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Abstract
It is known that local geology can alter the ground motion characteristics at a particu-
lar site. Whereas some sites are characterised by outcropping low-velocity layers, others 
might have buried ones of considerable thickness which might still be a cause of ground 
motion amplification. The Maltese islands (Central Mediterranean) provide a good case 
study for profiles with a buried low-velocity layer. Parts of the islands are characterised by 
Upper Coralline Limestone covering a soft Blue Clay layer of considerable thickness (up 
to 75 m). This gives rise to a velocity inversion and makes the travel-time average shear-
wave velocity (VS) in the upper 30 m not suitable for seismic microzonation purposes. This 
study presents a comprehensive site response analysis for such areas. Previously obtained 
shear-wave velocity (VS) profiles were used as an input to the equivalent linear programme 
SHAKE2000. Maps of amplification factors and 5% damped elastic response spectra con-
firm that the clay, even when buried under a hard outcropping layer, can still produce sig-
nificant amplifications at frequencies which are of engineering interest when considering 
the recent urbanisation patterns. Moreover, the suitability of the VS30 and the travel-time 
average shear-wave velocity till bedrock parameters as proxies for site response was inves-
tigated, with the results highlighting the inadequacy of these parameters for sites character-
ised by buried low-velocity layers and the necessity for site-specific response studies.
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1  Introduction

The Maltese islands have suffered damage from earthquakes in the historical past (Galea 
2007), the most serious being the event of 11 January 1693, due to a magnitude 7.4 
earthquake in SE Sicily (Guidoboni et  al. 2018). Other large earthquakes in southern 
Greece, as well as more moderate ones in the Sicily Channel, have also caused build-
ing damage. The majority of the buildings are of load-bearing unreinforced masonry, 
and recently the islands have seen the emergence of numerous apartment blocks of 
5–7 storeys as well as a number of existing and planned tower blocks exceeding 20 
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storeys. The public perception about seismic risk remains generally one of negligence 
and complacency.

A national strategy needs to consider and integrate a number of approaches, such 
as probabilistic/deterministic seismic hazard assessment, evaluation of local seismic 
site response as a function of surface geology, and estimates of ground motion param-
eters (ground acceleration and ground velocity) in realistic earthquake scenarios. Such 
estimates can then be used to predict the behaviour of typical local constructions in 
response to ground shaking.

The islands composing the Maltese archipelago are characterised by a four-layer 
sequence of limestones and clays (Pedley et al 1978) (Fig. 1). The western half of the 
archipelago is characterised by Upper Coralline Limestone (UCL) plateaux and hillcaps, 
reaching thicknesses up to 162 m (1977), covering a Blue Clay (BC) layer which can be 
up to 75 m thick. This results in a seismic velocity inversion in the stratigraphy.

In recent years, studies on local seismic site response have been carried out both on 
a national scale, as well as in the form of microzonation studies in some areas of the 
archipelago. These studies, through the recording of ambient seismic noise and analysis 
of horizontal-to-vertical spectral ratios (H/V), have revealed that the western half of 
Malta, and the island of Gozo, where the clay layer is present within the lithostratigra-
phy, have the clear potential to amplify ground motion in specific frequency ranges, as 
opposed to the eastern half of the archipelago where the outcropping rock is mainly the 
Lower Globigerina Limestone which may be considered as bedrock (Pace et al. 2011; 

Fig. 1   a  Simplified geological map of the Maltese islands with location and names of the investigated sites 
(Oil Exploration Directorate 1993). Inset shows the location of the Maltese islands in the Central Mediter-
ranean
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Panzera et al. 2013; Vella et al. 2013). These results have important implications on the 
building seismic action determination.

Various building codes, including the Eurocode 8, use the VS30 parameter as a proxy 
for site amplification because it can be easily obtained at a relatively low cost. How-
ever, using a single parameter to represent the entire VS profile cannot quantify properly 
the effects of the real impedance contrast/s, which is one of the main sources of soil 
amplification. Moreover, the EC8 classification scheme uses very broad categories, each 
including a large variety of soil types and thicknesses. For example, the EC8 site cat-
egory B includes very dense sand-gravels to very stiff-hard clays, having a thickness of 
several tens of meters and VS30 from 360 to 800 m/s (Pitilakis et al. 2013). Nonetheless, 
there is no reference to sites with thick buried low-velocity layers in the EC8 classifica-
tion scheme.

Recent studies have questioned the use of VS30 as a proxy for site amplification (e.g. 
Castellaro et  al. 2008; Wald and Mori 2000; Park and Hashash 2004). Castellaro et  al. 
(2008) argue that even though the shear-wave velocity of the subsoil should have a role in 
the site effect assessment because it is related to soil rigidity, seismic amplification is too 
complex to be related to a single parameter based on the first 30 m of subsoil. As argued 
by Di Giacomo et al. (2005), the VS30 might represent a problem when velocity inversions 
are present in the stratigraphy whilst Ozcep et al. (2013) show the inadequacy of VS30 in 
the case of complex basin structures. Moreover, the role of sediments deeper than 30 m 
in seismic amplification was demonstrated by Frankel et al. (2002), and Park and Hashash 
(2004) demonstrated the role of deeper sediments (> 30 m) in seismic amplification. As 
regards the VS30-based soil classification schemes (such as EC8 and NEHRP), Park and 
Hashash (2004) also observe that the use of NEHRP site-correction coefficients overesti-
mates seismic ground motion at short periods and underestimates seismic ground motion 
at long periods for the cases of thick deposits. Wald and Mori (2000) also identified a large 
degree of scatter in the observed amplification within each class of the NEHRP scheme, 
whilst Stewart et al. (2003) found that it is not optimised for long periods (T > 1 s) with 
respect to both the dispersion and distinction criteria.

Efforts have been made to identify several alternative or supplementary indicators for 
site response. These include depth-to-basement (Steidl 2000), average VS over depths other 
than 30 m (Gallipoli and Mucciarelli 2009) and fundamental site period/frequency (Luzi 
et  al. 2011; Di Alessandro et  al. 2012; Peruzza et  al. 2017). New classification schemes 
based on the above-mentioned parameters are also being proposed. Luzi et al. (2011) and 
Di Alessandro et al. (2012) devised new classification schemes which are based on the fun-
damental frequency, f0 or a combination of the VS30 and f0. Pitilakis et al. (2013) proposed a 
new classification which uses parameters such as the thickness of soil deposits, the average 
shear-wave velocity to the seismic bedrock and the fundamental period of the site.

In this study, experimentally determined VS profiles characterised by a buried low-veloc-
ity layer were evaluated for site response using the equivalent-linear code SHAKE2000 
(Ordonez 2011). Results in terms of 5% damped elastic response spectra were then used to 
assess the expected amplification at these sites. Moreover, to understand the implications 
of low-velocity layers on site class definition and hence on the correct prediction of their 
response to ground shaking, various tests using the resulting response spectra were con-
ducted to investigate the following:

•	 The effects of the buried clay layer;
•	 The validity of parameters such as VS30 and VSbedrock for site response;
•	 The validity of site classification of building codes, such as Eurocode 8.
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2 � Tectonic features and geological setting of the Maltese islands

The Maltese archipelago is made up of three islands (Malta, Gozo and Comino) and 
covers an area of around 316 km2. The islands lie in the Sicily Channel (inset in Fig. 1) 
on a relatively stable plateau of the African foreland, known as the Pelagian Platform, 
about 200 km south of the convergent segment of the Europe-Africa plate boundary that 
runs through Sicily.

The Pelagian Platform separates the deep Ionian Basin from the Western Mediterra-
nean. Its sea-bed topography is characterised mainly by a number of deep NW trending 
grabens, namely the Pantelleria Graben, Linosa Graben and Malta Graben, collectively 
termed the Pantelleria Rift or Sicily Channel Rift Zone (SCRZ). The depth of the Pan-
telleria Rift reaches a maximum of around 1700  m. The Hyblean Platform, between 
Malta and SE Sicily, is separated from the deep Ionian basin to the east by the steep 
Malta Escarpment (Pedley et al 2002).

The Maltese islands were formed as marine sediments during the Oligocene and 
Miocene epochs and were uplifted around 10 million years ago for the first time, as a 
result of incipient rifting in the Sicily Channel. The islands are made up of four strata 
of lime-rich sedimentary rocks, with the composition and texture of each layer depend-
ing amongst other things, on the grain size of the sediment and depth of deposition 
(Pedley et al. 2002). Starting from the bottom and oldest, the formations are as follows: 
the Lower Coralline Limestone (LCL), the Globigerina Limestone (GL), the Blue Clay 
(BC) and the Upper Coralline Limestone (UCL) (refer to Fig. 1).

The compact LCL is exposed mainly as cliff faces in the south-west coast. It is non-
homogeneous and composed of five different ‘facies’ according to the depositional envi-
ronment of the sediments (Pedley et  al. 2002; Gatt et  al. 2009; Gatt 2012). The GL 
covers large areas of central and southern Malta and Gozo (Magri 2006). It is a chalky 
and soft yellowish fine-grained limestone, which is further subdivided into three layers 
separated by two thin hardground conglomerate layers.

The Blue Clay layer is the softest in the layer package and is easily erodible. It is 
mostly found beneath the UCL which is the youngest of the layers and can have variable 
characteristics, ranging from fractured and friable to highly compact. As can be seen 
from Fig. 1, the western half of Malta and some areas in Gozo retain the full sedimen-
tary sequence (Pedley et al. 2002).

3 � Methodology

The evaluation of local seismic response was performed numerically using the equiv-
alent-linear earthquake site response code SHAKE2000 (Ordonez 2011). The code 
requires three main inputs: a shear-wave velocity profile representative of the site, an 
input motion acceleration time-history, and the modulus reduction and damping curves 
for each geological layer. In the following section, the methods for obtaining each of the 
three input parameters will be discussed.
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3.1 � Obtaining the shear‑wave velocity profiles

Shear-wave velocity profiles had been previously obtained at 20 sites on the islands, 
shown in Fig.  1, using surface wave measurements (Farrugia et  al. 2016). At each 
investigated site, single- and multi-station seismic ambient noise recordings were col-
lected as explained in Farrugia et  al. (2016). The single-station time-series were used 
to obtain the H/V curve (Nakamura 1989), which gives a peak at the fundamental reso-
nance frequency of the site in the range of 1–2 Hz (refer to Farrugia et al. 2016). The 
phase-velocity dispersion curves were obtained by processing the array data using the 
ESAC (Extended Spatial Auto-Correlation; Ohori et al. 2002) technique. The H/V and 
dispersion curves for each site were then jointly inverted using a Genetic Algorithm 
(Yamanaka and Ishida 1996; Picozzi and Albarello 2007).

For each site, the inversion algorithm was set to run 10 times, each time starting from 
a random model. From the 10 best models, the model having the lowest misfit was then 
chosen as the representative profile of the site and was used for site response analysis. We 
remark that in a site-specific investigation, it would be advisable to run the analysis using 
more than one possible velocity profile; however, this study was intended to demonstrate 
the effect of the buried low-velocity layer in a nation-wide context, and therefore the model 
with the lowest misfit was consistently chosen at all sites. Figure 2 shows the selected VS 
profiles for each site and a stratigraphic interpretation. In addition, the VS30 for each profile 
was computed and is listed in the same figure. The GL layer was chosen as the bedrock ref-
erence layer because its velocity is greater than 800 m/s (except in Manikata and Mdina). 
Table 1 shows the VS ranges for the three lithotypes obtained from all the studied sites.

3.2 � Obtaining the input acceleration time histories

In order to determine the site-specific frequency response at the chosen locations, it was 
required to select a set of input acceleration time histories that would be compatible with 
the national seismic hazard parameters. Based on research conducted to date, and pend-
ing the final establishment of national seismic design parameters for the Maltese islands, a 
plausible value for the mean value of PGA corresponding to a 475-year return period, on 
rock sites, is 0.08 g (Panzera et al. 2015). Taking into consideration the seismic history as 
well as the seismotectonic background, this seismic hazard contains contributions both by 
moderate magnitude events (M = 5.0–6.0) at short distances (d = 10–40 km) as well as by 
high magnitude events (M = 6.5–8.0) at distances larger than 90 km (Panzera et al. 2015).

SHAKE2000 allows the use of both synthetic as well as real acceleration time his-
tories as input motion at the base of the stratigraphic layer package. Synthetic data are 
known to suffer from an excessive number of cycles of strong motion and consequently 
possess unreasonably high energy content (Bommer and Acevedo 2004). Moreover, the 
available, and frequently used code, EXSIM, only simulates the high-frequency wave-
field (> 1 Hz). On the other hand, no real data, recorded on the Maltese islands, corre-
sponding to design earthquake parameters, are available. We have therefore decided to 
take the approach of ‘spectrum matching’, in which a suite of seven real accelerograms 
was selected from the European Strong Motion Database using the REXEL code (Ier-
volino et  al. 2010), whose average spectra matched closely a chosen target spectrum 
(Smerzini et al. 2014). For the latter, we selected the EC8 Type 1 spectrum, anchored at 
a PGA of 0.08 g, given that the earthquake with the largest contribution to the seismic 
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Fig. 2   The shear-wave velocity profile of each site obtained using geophysical investigations and a strati-
graphic interpretation (UCL-green, BC-blue, GL-cream). The VS30 value for each profile is shown in the 
figure
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hazard has magnitude > 5.5 (1693 M7.4 event in SE Sicily). In other words, we have 
considered the far-field scenario as our case study. The use of seven accelerograms, and 
the subsequent averaging of the response spectra, is recommended in order to cover a 
wider range of earthquake types or magnitude-distance combinations (Pagliaroli and 
Lanzo 2008).

The search was conducted for magnitudes between 6.5 and 8.0 and distances between 
60 and 200 km (Panzera et al. 2015). Only earthquakes recorded at stations installed on 
class A sites, according to the EC8, were chosen. The selected records were scaled to 
the target PGA by applying a constant scaling factor. As required by the EC8, a condi-
tion was set before the search such that the average elastic spectrum would not under-
estimate the code spectrum by more than 10%. EC8 does not provide any value for the 
upper limit; however, an upper tolerance of 30% was chosen as recommended in Ierv-
olino et al. (2010). The input acceleration time histories were applied at the top of the 
GL layer which is the bedrock reference layer as described in Sect. 3.2.

Table 1   The VS ranges for each 
lithotype obtained from all the 
studied sites

Lithotype VS range (m/s)

UCL 550–1100
BC 350–600
GL 700–1400

Fig. 3   The response spectra of the selected input motions (scaled time history accelerograms). Event infor-
mation is given in Table 2
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Plots of the scaled spectra of the chosen earthquakes together with the EC8 target 
spectra are presented in Fig. 3. Table 2 displays the information about the chosen suite 
of records.

3.3 � Choosing the modulus reduction and damping curves

The modulus reduction and damping curves were chosen from the curves available in 
SHAKE2000 which reasonably represent the stratigraphical geotechnical properties 
available at various sites on the islands (A Mifsud 2019, personal communication). 
These are shown in Fig. 4. Conducted sensitivity studies (e.g. Barani et al. 2013) have 
shown that these have minimal effect on the obtained results.

Table 2   The parameters of the seven selected acceleration time histories of earthquakes from the European 
Strong Motion Database (Luzi et al. 2016)

Code Earthquake name Date MW Epicentral 
distance (km)

Fault mechanism Scale factor

200xa Montenegro 15/04/1979 6.9 65 Thrust 0.36
201ya Montenegro 15/04/1979 6.9 105 Thrust 1.07
302ya Campano 23/11/1990 6.9 92 Normal 5.08
1256xa Izmit 17/08/1999 7.6 92 Strike-slip 2.27
5675xa Montenegro 15/04/1979 6.9 180 Thrust 3.67
5820ya Strofades 18/11/1997 6.6 136 Oblique 0.87
5826xa Strofades 18/11/1997 6.6 90 Oblique 1.21

Fig. 4   The modulus reduction and damping curves used in this study. The EPRI curves were used to model 
the limestone layer according to their depth (the deepest being EPRI Rock 5) whilst the clay curves were 
used to model the clay layers
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4 � Results and discussion

The SHAKE2000 software provides PGA values, the theoretical transfer function and the 
response spectra as output results, amongst others.

4.1 � The response spectra

In Fig. 5, the 5% damped elastic response spectra obtained for each site are shown. The spec-
tra are grouped according to the corresponding EC8 site class, based on the computed VS30 
as displayed in Fig. 2. Five sites, with a VS30 result larger than 800 m/s, have been classified 
as EC8 Site Class A. The response spectra for three of these sites lie below the EC8 target 
spectrum at the plateau range of frequencies; however, at two sites (Ahrax and Siggiewi), the 
spectrum shows a well-defined peak which is up to 50% higher than the target spectrum and 
more consistent with a Class B spectrum. It is also considerably shifted towards longer peri-
ods. Indeed, all ‘Class A’ spectra demonstrate a significantly higher response than the target 
spectrum at longer periods (> 0.5  s). This behaviour implies that the VS30 criterion for site 
classification is not always appropriate in these local geological settings, and may have serious 
implications especially for the design of taller buildings that respond to lower frequencies of 
ground shaking.

In the same way, 14 sites were estimated to have a VS30 between 360 and 800 m/s, classify-
ing them as EC8 Site Class B. The middle panel of Fig. 5 shows the computed response spec-
tra for these sites and the EC8 target spectrum for Class B. The majority of the spectra lie well 
over the design spectrum, especially at longer periods. The response spectrum for Majjistral, 
for example, peaks at T = 0.75 s, which is outside the horizontal plateau of the design spec-
trum, and remains considerably higher in the long period part of the spectrum. It can also be 
noted that for both site classes A and B, at periods shorter than around 0.2 s, the site-specific 
response spectra fall below the EC8 curves.

One site (Victoria 1, in Gozo) resulted in a VS30 value lower than 300 m/s and was thus 
classified as a Site Class C. In practice, however, the height of the spectrum actually exceeds 
that of the Class E spectrum (CEN 2004).

The above examples and considerations clearly show the inadequacy of a single criterion 
such as VS30 to characterise all sites, and emphasise the need for site-specific response analysis 
in cases of a buried clay (or low-velocity) layer geology, especially in the design of important 
and tall structures.

4.2 � Amplification factors

A more quantitative comparison of surface ground motion at the investigated sites is pro-
vided by computing the following amplification factors from the 5% damped elastic response 
spectra:

(1)FPGA =

PGAoutput

PGAinput

;

(2)FA =

SAoutput

SAinput

;
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Fig. 5   The surface response 
spectra obtained at each site 
compared to the EC8 recom-
mended site spectra (black line), 
grouped in class A, B and C sites 
according to their VS30 values
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where the input values are obtained from the mean spectrum in Fig. 3 whilst the output 
values are obtained from the mean output spectra shown in Fig. 5. SA and SV are obtained 
as follows [using the suggestions by Working Group MS (2015)]:

where TA is the period at which the spectral acceleration (Sa) is maximum (also called the 
predominant period, refer to top panel in Fig. 6); and

with TV representing the period at which the velocity response spectrum (Sv) is maximum 
(refer to Fig. 6, middle panel).

We note that TA is generally smaller than TV and that the integral in SA is generally 
determined over a range that includes shorter periods. Compagnoni et  al (2011) deduce 
that the two amplification factors may be associated with different dominant periods: FA 
is more relevant at shorter periods (< 0.5 s) whilst FV may be related to the behaviour at 
longer periods, and thus more relevant in the case of taller buildings. These values provide 
a convenient way of summing up some of the characteristics of the response spectra. The 
values of FPGA, FA and FV are mapped in Fig. 7.

The amplification factors may be used to predict ground surface response to an earth-
quake input. As can be seen in Fig. 7, for the studied sites, values for FPGA and FA are 
generally both larger than 1, except in a minority of cases. Whilst the latter means that 
these sites are capable of deamplifying the input ground motion, amplification is expected 
in the majority of the sites. The three sites for which the FPGA is less than 1 are character-
ised by a UCL thickness greater than 48 m and are thus classified as class A according to 
the EC8 site classification. It is worth noting however that even though the Bingemma site 
is characterised by 52 m of UCL, the PGA is still slightly amplified. This could be due to 
the fact that the UCL is ‘layered’ into two strata with the upper layer having an average VS 
of 600 m/s. In contrast, the highest FPGA values were obtained for those sites where a thin 
layer of UCL limestone (less than 10 m) outcrops. This is also similar for the amplification 
factor FA.

On the other hand, the amplification factor FV is greater than 1 at all sites, indicating 
that amplification is expected at longer periods. Compagnoni et  al (2011) also obtained 
high FV amplification values for sites characterised by a low-velocity layer. In general, 
for FV, the same relationship was obtained as for FA, i.e. sites with thicker UCL exhibited 
lower amplification values. However, other characteristics of the VS profiles also play an 
important role. For example, a higher FV value was obtained at the Majjistral site, which 
is characterised by a UCL thickness of 24 m, compared to sites which have a thinner UCL 
layer (e.g. Mdina which has a UCL thickness of 7 m). This could be interpreted as being 
due to the high impedance contrast (around 4) between the BC and GL layer at the Maj-
jistral site.

We have investigated possible correlations between the amplification factors and vari-
ous parameters of the VS profiles. Figure 8 shows the three amplification factors plotted 

(3)FV =

SVoutput

SVinput

(4)SA =

∫ 1.5TA

0.5TA
S
a
dt

TA

(5)SV =

∫ 1.2TV

0.8TV
S
v
dT

0.4TV
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Fig. 6   An example showing the procedure adopted to obtain the amplification factors. Top panel shows how 
the PGA and TA are determined from the 5% damped acceleration response spectrum. The shaded section 
shows the integral calculated in Eq. (4). Middle panel shows the identification of TV and the corresponding 
integral in Eq. (5) from the 5% damped velocity response spectrum. Bottom panel shows how the funda-
mental frequency is determined from the resulting transfer function
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against the thickness and VS of the UCL and BC, the impedance contrast between the BC 
and underlying GL layer and the VS30. No clear trend is observed for the BC thickness. 
On the other hand, the FV values increase significantly with decreasing UCL thickness 
as well as with decreasing UCL and BC shear-wave velocities. These trends are also clear 

Fig. 7   The amplification factors (FPGA, FA and FV) obtained for each site
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for FPGA and FA, particularly with respect to BC shear-wave velocity. A clear trend can 
also be observed between FV and the impedance contrast, whereby the FV increases with 
impedance contrast. Lastly, the three amplification factors can be seen to decrease with an 
increase in VS30. However, a large scatter in the FV values can be seen. The observations 
made above clearly highlight the role that the different properties which constitute the VS 
profile play in site amplification and the difficulty in classifying the sites in rigid groups 
according to the properties of their upper 30 m of subsoil.

Fig. 8   Graphs showing the variation of the amplification factors with VS profile characteristics: Top panel 
for UCL layer characteristics; middle panels for the BC layer; bottom left impedance contrast between BC 
and GL and bottom right VS30
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The transfer functions obtained for each site are shown in Fig. 9. The fundamental fre-
quency obtained from the 1D transfer function (as shown in Fig. 6, bottom panel) and the 
predominant period, or TA (as defined above), are tabulated in Table 3, together with the 
H/V peak frequency obtained at each site as in Farrugia et  al. (2016). The fundamental 

Fig. 9   The transfer functions obtained for each site
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frequencies obtained are in the range 1–2 Hz except for Siggiewi, for which a value slightly 
higher than 2 was obtained. These are in agreement with the values obtained using the H/V 
method. The resulting predominant periods range between 0.15 and 0.75 s. Both the fun-
damental and predominant periods obtained fall in the range of resonance frequencies of 
typical 2–10 storey buildings (Galea et al. 2015; Panzera et al. 2016), which are becoming 
increasingly common in the northern part of the islands where the clay is present. Conse-
quently, these buildings might suffer significant damage when this scenario is considered.

In the following sections, the effect of the UCL layer on the surface response spectra 
and the validity of parameters such as VS30 and VSbedrock for site response analysis will be 
investigated.

4.3 � The effect of the outcropping Upper Coralline Limestone layer

Whereas a site with outcropping clay is normally perceived as vulnerable within the local 
construction industry, sites on outcropping UCL may often be regarded as ‘rock sites’ 
without adequate consideration of the effect of the underlying clay. To assess the extent to 
which the top UCL layer mitigates the amplification effect of the clay, site response analy-
sis was again carried out on the profiles with the UCL layer being removed, equivalent to 
a surface geology with outcropping Blue Clay. The other profile properties were kept as in 
the previous analysis. The resulting response spectra for both cases (referred to as With and 

Table 3   The experimental H/V peak frequency (refer to Farrugia et al. 2016), the calculated fundamental 
frequency and the predominant period (TA) and predominant frequency (1/TA) obtained for each study site

Site H/V peak frequency 
(Hz)

Fundamental fre-
quency (Hz)

Predominant period 
(s)

Predominant 
frequency 
(Hz)

Ahrax 1.5 1.63 0.58 0.58 /1.72
Bahrija 1.25 1.75 0.52 0.52/1.92
Bingemma 1.47 1.5 0.16 0.16/6.25
Comino 0.94 1.25 0.14 0.14/7.14
Dingli 1.66 1.5 0.38 0.38/2.63
Ghajnsielem 1.34 1.5 0.23 0.23/4.35
Majjistral 1.22 1.38 0.68 0.68/1.47
Manikata 1.38 1.75 0.52 0.52/1.92
Mdina 1.84 1.88 0.41 0.41/2.44
Mellieha 1.38 1.25 0.21 0.21/4.76
Mgarr 1.75 1.75 0.52 0.52/1.92
Mtahleb 1.34 1.75 0.57 0.57/1.75
Nadur 1.38 1.13 0.74 0.74/1.35
Red Tower 1.41 1.63 0.52 0.52/1.92
Selmun 1.47 1.63 0.52 0.52/1.92
Siggiewi 1.50 2.13 0.41 0.41/2.44
Victoria 1 1.47 1.5 0.57 0.57/1.75
Victoria 2 1.41 1.63 0.23 0.23/4.35
Xaghra 1.31 1.5 0.31 0.31/3.23
Xemxija 1.31 1.5 0.23 0.23/4.35
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Without UCL) are presented in Fig. 10. The thickness, H, and VS of the UCL layer are also 
given in the figure for each site.

From the resulting acceleration spectra, it can be noted that the response spectra for 
sites with a thin UCL layer (up to around 20 m) remain very similar if the UCL layer is 
removed, i.e. the BC is outcropping. However, as the UCL gets thicker, the amplification 
effect is considerably reduced, mostly at periods below 1 s. Thus, it can be concluded that 
the UCL acts as a medium which decreases surface ground motion and absorbs short peri-
ods. It, therefore, offers some ‘protection’ especially when having a considerable thickness. 
Its effect, however, is almost negligible when having a thin UCL layer (less than around 
20 m).

4.4 � The relevance of VS30, VSbedrock and site classification of building codes

We argue that VS30 is not an adequate proxy to characterise the amplification potential of a 
site, especially in the type of geological situation being considered here. This has already 
been recognized by other authors (eg Pitilakis et al. 2013; Gallipoli and Mucciarelli 2009) 
who have also suggested the use of the travel-time average shear-wave velocity down to the 
bedrock (VSbedrock) as an alternative.

To further show that both VS30 and VSbedrock may be inadequate, we have randomly 
constructed a number of different shear-wave velocity profiles (4 of which are shown in 
Fig. 11), all having the same VS30 (670 m/s ± 15 m/s), VSbedrock (625 m/s ± 15 m/s) and char-
acterised by a buried low-velocity layer. The VS30 values classify the profiles as EC8 Class 
B sites. Within the profiles, the shear-wave velocity and thickness of each layer (UCL, BC, 
GL) were constrained to be within the ranges of values measured in the study, shown in 
Table 4. The numerical analysis was conducted again for each of these profiles using the 
same input time histories and curves as in Sects. 3.2 and 3.3. The resulting spectra for four 
such profiles, together with the Type 1 EC8 spectra, are presented in Fig. 11. 

The computed acceleration spectra clearly show significant differences between the 
response spectra at a wide range of periods. Specifically, the PGA varies from 0.068 g to 
0.1 g and the maximum spectral acceleration varies from 0.2 g to almost 0.35 g. Compar-
ing with the EC8 design spectra, it can be observed that whilst profile 2 has a similar spec-
trum to the EC8 site class B design spectrum, the other profiles are more similar to other 
site classes. In particular, the spectrum of profile 4 can be compared with the site class A 
spectrum, profile 3 with site class C, whilst profile 1 can be seen to exceed the response of 
a class E site. This comparison highlights the inadequacy of the VS30 and VSbedrock proxies 

Fig. 10   The resulting surface response spectra for VS profiles with and without the UCL layer. The VS and 
thickness H of the UCL layer which was removed are indicated
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Fig. 11   Top panel: Four hypothetical VS profiles with similar VS30 and VSbedrock. Bottom panel: The resulting 
5% damped surface response spectra of the profiles from the top panel and the EC8 design spectra. Colours 
correspond to the top panel
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and continues to support the idea that site-specific response analysis is required for sites 
characterised by a buried low-velocity layer.

5 � Conclusions

In this study, the local seismic response in regions of the Maltese islands, where a low-
velocity clay layer is buried underneath limestone, is evaluated using the equivalent lin-
ear numerical code SHAKE2000. The stratigraphic sequence of 20 sites in terms of shear-
wave velocities was previously obtained using geophysical investigations. The VS profiles 
together with dynamic soil properties and design acceleration time histories were used as 
inputs to SHAKE2000 to provide the acceleration response spectra at each site. The results 
were also represented in terms of three amplification factors: FPGA, FA and FV. Signifi-
cantly, it has been observed that sites with a thin capping of UCL above the clay layer 
exhibit high amplification factors. However, it was also noted that the other properties of 
the VS profiles such as the impedance contrast can contribute to high FV amplification val-
ues. The predominant period and fundamental frequencies obtained from the 1D numeri-
cal simulation coincide with resonance frequencies of typical 2–10 storey buildings, which 
are becoming increasingly common in the northern part of the islands where the clay is 
present.

The comparison between the site-specific 5% damped elastic response spectra and the 
corresponding recommended EC8 spectra showed that the response spectrum of the major-
ity of the sites significantly exceeds the EC8 spectra at the plateau periods of the design 
spectrum and at longer periods. Moreover, it was shown that layered structures having 
different VS profiles but having the same VS30 and VSbedrock can produce different ground 
motion response, with an amplification differing by a factor of 2 or more at certain periods. 
This indicates that these two parameters may not be suitable proxies for site amplification, 
at least for sites characterised by velocity inversions.

Finally, the role of the UCL layer in the local site response was investigated by re-run-
ning the numerical analysis using the same profile but with the UCL layer removed. The 
comparison between the response spectra of the profiles with and without UCL shows that 
the spectral acceleration decreases considerably as the upper layer gets thicker.

Our results highlight the inadequacy of using VS30 or VSbedrock to generalise the behav-
iour of different sites using one design response spectrum, especially in areas where the 
geology is not a simple case of a low-velocity sedimentary layer over bedrock, but may 
include different situations such as a thick, buried low-velocity layer. This situation is com-
mon both locally and globally. In such cases, it is important that site-specific response 
investigations are conducted, and that such a practice is included in an updated building 

Table 4   Ranges used for the 
construction of random VS 
profiles

Parameter Range

UCL thickness 0–60 m
UCL VS 500–1100 m/s
BC thickness 0–60 m
BC VS 350–600 m/s
GL thickness 20–100 m
GL VS 700–1400 m/s
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code for the country, together with further microzonation studies, numerical modelling and 
studies on building behaviour. The site response results obtained in this study show that 
even if the national seismic hazard is low-to-moderate, the rapidly increasing number of 
constructions on geologically vulnerable areas imparts a high risk, even at moderate levels 
of ground shaking. A holistic risk assessment of the islands, which takes all the above into 
consideration, is therefore of crucial importance.
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