected to six-channels SL06 SARA data loggers. Data were recorded with a sample rate 
of 200 samples per second. During installation, small holes were dug to accommodate the sensors 

Fig. 7 - Map of the geophysical measurements performed in Durrës. Noise measurements at single station and centres 
of the small aperture arrays are indicated with blue triangles, and black circles, respectively. MASW active array 
location is marked with a red line.
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on the ground whenever possible, while, being most of the measurements carried out in urban 
environment, usual care was adopted in deploying the sensors and guaranteeing adequate coupling 
with the cement, pavement, and asphalt. Care was taken also at ensuring to avoid placement of 
sensors directly over utilities or disturbances sources.

Recordings of about forty minutes of ambient vibrations were collected and HVSR technique 
was applied (Nakamura, 1989; Lunedei and Malischewsky, 2015; Sánchez-Sesma, 2017; and 
references therein). The technique is a well-established approach from which it is possible to 
retrieve peaks in the HVSR curves that can be related to subsurface seismic velocity contrasts: for 
instance, shallower interfaces produce higher peak frequencies. Detecting the relations between 
interfaces and peak frequencies was the main goal of this study.

The choice of investigating the eastern periphery was related to the aim of searching any 
eventual correlation between the observed damages after the event of September and the presence 
of peculiar soil resonance periods. This can be done by comparing the soil resonance periods, 
identified in the HVSR curves to the number of floors of the buildings in the area, which is 
possible related to building vibrational periods (Gallipoli et al., 2020).

Moreover, two VS profiles were obtained in correspondence of the main stadium of the city 
and of an accessible clay quarry (Figs. 4, 5c, and 7). They were retrieved from a joint inversion 
of Rayleigh dispersion curves with ellipticity. Dispersion curves were obtained from 2D array 
measurements of geophones (Foti et al., 2011), in one case (for the stadium site) further joined 
with a curve from a MASW measurement (Park et al., 1999). The geophones were arranged in 
a two-dimensional geometry, L-shaped with different spacing: 5 m on the long side, 3 m on the 
other side. The registrations of the noise wave-field were performed for a minimum duration 
of 40 minutes with 24 geophones (cut-off frequency equal to 4.5 Hz) in both cases. Usual 
care was adopted in deploying the geophones to guarantee adequate coupling with the ground. 
Location of the 2D arrays measurements were opportunely chosen to have geologically reliable 
control points useful for constraining the subsoil model: the stadium array is representative of 
the Quaternary cover sediments, whereas the quarry array is representative of the geological 
bedrock.

5.1. Noise measurements
Each ambient vibration recording was divided into 25-s-long time windows through the 

open-source software Geopsy (http://www.geopsy.org/). We computed amplitude spectra for 
the vertical and horizontal components (north and east components). Spectra were smoothed 
using the Konno and Omachi (1998) window with b value 40, while the horizontal spectra were 
computed from the north and east components as √(north2 + east2) before computing the HVSR 
for each time window. Then, we computed the average HVSR for each station. Results from noise 
measurements in terms of HVSR, single spectra, and rotational HVSR are reported on Figs. 8, 9, 
and 10, respectively.

The obtained HVSR curves showed maximum values between 2.0 and 3.4 in the range 0.4-
10.0 Hz. Moreover, some of the HVSR curves are characterised by a large standard deviation, 
especially at frequencies lower than 1 Hz. Wind blowing could have affected two of the 
measurements (DU04 and DU05) at frequency lower than 0.4 Hz.

A joint observation of HVSR, single spectra curves, and rotational HVSR has revealed an 
industrial disturbance at about 1.5 Hz at DU19 and DU20 stations (likely due to working engines 
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Fig. 8 - HVSR curves computed for the average horizontal components for each station. The vertical grey line shows 
the evaluated value of f0.
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Fig. 9 - Single spectra curves for E-W (black curves), N-S (red curves), and vertical component (grey curves) for each 
station.

in the quarry), while measurements at DU22, DU23, DU24, DU25, and DU26 presented a clear 
anthropic peak at the same frequency (1.5 Hz) that we relate to the nearby infrastructures.

The complexity of operating in an urban environment is enhanced by a peculiar feature, visible 
in the HVSR curves: there are amplitudes lower than 1 at higher frequencies. This is generally 
linked to the presence of VS inversion at depth below the measurements, likely expected in highly 
heterogeneous anthropogenic deposits, or to the presence of pavements and asphalt (Di Giacomo 
et al., 2005; Castellaro and Mulargia, 2009).
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Furthermore, the analysis of the horizontal polarisation angles was also performed. The range 
below 0.4 Hz was excluded from the plot of Fig. 10 in order to correctly enhance graphically 
any eventual rotational peak. No evident trend is distinguishable, but few measurements 
(namely, DU06, DU09, DU10, DU11, DU13) in the historical centre showed polarisation angles, 

Fig. 10 - Rotational HVSR results for each station: spectral ratios as a function of frequency (x axis in Hz) and direction 
of motion (y axis in angle).
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highlighting a 40-80° polarisation, likely related to a 130-170° trending tectonic element such as 
the buried syncline (see in Figs. 3b and 4b).

The software Geopsy automatically scans the average HVSR curve and identifies the frequency 
f at which the maximum amplitude occurs. In this study, the frequency value f0 is, then, assigned 
to the lowest fundamental peak of frequency determined for each HVSR curve.

Before interpretation is attempted, we evaluated the quality of HVSR curves according to 
the SESAME (2004) criteria in terms of reliability and clarity. According to these criteria, curve 
reliability (i.e. sufficient number of windows and significant cycles for a given f0, acceptably 
low scattering among all windows over a given frequency range around f0) was verified (see 
Fig. 11, and the electronic supplements ES1 and ES2). This analysis was necessary in order 
to deserve particular attention to the identification of eventual peaks induced by low frequency 
disturbances. Then, also the clarity of HVSR peaks (i.e. fulfillment of amplitude and stability 
criteria) was checked (Fig. 11 and ES1 and ES2). Only the peak read at the DU10 station HVSR 
curve completely fulfilled all the criteria for a clear f0 identification. Most of the HVSR curves, 
in fact, are characterised by broad band peaks and in some cases (i.e. DU24) show plateau-like 
shapes, which may be related to the 2D/3D underground geological structures and to the low 
impedance contrasts.

Fig. 11 - Example of graphical representation of the criteria for a reliable and clear HVSR peak recommended by the 
SESAME research project (SESAME, 2004) for three stations. YES means that the criterium is satisfied and NO shows 
that the criterium is not satisfied. Results for all the measurements are annexed in the electronic supplements ES1 and 
ES2.

In order to attempt a possible correlation between subsoil geological surfaces and f0, a manually 
adjustment of the peaks was, then, performed, including in the analysis only acquisitions where at 
least one of the reliability criteria was satisfied. Ten measurements (DU01, DU04, DU05, DU12, 
DU13, DU17, DU20, DU26, DU28, and DU29) did not satisfy any criteria and, therefore, were 
excluded by the following analyses. In the graphical representation of the HVSR curves in Fig. 8, 
the grey vertical band representing the final averaged peak frequency and its standard deviation is 
reported [only for those ambient vibrations measurements which showed reliable peaks according 
to the SESAME (2004) criteria]. The average peak frequency is obtained by averaging the peak 
frequency of all the curves from the individual time windows. Right boundary of the red dashed area 
represents the threshold value of frequency corresponding to 10/used time windows length (25 s).
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On the easternmost and most damaged periphery (DU22 to DU26 sites of Fig. 7), a broader 
amplitude in the range 1.3-5.0 Hz and characterised by amplitude values lower than 1.0 at 
frequency higher than 6.0 Hz (Fig. 8) is recognised. The three measurements, DU22, DU23, and 
DU24, at the eastern periphery showed a reliable peak according to the SESAME (2004) criteria, 
although noise disturbance sources may have seriously perturbed measurement results, hiding the 
real amplitude of the peak. A summary of all the frequencies f (where the maximum amplitude 
occurs) and f0 (lowest peak with A0 > 2) is reported in Table 2.

Table 2 - Summary of the lowest fundamental peak f and f0 for each HVSR; f0 peaks are equal to f except when the 
amplitude value is lower than 2. In this case, we manually classified the curves as no peak. Only ambient vibration 
measurement, which showed a reliable peak accordingly to SESAME (2004) criteria were used for the analyses and 
are reported in the table.

 Measure f f-stdev f+stdev Amax f0 A0 A0/stdev A0*stdev

 DU02 1.14 0.90 1.38 1.8 no peak / 1.32 2.55

 DU03 0.97 0.77 1.17 1.9 no peak / 1.40 2.59

 DU06 5.70 4.99 6.41 2.4 5.70 2.4 1.99 2.8 

 DU07 0.72 0.58 0.85 3.2 0.72 3.2 2.02 4.96

 DU08 0.70 0.58 0.81 3.2 0.70 3.2 2.23 4.54

 DU09 0.73 0.61 0.84 3.4 0.73 3.4 2.31 5.08

 DU10 0.73 0.62 0.84 3.4 0.73 3.4 2.25 5.26

 DU11 0.83 0.67 1.00 2.0 no peak / 1.38 2.95

 DU14 0.92 0.76 1.07 2.8 0.92 2.8 1.99 3.94

 DU15 4.24 3.54 4.93 2.0 no peak / 1.41 2.88

 DU16 1.34 1.13 1.55 1.9 no peak / 1.38 2.55

 DU18 0.70 0.57 0.82 2.8 0.70 2.8 1.99 3.97

 DU19 1.50 1.24 1.77 1.9 no peak / 1.32 2.63

 DU21 4.85 4.36 5.35 3.4 4.85 3.4 2.21 5.22

 DU22 1.82 1.51 2.14 2.2 1.82 2.2 1.55 3.13

 DU23 1.68 1.40 1.96 2.7 1.68 2.7 1.68 4.28

 DU24 1.28 1.01 1.55 2.1 1.28 2.1 1.31 3.27

 DU25 1.22 0.97 1.48 2.0 no peak (?) / 1.61 2.56

 DU27 0.73 0.59 0.87 3.4 0.73 3.4 2.22 5.21

Afterwards, the corresponding fundamental periods T0 as 1/f0 were computed. This analysis 
was performed for each noise measurement. In order to map T0 according to a graphical scale 
which highlights the main results of the study, in this paper we show on map only the ambient 
vibration measurements collected in the historical centre and close surroundings (Fig. 12), where 
all the measures are closely located among each other and almost homogeneously distributed.

We found three trends in the T0 peaks in the historical centre, that have the significance of 
areas with homogeneous seismic behaviour for the presence of similar subsoil configurations: i) 
an area with no significant peaks (yellow circles in Fig. 12); ii) an area with peaks at frequencies 
in the range 0.1-0.5 s (blue circles in Fig. 12); iii) and the area with peak at very high period 
(> 1.1 s). Only one measurement showed peak in the range 0.7-1.1 s and it may finally be grouped 
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in the > 1.1 s to simplify the result. This behaviour follows the geological map in Fig. 12: on the 
geological bedrock, i.e. the N1-3m and N2-1h units (Kodra and Naçi, 2012), there is no evidence 
of peaks in the HVSR curves; conversely, moving towards east, peaks rank to higher periods, 
indicating a deeper geological bedrock interface below the Quaternary sediments (Qp-h and Qh 
units of Fig. 12).

Classes of periods T in the range 0.1-1.1 s are grouped according to the suggestion by Pergalani 
et al. (2020): the three intervals (T1 0.1-0.5 s; T2 0.4-0.8 s; T3 0.7-1.1 s) are closely linked to 
the heights of buildings (1≤T1≤4 floors; 3≤T2≤6 floors and 5≤T3≤8 floors). Some measurements 
(DU07, DU08, DU09, DU10, DU11, and DU18) exceeded the 1.1 s limit individuated in Pergalani 
et al. (2020). In fact, classification proposed by Pergalani et al. (2020) referred to the most 
common building heights in central Italy, which has a different level of urbanisation and building 
typology with respect to Durrës, where more than 8 floors high buildings are not rare. Therefore, 
we included in the classification a new class with T0 higher than 1.1 s, and the “no peak” class.

The predominant f0 frequency in the easternmost peripheral area, out of the map of Fig. 12, 
ranks between 1.28 and 1.82 Hz, corresponding to a predominant period T0 between 0.55 and 0.78 

Fig. 12 - a) Fundamental period T0 map of the sediment layer assessed by HVSR noise measurements (basemap is the 
simplified geological map of Fig. 5a); b) bar chart of the number of noise measurements. Classes are grouped in: classes 
of 0.4 s width (0.1-0.5 s; 0.4-0.8 s; 0.7-1.1 s) according to Pergalani et al. (2020); no peak class and >1.1 s T0 class are 
added respect to this classification (see text for details).
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s. This evidence, combined with the rough estimate that vibrational periods for buildings of 3-8 
floors go from 0.4 to 1.1 s (Pergalani et al., 2020), let us hypothesise that resonance phenomena 
could have taken place in this area, which is characterised by 6-10 floors high and reinforced 
concrete buildings.

5.2. The array surveys 
One of the methods applicable for the purpose of deriving the dispersion curve is the method 

proposed by Aki (1957, 1965). It is based on the principle according to which the average 
correlation function between the recordings of isotropic noise, acquired at vertical sensors 
distributed in different directions at the same r distance from a central sensor, has a known form: 
Bessel function of order 0. The shape of this Bessel function at a given frequency and a given 
distance r is controlled by the phase velocity value. This feature combined with the numerical 
research of the agreement between experimental data and Bessel function allows us to estimate 
the phase velocities for each frequency step. When geophones or seismic stations are deployed 
circularly, the Aki’s technique is called SPAC. In fact, in the original formulation, the value of 
distance r in the spatial autocorrelation function is fixed: the stations are all at the same distance 
from the pole chosen as the origin of the reference system. Ohori et al. (2002) and Okada (2003), 
however, showed that, since the phase velocity c(ω) is a function of frequency, equivalent results 
can be obtained by fitting the spatial correlation function at each frequency with the Bessel 
function that depends on all spatial interdistances [Extended Spatial Auto-Correlation (ESAC) 
technique]. When different sensor geometry and only specific relative location of the station pairs 
are taken into account, the technique is called MSPAC (Bettig et al., 2005).

Another technique used to identify the dispersion curve is the f-k (Lacoss et al., 1969). The 
idea behind this type of processing is to delay the recordings acquired at the different stations 
of the seismic antenna with respect to a particular wave number vector k➝ and to calculate Beam 
Power (a measure of the signal strength) and Semblance (a measure of coherence) of the outputs 
thus shifted. By varying many wave number vectors k➝, the wave number that maximises the array 
output (Beam Power and Semblance) can be found in the kx, ky plane. Simple relationships, then, 
exist between wave number vector k➝ and phase propagation velocity of Rayleigh waves. In this 
case, however, resolution depends on the interdistances among sensors and on the array aperture 
that is the largest distance between single sensors.

The basic scheme of the application of all multi-channel seismic antenna techniques consists 
of the following three steps: i) measuring noise by means of an array of synchronised seismic 
stations or geophones (seismic antenna) suitably arranged on the surface; ii) estimating the 
apparent dispersion curve of surface waves; iii) solving the inverse problem to estimate the soil 
structure looking for the best fit between the experimental and theoretical dispersion curves.

In this paper, aiming at obtaining a robust result, acquisitions by passive 2D array were 
analysed by f-k, ESAC, and MSPAC methods at each site: stadium and quarry. The combination of 
processing methods (the conventional f-k method and the SPAC technique) is highly recommended 
to increase the confidence about the results (SESAME, 2005).

Different codes were used: 1) Geopsy software (www.geopsy.org) and 2) an ESAC application 
[developed in the framework of the PRIN-STESSA Project: Mucciarelli (2015)]. The first code 
was used to retrieve the dispersion curves for: i) applying f-k analyses on both active and passive 
data and MSPAC analyses; ii) solving the inverse problem. The second code was used for the 



50

Boll. Geof. Teor. Appl., 62, 33-60 Mancini et al.

ESAC analyses. The inverse problem consisted in retrieving the VS profiles at each investigated 
sites throughout a joint inversion of Rayleigh dispersion curves with ellipticity.

The results of the analyses obtained at the Durrës stadium (Figs. 4 and 7) from the joint 
inversion of Rayleigh dispersion curves from MASW and 2D array with ellipticity is shown 
in Fig. 13. The combination of all the processing methods revealed a satisfactory agreement 
in this case and all the technique (f-k, MSPAC, ESAC) defined comparable dispersion curves. 
Apparent phase velocity ranks between 100 and about 160 m/s in the frequency range 4.5-10.0 
Hz. A power law able to numerically represent VS value of the best-fit is plotted in Fig. 13e 
together with the 95% confidence interval of this standard profile. The power law has the form: 
VS = 83 (1 + z)0.355, where z is the depth.

Fig. 13 - Results from 2D array 
measurement carried out at the 
Durrës stadium, in the coastal-
alluvial plain: a) Rayleigh wave 
dispersion curve trough f-k 
technique and 2D array limits; b) 
Rayleigh wave dispersion curves 
comparison; c) fitting of the 
dispersion curve; d) fitting of the 
ellipticity curve; e) considered best 
VS profiles (in grey), best fit (in 
red), power law (in black) in the 
form: VS = 83 (1 + z) 0.355 and 95% 
confidence interval of this standard 
VS profile.
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The VS30 (the average shear-wave velocity in the uppermost 30 m) obtained for this site (Table 
3) is 180 m/s, corresponding to the soil class D, according to Eurocode 8 [EC8: CEN (2004)]. This 
confirms the very poor mechanical quality of the marshy soil of the Durrës plain.

The results of the analyses obtained at the quarry site (Figs. 4, 5c, and 7), from the joint 
inversion of Rayleigh dispersion curves from 2D array with ellipticity at the DU20 site, are plotted 
in Fig.14. Apparent phase velocities do not significantly vary from 600 m/s in the range 12-15 
Hz, while a mismatch between f-k/MSPAC and ESAC curves can be recognised in this case. 
This is a commonly observed feature in experimental results. Out of the resolving power limits 
plotted in Fig. 14a, the f-k dispersion curve tends to 800 m/s, showing similar shapes obtained by 
the ESAC technique application. The lower bound depicted by the f-k technique was chosen to 
perform the following Rayleigh surface wave inversion. This choice, leading to underestimates of 
VS, is supported by the consideration that slightly linear increase VS with depth are expected, being 
the subsoil of the site characterised by the over-consolidated and jointed clays of the Helmesi 
Formation. Local geological indications helped in identifying the most reliable VS profile in this 
case. It is worth noting also that ellipticity played only the role of constraining the results for a 
wider interval with respect to the one due to the used instrument band width (4.5 Hz), since the 
HVSR curve at the DU20 site is flat. Nevertheless, for a conservative approach, the resulting VS 
profile was considered up to 30 m, which is a value overcoming only for few metres the depth 
defined by the rule of thumb of estimating the maximum depth by dispersion curve (maximum 
exploration depth ≈ vmax /fmin/2).

Table 3 - Stadium site: geological model and VS profile.

 From (m from To (m from Thickness Vs Geological unit
 

 ground surface) ground surface) (m) (m/s)

   0.0   2.2  2.2 135

   2.2   4.4  2.2 135

   4.3   6.5  2.2 136

   6.5   8.7  2.2 136

   8.7  10.9  2.2 136

  10.9  16.9  6.0 136

  16.7  22.7  6.0 264

  22.6  28.6  6.0 267

  28.5  34.5  6.0 270

  34.4  40.4  6.0 273

  40.3  48.3  8.0 276

  48.1  56.1  8.0 312

  56.0  64.0  8.0 326

  63.8  71.8  8.0 340

  71.6  79.6  8.0 354

  79.5 118.5 39.0 368 

 118.6 157.6 39.0 599

 140.0 179.0 39.0 620

Colluvial and lagoon-marshy 
deposits (units 1Qh2 and d,c,pQh, 

in Kodra and Naçi, 2012)

Silty clay and sand with 
conglomerate lenses (unit N1

2h(c), 
in Kodra and Naçi, 2012)
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Fig. 14 - Results from 2D array measurement carried out for the Durrës clay quarry, in the Mali i Durrësit ridge (Fig. 
5): a) Rayleigh wave dispersion curve trough f-k technique and 2D array limits; b) Rayleigh wave dispersion curves 
comparison; c) fitting of the dispersion curve; d) fitting of the ellipticity curves; e) considered best VS profiles and best fit.

According to the VS in Table 4, the VS30 is equal to 573 m/s. The individuated EC8 soil class 
is B, corresponding to the weathered geological bedrock cropping out in the western part of the 
historical centre along the Mali i Durrësit ridge. This latter VS profile (Fig. 14d) may be considered 
as representative of the VS of the geological bedrock.

Table 4 - Quarry site: geological model and VS profile.

 From (m from To (m from Thickness Vs Geological unit
 

 ground surface) ground surface) (m) (m/s)

 0.0 6.5 6.5 559

 6.5 13.0 6.5 559

 13.0 19.5 6.5 572

 19.5 26.0 6.5 585

 26.0 30.0 4.0 598

Clay and marl with sandy 
lenses (unit N1

2h(b), 
in Kodra and Naçi, 2012)

No universal definition, in fact, exists regarding the distinction between geological and seismic 
bedrock, with the latter having VS ≥ 800 m/s. Despite this, it can be assumed that the geological 
bedrock is the over-consolidated and jointed clays of the Helmesi Formation [N1

2 h(b) and N1
2 h(c) in 

Fig. 4]. Notwithstanding the VS are lower than 800 m/s, this site did not show peaks in the HVSR 
curves (see DU20 on Fig. 8) and the amplifications in Durrës are all expected to be related to the upper 
Quaternary sediments, absent in the quarry site but present further east in the coastal-alluvial plain.
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6. Mapping the geological bedrock depth

The variability of the fundamental resonance frequency over large areas is linked to the 
subsoil structure (i.e. lateral velocity variations, bedrock morphology of the basin). Therefore, 
information about the bedrock depth (hereafter h) is commonly obtained through a simplified 
approach (Thabet, 2019; Hinzen et al., 2004). It can be demonstrated that a physically plausible 
f0 - h relationship exists in the assumption of a VS profile for the sedimentary cover (D’Amico et 
al., 2008) and can be expressed in the form of:

h ≈ A * f0
B(1). (1)

The same approach was also used in this study. Therefore, coefficients A and B were chosen 
by plotting on the plane f0 - h the only available experimental h value obtained from the VS profile 
for the site that was not deployed on the seismic bedrock (e.g. the stadium noise array), and 
the corresponding f0 was derived from HVSR noise measurement. These estimates were, then, 
compared with the existing linear regressions of literature (Ibs-von Seht and Wohlenberg, 1999; 
Delgado et al., 2000a, 2000b; Parolai et al., 2002; Hinzen et al., 2004; Birgören et al., 2009; 
Ozalaybey et al., 2011; Del Monaco et al., 2013; Fairchild et al., 2013; Harutoonian et al., 2013; 
Tün et al., 2016; Thabet, 2019).

As indicated in Fig. 15a, this representative point is very close to the Delgado et al. (2000b) 
relationship. To confirm the validity of using this relationship in the study area, the power law of 
the best-fit model of Fig. 13e was used to describe the depth z - VS relationship (Fig. 15b):

VS (z) = VS0 (1 + z )x . (2)

Knowing the parameters VS0 and x in Eq. 2, it is possible to independently obtain the A and B 
coefficients in Eq. 1 (D’Amico et al., 2008) through the equation:

(3)

In this case, VS0 being equal to 83 m/s and x equal to 0.355, the coefficient A results in a value 
of 56, while the B coefficient results in a value of 1.55 (Table 5).

The aforementioned values were compared to the existing correlation coefficients parameters 
of f - h relationships of Delgado et al. (2000b) defined in Fig. 15a. Coefficients derived from the 
procedure described above and the existing ones are in good agreement. A and B coefficients 
proposed by Delgado et al. (2000b) were used to estimate the thickness h of the resonant 

Table 5 - Derived and existing correlation coefficients parameters of frequency-depth relationships (Thabet, 2019).

 Reference A B

 This study (Durrës stadium VS) 56 1.55

 Delgado et al. (2000b) 56 1.30
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Fig. 15 - a) HVSR resonance frequencies (f0) versus the bedrock depth (h) from the stadium VS profile compared with 
the literature relationship reviewed in Thabet (2019) and reference therein; b) VS velocity profile at the stadium (black 
points) and interpolation plot (solid black line).

Fig. 16 - Contour map showing the thickness of the resonant cover soil above the bedrock. A geostatistics polynomial 
algorithm (Diffusion Interpolation) was used to produce the map.
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Fig. 17 - Comparison of the top of the bedrock depth from the present study and that by Koçiu et al. (1985): a) contour 
map of the bedrock depth by Koçiu et al. (1985), redrawn and simplified (see also Fig. 6b), with trace of the cross-
section of Fig. 4, in red; b) top of the bedrock depths from Koçiu et al. (1985), in red, and from the present study, in 
blue, and VS profile from the stadium array plotted on the cross-section.

sedimentary layer from HVSR noise measurements over the study area, being they retrieved over 
a more consistent data set.

Thicknesses h obtained through Eq. 1 for each measurement point was used to produce a contour 
map of the resonant cover soil above the bedrock (Fig. 16). A Local Polynomial Interpolation 
(Diffusion Interpolation) in the software ArcMap was used to account for spatial distribution 
and to realise the map. In the absence of barriers, it applies a polynomial interpolation technique 
that uses randomly distributed measured data to predict (interpolate/extrapolate) values at any 
un-sampled location within the area of interest. Not to cross different geological formations and 
to bound the interpolation inside a homogeneous area from the geological point of view, we used 
geological limits as boundaries for the prediction. Local polynomial algorithm makes use of the 
spatial dependencies of the measured values in these cases.

The results of the interpolation are plotted on the map in Fig. 16 in terms of cover soil thickness. 
A somewhat similar trend to the one noted by Koçiu et al. (1985) and Koçiu (2004) (Fig. 6b) can 
be recognised: maximum thickness of the resonant cover, and maximum depth of the bedrock, 
is located at the north and east of the harbour-railway station zone (DU18 and DU27) and of the 
DURR permanent seismic station.
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To carry out a quantitative analysis of the error between the methodology applied in this study 
and in the previous available study, we compare in Fig. 17 the bedrock depth deducible from 
Koçiu et al. (1985) and the one retrieved from Fig. 16.

We have plotted on Fig. 17b the top of the bedrock depth as reconstructed from the present 
study (blue line) and the one from Koçiu et al. (1985) (red line) along the SW-NE trending cross-
section of Fig. 4. Despite the general similar trend, the bedrock top line by Koçiu et al. (1985) 
gently dips to NE and has a more smoothed profile than the bedrock from our reconstruction. 
On the other hand, the bedrock from this study has a more stepped profile in the western part 
of the cross-section, but better fits with the geological data in the tract from the stadium to the 
north-eastern termination. It seems quite evident a good correspondence between the bedrock 
depth from ambient vibration data and the geological boundary between the lagoon-marshy and 
colluvial deposits and the underlying geological bedrock. Moreover, on the cross-section it has 
also been plotted the VS profile from the stadium array, which shows an increment of VS close to 
the depth of our reconstructed bedrock.

7. Conclusions

The results obtained in this study can be considered a preliminary step towards the seismic 
zoning of the city. They allow us defining three seismically homogeneous zones in the historical 
centre and one in the most damaged area after the 21 September 2019 earthquake. Expected 
damages in the historical city centre could be particularly enhanced if the following conditions 
exist: the occurrence of higher resonance frequencies (3-10 Hz) and a peculiar building typology 
mainly consisting of old, highly vulnerable, two- to four-storey masonry buildings.

Moreover, the results from array noise measurements at the stadium highlight the necessity 
of performing laboratory tests for thoroughly investigating the geotechnical properties of the soil 
in the eastern historical centre, where a thick cover of Quaternary marshy deposits is present and 
very poor soil mechanical properties are expected.

The map of the geological bedrock was obtained despite the fact that relatively large errors 
may affect the depth estimates provided by this approach (D’Amico et al., 2008). However, 
it can be considered as a useful proxy for more costly exploratory surveys: it provides useful 
information for the planning of the new field campaign and new data acquisitions, enhancing the 
importance of the use of joint inversion for investigating the city subsoil and fixing the maximum 
depth exploration.

Eventually, these preliminary results may give useful information on the post-earthquake 
reconstruction and the enhancement of urban resilience.

Supplementary material related to this article (E S1 - Table of the SESAME (2004) criteria applied to 
DU1-DU15 measurements and E S2 - Table of the SESAME (2004) criteria applied to DU16-DU29 
measurements) is available online at the BGTA website www.bgta.eu.
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