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ABSTRACT: The identification of areas with uniform behaviour in seismic perspective
is a very complex task that involves the simultaneous assessment of many parameters. In
this paper we propose an automatic procedure for the seismic microzonation based on
cluster analysis and performed by means of an agglomerative hierarchical algorithm. It
exploits a proximity matrix specifically defined on the parameters space and the average
linkage criteria. The procedure has been used to carry out the expedite seismic microzonation of some high seismic hazard areas, only using the data inferred by the extensive
application of the HVSR technique. The results of the clustering procedures have been
assessed from a quantitative point of view, by means of the variance decomposition.
This procedure could be also used to identify homogeneous areas in a different parameters space or in a multi-dimensional space, to obtain a robust and exhaustive seismic
microzonation, based on a quantitative method.

1 INTRODUCTION
Seismic microzonation is the task of identifying areas with similar behaviour in seismic
perspective. One of the most important aspects of seismic microzonation is the identification of site effects, mainly linked to resonance phenomena of shallow geological bodies,
which can greatly amplify the shaking generated by an earthquake. In this paper we propose the application of the clustering analysis to carry out an expedite seismic microzonation of some high seismic hazard municipalities using only the available geophysical
information inferred by the extensive application of the Horizontal to Vertical Noise
Spectral Ratio (HVSR) technique. The cluster analysis is the task of grouping a set of
objects in such a way that the objects in the same group (called cluster) are more similar
to each other than to those in other groups (Gan 2007; Everitt 2011). The HVSR
(Nakamura 1989) is a widely used technique to quickly estimate the resonance frequencies of geological sites (Horike 2001; Bonnefoy-Claudet 2006; Field 1993; Lermo 1994;
Mucciarelli 1998; Fäh 2001; Martorana 2018a).
This task of the zonation using the HVSR information involves the simultaneous
assessment of several parameters such as the frequency and amplitude of the resonance
frequencies, and the positions and the mutual distances between the investigation sites.
The task becomes more difficult because a number theoretically infinite of different resonance frequencies could affect the same site. We propose an automatic procedure for
the identification of areas with similar behaviour in seismic perspective based on cluster
analysis. In the following paragraphs we describe in detail the implemented procedure
and present four different case studies.
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2 METHODOLOGY
A clustering algorithm is used to group together those objects that are more similar (closer in
the parameters space) to each other. Clustering is generally an unsupervised process and the
result of a clustering algorithms can be very different; so the evaluation of the more appropriate clustering algorithm is fundamental. Several clustering validity approaches have been
developed (Gan 2007; Everitt 2011) mainly based on the concepts of homogeneity and separation. A good clustering should identify a small number of clusters characterized by a withinclass variance less than of the between-classes one.
Clustering algorithms can be split into two main types: Hierarchical Clustering (HC) and
Non-Hierarchical Clustering (NHC). Hierarchical clustering algorithms can be split in
agglomerative and divisive. In the Agglomerative Hierarchical Clustering (AHC), or bottomup approach, each object begins the process as the only member of its own cluster. This process is repeated until all objects are finally grouped in a single cluster that contain all the
objects. In the Divisive Hierarchical Clustering (DHC), or top down approach, instead, all
observations start in one cluster, and splits are performed recursively until obtain N cluster.
After several comprehensive tests to assess the best clustering techniques for our dataset and
purposes, we have chosen the AHC method, which does not need to define a priori the number
of clusters, and allows the use of any similarity measure considered suitable for the data.
In HC the process of agglomeration (or separation) is done on the basis of a measure of
proximity between the objects to be grouped and on the basis of linkage criteria. The proximity is determined measuring how two objects are similar or dissimilar. Several measures of
proximity were proposed in literature to measure the similarity/dissimilarity between different
types of objects (Gan 2007; Everitt 2011). Clearly, the choice of the type of measure must
respect specific criteria and would be focused on the data and on the objectives.
For the purposes of a seismic microzonation, the process of clustering must take into
account simultaneously all the parameters involved.
For the frequency parameters, we use as measure of distance the following normalized
Euclidean distance:
Tij ¼

T i Tj
; i; j ¼ 1; 2; . . . ; n;
maxðΔT Þ

ð1Þ

where Ti and Tj are two generic resonance periods determined from the HVSR curves, while
max(∆T) is the maximum absolute difference among all the possible couples n of resonance
periods. So, Tij is a square matrix of dimension n normalized in such a way that each element
can be span between 0 and 1. Tij takes value 0 if Ti is equal to Tj, while takes value 1 if it is
equal to max(∆T). In the equation 1 is considered the period rather than the frequency because
the resonance period can be considered directly proportional to the dimension of the resonant
body or to variations of the sediment thickness (i.e. seismic bedrock depth) (Field 1993; Scherbaum 2003; Parolai 2006). For the amplitude parameters, we use a similar distance:
Aij ¼

Ai Aj
; i; j ¼ 1; 2; . . . ; n;
maxðΔAÞ

ð2Þ

where Ai and Aj are the amplitude determined from the same generic peaks of the equation 1
and max(∆A) is the maximum absolute value between all the possible n couples of amplitude
values. So, also Aij is a square matrix of dimension n normalized in such a way that each element
can be span between 0 and 1. Finally, for the distance parameter we define the following distance:
Dij ¼

Di Dj
; i; j ¼ 1; 2; . . . ; n; with Dij ¼ 1 if i ¼ j;
maxðΔDÞ
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ð3Þ

where |Di-Dj| is the topographic distance between the sites corresponding to the same generic peaks of the equation 1 and 2, and max(∆D) is the maximum value between all the possible couples n of topographic distance values. Again, Dij is a square matrix of dimension n
normalized in such a way that each element can be span between 0 and 1. In equation 3 we
have imposed that Dij must be equal to 1 if the frequency peaks are relative to the same site, in
order to avoid that two peaks were included in the same cluster only because identified on the
same experimental HVSR curve.
This clusterization procedure takes into account simultaneously the three parameters and
the following similarity measure is defined:
Sij ¼ 1


αFij þ βAij þ γDij ; with α þ β þ γ ¼ 1;

ð4Þ

where α, β, and γ are weights to be assigned to the respective parameters. The use of Sij as
measure of similarity ensures that only the elements that are close in the space of the three
parameters can be included in the same cluster. The choice of the weights to be assigned could
be made on the basis of the statistical parameters that allow to quantify the goodness of the
clustering procedure, such as homogeneity and separation of the clusters. The values of the
weights of equation 4 were set to be consistent with the respective importance and reliability
of the three parameters in the process of seismic microzonation.
In the clustering procedure it is very important also the choice of the best linkage criteria.
The main type of linkage criteria are: the simple (SL), the complete (CL), and the average
(AL). Generally, agglomeration using AL, in which the similarity between two set of objects
A and B is the average of the similarities between all the objects of A and B, is a good compromise and provides a fair representation of the data space properties. Moreover, the AL
criteria gave the best results in terms of variance decomposition and stability of the solution.
The results of the HC procedure is shown by means of the dendrogram: it shows, in increasing
order, the level of aggregation of the objects. By moving from the bottom layer to the top node, a
dendrogram allows the reconstruction the history and the resulting hierarchical structure In this
application, the cutting level was choice based on several criteria like the analysis of the level bar
chart and on the large gap between two successive levels of the hierarchy relievable on the dendrogram (Gan 2007; Everitt 2011).The resonance period of a site is definitely the most important
parameter. It is the only robust parameter that can be estimated from the HVSR curve and the
only one that can be linked to the dimension and the S-waves velocity of the resonant geological
body (Nakamura 1989, 2000; Parolai 2000; Fäh 2001; Mucciarelli 2003). It is also the most useful
parameter for earthquake engineering purposes. Conversely, the amplitude associated to a given
resonance period is not a physically-based quantity. The topographical distance is of high importance, both for the identification of homogeneous areas in seismic perspective but also as an indirect measure of the reliability of peaks of the HVSR curves associated to resonance effects in the
site. From a geological point of view, it is extremely unlikely that two close sites can generate very
different resonance phenomena.
For all the above reasons and after several tests, we have fixed α=0.5, β=0.2 and γ=0.3.

3 CASE STUDIES
Within an agreement with the Italian Department of Civil Protection, we have carried out the
expedite seismic microzonation of 20 municipalities of the Eastern Sicily, Italy during 2012. A
passive seismic campaign to determine the resonance frequency of the investigated sites was
performed by means of the HVSR technique. We carried out 814 measures of seismic noise
with average spacing of about 350 m, duration of 46 minutes and carried out with a 3C velocimeter having flat transfer function between 0.01-10 s. The signals were sampled at 128 Hz.
Following D’Alessandro (2016), the signals relative to each time window, were de-trended,
baseline corrected, tapered and band pass filtered between 0.04 and 10 s before the determination of the HVSR curves. The analysis were limited to the period range 0.05-10 s, which is
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usually considered the one of interest for seismic microzonation and earthquake engineering.
We have determined 1224 peaks on the HVSR curves ascribable to local site effects. We show
four case studies, the ones characterized by the most robust data.
The first case study is the Oliveri Municipality where we have carried out 23 seismic noise
measurements, identifying 42 peaks on the HVSR curves. The Figure 1 shows the results of the
application of the implemented clustering algorithm in terms of dendrogram, and clustering in
the period-amplitude and spatial domains. We cut the dendrogram at the similarity level of
0.65, grouping the 42 peaks in 3 clusters of 24, 16, and 2 elements, respectively. The variance
decomposition gives a within-class variance that is slightly lower than of the between-classes
one. These values cannot be considered satisfactory from the point of view of the clustering process, but the value of distance between class centroids and the average distance to centroids are
sufficient to allow a clustering of the objects in the multidimensional space.
We observe that the cluster 1 is constituted by periods ranging from 0.81 to 1.37 s, with mean
value and standard deviation of about 1.10 and 0.16 s, respectively. The amplitude of the peaks
of this cluster spans between 2.57 and 8.12, with mean value and standard deviation of about
4.79 and 1.52, respectively. The cluster 2 instead, is constituted by periods ranging from 0.37 to
0.81 s, with mean value and standard deviation of about 0.63 and 0.11, respectively. The amplitude of the peaks of this cluster spans between 2.55 and 6, with mean value and standard deviation of about 3.99 and 1.01, respectively. The two clusters appear well separated in the period
domain but largely spatially overlapping.
The second case of study is the Comiso Municipality where we have carried out 44 seismic
noise measurements and identified, on the HVSR curves, 89 peaks. We cut the dendrogram at
the similarity level of 0.7 grouping the 89 peaks in 3 clusters of 37, 51, and 1 elements, respectively (Figure 2). The variance decomposition gives a within-class variance that is significantly
lower than of the between-classes one. In addition, the value of distance between class centroids and the average distance to centroids are very good to allow a clustering of the objects
in the multidimensional space. The cluster 1 is constituted by periods ranging from 0.57 to
1.00 s, with mean value and standard deviation of about 0.85 and 0.10 s, respectively. The
amplitude of the peaks of this cluster spans between 2.12 and 6.72, with mean value and

Figure 1. Dendrogram and clustering in the period-amplitude and spatial domains of the Oliveri Municipality; blue = cluster 1, red = cluster 2, green = cluster 3. The horizontal dashed line on the dendrogram
indicates the cut.
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Figure 2. Dendrogram and clustering in the period-amplitude and spatial domains of the Comiso
Municipality; blue = cluster 1, red = cluster 2, green = cluster 3. The horizontal dashed line on the dendrogram indicates the cut.

standard deviation of about 3.46 and 1.03 respectively. The cluster 2 instead, is constituted by
periods ranging from 0.06 to 0.56 s, with mean value and standard deviation of about 0.29
and 0.12 s, respectively. The amplitude of the peaks of this cluster spans between 2.04 and
7.21, with mean value and standard deviation of about 3.49 and 1.24 respectively. Also this
time, the two clusters appear well separated in the period domain but virtually superimposable
in the space domain. It is possible to observe how both the process that have generated the
cluster 1 and cluster 2 extend over the whole investigated area. Therefore, we can consider the
investigated area as homogeneous in seismic perspective.
The third case of study is the Modica Municipality where we have carried out 100 seismic
noise measurements and identified, on the HVSR curves, 140 peaks. Figure 3 shows the results
of the application of the implemented clustering algorithms. We cut the dendrogram at the
similarity level of 0.77, grouping the 140 peaks in 3 main clusters of 28, 98, and 7 elements,
respectively; only 7 objects remain outside these clusters.
The variance decomposition gives a within-class variance that is significantly lower of the
between-classes one. In addition, the value of distance between class centroids and the average
distance to centroids are enough to allow a clear clustering of the objects in the multidimensional space. We can observe that the cluster 1 is constituted by periods ranging from 0.62 to
0.95 s, with mean value and standard deviation of about 0.85 and 0.10 s, respectively. The
amplitude of the peaks of this cluster span between 2.12 and 3.53, with mean value and standard deviation of about 2.66 and 0.41 respectively. The cluster 2 is constituted by periods ranging from 0.05 to 0.58 s, with mean value and standard deviation of about 0.24 and 0.12 s
respectively. The amplitude of the peaks of this cluster span between 2.00 and 5.23, with mean
value and standard deviation of about 3.11 and 0.72 respectively. The cluster 3 is constituted
by periods ranging from 0.06 to 0.19 s, with mean value and standard deviation of about 0.11
and 0.04 s respectively. The amplitude of the peaks of this cluster span between 4.95 and 7.49,
with mean value and standard deviation of about 6.26 and 0.86, respectively.
While the clusters 1 and 2 are well separated in the period-amplitude, the cluster 3 instead is
characterized by very low periods partly overlapping to those of cluster 2. From Figure 3 it is
clear that the separation of the objects of the clusters 2 and 3 occurred essentially on the
1915

Figure 3. Dendrogram and clustering in the period-amplitude and spatial domains of the Modica
Municipality; blue = cluster 1, red = cluster 2, green = cluster 3. The horizontal dashed line on the dendrogram indicates the cut.

amplitude parameter. Indeed, it is possible to observe how the amplitude values of the elements
of the cluster 3 are on average about twice than those of cluster 2. From the point of view of the
spatial distribution, it is possible to observe that the cluster 1 is located in the northernmost part
of investigated area, while the cluster 2 extends over the whole area. The elements belonging to
the cluster 3 are instead almost aligned on a narrow band in the central part of the investigated
area.
The last case of study is the Ragusa Municipality where we have carried out 254 seismic noise
measurements and identified, on the HVSR curves, 364 peaks. Figure 4 shows the results of the
application of the implemented clustering algorithms. We cut the Ragusa’s dendrogram at the
similarity level of 0.83, grouping the 364 peaks in 3 main clusters of 41, 148, and 153 elements
respectively; only 22 objects remain outside these clusters. The variance decomposition gives a
within-class variance that is significantly lower of the between-classes one. The value of distance
between class centroids and the average distance to centroids are also this time enough to allow a
clustering of the objects.
The cluster 1 is constituted by periods ranging from 0.05 to 0.54 s, with mean value and standard deviation of about 0.14 and 0.10 s respectively. The amplitude of the peaks of this cluster
span between 1.72 and 7.36, with mean value and standard deviation of about 3.34 and 1.31
respectively. The cluster 2 is constituted by periods ranging from 0.36 to 1.12 s, with mean value
and standard deviation of about 0.76 and 0.15 s respectively. The amplitude of the peaks of this
cluster span between 1.87 and 7.49, with mean value and standard deviation of about 3.31 and
1.26 respectively. The cluster 3 is constituted by periods ranging from 0.05 to 1.31 s, with mean
value and standard deviation of about 0.48 and 0.32 s respectively. The amplitude of the peaks of
this cluster span between 2.26 and 8.91, with mean value and standard deviation of about 3.72
and 1.34 respectively.
This cluster configuration is strictly related on the choice of the cut level of the dendrogram,
and might be different if we had chosen a different level of cut. From the period-amplitude plot
of Figure 4 we can easily identify three distinct clouds characterized by mean period of 0.1, 0.6,
and 0.85 s. The cluster 3 is the only one containing points belonging to all three clouds and is
spatially localized in the southern part of the investigated area. The cluster 1 contains only peaks
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Figure 4. Dendrogram and clustering in the period-amplitude and spatial domains of the Ragusa Municipality; blue = cluster 1, red = cluster 2, green = cluster 3. The horizontal dashed line on the dendrogram
indicates the cut.

belonging to the cloud characterized by the lowest period while those of cluster 2 belong only to
the remaining two clouds. The cluster 1 is spatially distributed only in the north-eastern part of
the investigated area while cluster 2 throughout the northern part. Considering the clusters’ intersections in the period-amplitude and space domains we can reach the conclusion that the whole
area, with the exception of the north-western part, can be considered homogeneous.

4 CONCLUSIONS AND GENERAL REMARKS
The identification of areas with similar behavior in seismic perspective is usually performed
only qualitatively. In this paper we have presented an automatic procedure for the identification of homogeneous areas in seismic perspective based on quantitative evaluations: an AHC
using as measure of proximity and the AL as linkage criteria.
The implemented procedure was applied to 4 case studies Areas with similar behaviour in seismic perspective were delineated by means of the clusters identified in the multidimensional parameter space (period, amplitude and topographical distance). The results of clustering procedures
have been assessed from a quantitative point of view by appropriate statistical parameters.
Apart the results of the expedite seismic microzonation here presented, the most important
results of this paper is the adopted methodology. In fact, we propose an innovative and quantitative approach to the problem of the seismic microzonation that is solved by means of an
algorithm appropriately implemented. The procedure is very flexible and can be also used to
identify homogeneous areas in a different parameters space or in a more dimensions space. It
is clear that the seismic microzonations here presented cannot be absolutely considered comprehensive because to evaluate the site effects we used only an approximate estimation of the
resonance periods of a site based on the HVSR technique applied to ambient noise. It is well
known that the site effects are actually a much more complex phenomenon often generated by
the overlapping of more local effects that can significantly change the amplitude, frequency
content, and duration of the ground shaking generated by an earthquake.
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A great advantage of the proposed procedure lies in the easy modification and extension to
other parameters of the proximity matrix Sij defined in eq. 4. Time to time, based on the available data and on the specific objectives, the parameters and weights of this equation may be
changed. These data could be easily integrated with other geophysical, topographical, and
geological information (e.g. Capizzi 2014; Bottari 2018; Martorana 2018b; Scudero 2018). The
appropriate parameterization and weighing of data through the application of the algorithm
here described, lead to a robust exhaustive, and quantitative seismic microzonation.
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