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ABSTRACT
We carried out a vibration study experiment on a masonry building 

in the town of  Ariano Irpino, southern Italy, using six-channel sta-

tions equipped with three-component velocity-transducers and accel-

erometers and running in continuous modality from January 2006 

to December 2007. The analysis of  weak motions from several local 

earthquakes, together with the 3D numerical modelling of  the struc-

ture, allowed us to identify the first three vibration modes of  the tar-

get building. Therefore, we checked the validity of  ambient noise data 

to determine the vibration frequencies of  buildings. The analysis 

tools based on earthquake and ambient noise data were convention-

al, i.e. spectral ratios between homologous components of  stations at 

high floors in the building with respect to a station installed at the 

basement, and single-station spectral ratios between horizontal and 

vertical components. The indications derived from earthquakes and 

ambient noise result in a satisfactory agreement for frequencies be-

tween 1 and 20 Hz when using recordings characterized by low levels 

of  amplitude. In contrast, when the wind speed increases (above 20 

km/h, approximately) seismic noise shows an excess of  horizontal 

vibrations at low frequencies (below 2 Hz). These extra-amplitudes 

are not related to the seismic input vertically incident to the base-

ment, but are probably due to the lateral action of  the wind on the 

building. In contrast, anthropic activities do not affect considerably 

the trend of  spectral ratios in the range of  frequencies that include 

the first modes of  vibration, even at high noise level. 

1. Introduction
Ambient vibrations are largely used in seismolo-

gy and earthquake engineering to investigate the seis-
mic response of  sites. Although limited to the linear 
behaviour of  soils, the information inferred from this 
typology of  seismic signals provides fast and low-cost 
insight on the buried near-surface structure that also 

controls ground shaking during earthquakes [for ex-
haustive reviews see Bard 1999 and Bonnefoy-Clau-
det et al. 2006]. Ambient vibrations are receiving an 
increasing attention as valid tools for site classifica-
tion using simple (1D) geological schemes [Lermo 
and Chávez-García 1994]. Methods based on ambient 
noise are also suitable to indicate complex site ef-
fects like those due to 2D basin resonances [Fäh et al. 
2001], topographic irregularities [Panzera et al. 2011] 
and cavities [Panzera et al. 2013], oriented cracks in 
fault zones [Rigano et al. 2008, Di Giulio et al. 2009, 
Pischiutta et al. 2012 and 2013], and unstable rock 
slopes [Burjánek et al. 2010 and 2012].

A brief  description of  the pioneering studies using 
ambient noise in the dynamic building response can 
be found in Kotronis et al. [2013]. Many experimental 
works show the reliability of  ambient vibration meas-
urements in engineering applications in assessing the 
fundamental resonances and the mode shapes of  the 
target structure [Fäcke et al. 2006, Gallipoli et al. 2009, 
Oliveira et al. 2010, Michel et al. 2010, Herak and Her-
ak 2010, Masi et al. 2010]. The availability of  a con-
tinuous source of  excitation is indeed very attractive: 
ambient vibrations permit a fast statistical approach 
to study building resonant frequencies in short meas-
urement times and with low costs [Parolai et al. 2005, 
Mucciarelli and Gallipoli 2007, Ivanovic et al. 2000]. 
In civil engineering, the modal parameters of  target 
structures are usually estimated using the Frequency 
Domain Decomposition (FDD) technique [Brinck-
er et al. 2001, Ventura et al. 2003, Michel et al. 2007, 
Gentile and Saisi 2007, Guéguen et al. 2012, Bindi et 
al. 2015] or similar “output only” techniques. FDD is 
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based on Singular Value Decomposition (SVD) of  the 
cross-power spectral density matrix using simultane-
ous recordings of  seismic noise. Recent applications 
shows that FDD can provide the modal shape also in 
geological environments; Guéguen et al. [2011] stud-
ied the modal shape of  a 1-D soil profile using bore-
hole seismic stations, Poggi et al. [2015] assessed the 
resonance characteristics of  a 2-D sedimentary basin. 

However among engineering studies, not so 
many efforts have been devoted so far to check the 
role of  the different vibration sources (traffic, in-
dustries, meteorological factors) and to investigate 
variations in building excitation between dynamic 
perturbations induced by sources situated inside or 
outside the buildings.

In this paper, we use ambient noise data and 
low-magnitude earthquake signals recorded on a 
test building in the town of  Ariano Irpino, southern 
Italy, with the goal of  the determination of  its main 
resonance modes. The test structure is a building of  
architectural interest for Italy, being made of  rein-
forced concrete and masonry. It was built in the early 
1950’s but is still representative of  the national-so-
cialist style typical of  the previous two decades. The 
interest for this building is also due to its housing 
of  strategic and decisional offices that are responsi-
ble for coordinating seismic emergency activities at 
local and regional level. The building is situated in 
the central square of  the town that is the traditional 
meeting place for the residents.

Standard spectral ratios, henceforth SSRs, be-
tween receivers at different floors and a reference 
station installed below the ground level are used 
to compute transfer functions along vertical pro-
files in the building. The dynamic identification of  
several lowest order resonances is performed using 
conventional finite element modelling. The first two 
orthogonal vibration modes and a torsion mode are 
well identified in spite of  the small (2-storey) height 
of  the test building. We have then compared at each 
receiver both resonant frequencies and transfer func-
tions derived from earthquakes and ambient vibra-
tions, selecting time periods with ambient vibrations 
characterized by both anthropic and meteorological 
origin. Indeed many published works evidenced a 
strong correlation between amplitude of  the seis-
mic noise and meteorological condition [Kohler et 
al. 2005, Clinton et al. 2006, among many others]. 
We have found that transfer functions derived from 
ambient noise are more consistent with those com-
puted from earthquake records when calm (by night) 

seismic background is used and meteorological per-
turbations are weak. Internal and external localized 
sources in hours of  the day and laterally pressing 
gusts of  wind may change the building excitation 
mechanisms causing a different distribution of  ener-
gy among the predominant modes. A warning rises 
for fast measurements using one receiver only on the 
top of  buildings: results can be significantly biased 
especially when ambient vibration measurements 
are contaminated by strong meteorological and in-
ternal anthropic disturbances.

2. The test building
The study building is located on the top of  a hill 

having sharp variation in altitude (Figure 1a). Foun-
dation soil consists of  alternating layers of  cemented 
and weakly cemented sand, interspersed with layers 
of  gray clay (Figure 1a). To compensate for the local 
altitude variation, the building has a single under-
ground floor on the north-west side and three under-
ground floors on the north-east side. The building 
has a typical C shape, dimensions of  30.55 x 24.30 m 
with two floors above ground (Figure 1b). The verti-
cal load-bearing structure of  floors above ground is 
made of  solid brick masonry, whereas it is made of  
stone masonry in the ground floor and floors below 
ground. The horizontal structure is made of  mixed 
cast-in-place reinforced concrete slabs and semi-hol-
low tile blocks. Floors are joined to the vertical struc-
ture by reinforced concrete string-courses.

Since January 2006 seven seismological stations 
were installed in the building. Each station consists of  
a Quanterra Q330 digitizer with hard drives for data 
recording, equipped with three-component veloci-
ty-transducers (Le3D-5s manufactured by Lennartz) 
and accelerometers (Episensor by Kinemetrics). Ac-
celerometers were fixed to the floors, while velocim-
eters were just leaning on them. Six-channel records 
were collected in continuous modality in the periods 
January to March 2006 and June to December 2007. 
Between April 2006 and May 2007, only three-compo-
nent accelerometers were recording. Velocity trans-
ducers have flat amplitude response between 0.2 and 
50 Hz, 140 dB dynamic range and are characterized 
by very low electronic noise (rms < 1 nm/s at 1 Hz); 
accelerometers have 155 dB dynamic range and their 
full scale range was set to 1g. For ambient noise anal-
ysis we used recordings from velocity-transducers, 
which are less noisy than accelerometers especially at 
low frequencies.

The station positions at the different floors are 
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shown in Figure 1b. One station was used as a ref-
erence (A0): it was placed on the lowest level under-
ground floor of  the north-east side and was assumed 
as being representative of  the incident seismic input. 
Stations A1 and D1 were placed at the first floor, in 
correspondence of  the northern and southern edge 
of  the building respectively; the remaining stations, 
A2, B2, C2 and D2, were placed at the four edges, ap-
proximately, of  the second floor. All stations were ar-
ranged with the two horizontal components oriented 

along the minor and major side of  the building (rep-
resented as x and y, respectively, in Figure 1b). Further 
details about instrumentation and installation can be 
found at http://www.gm.ingv.it/index.php/sismolo-
gia-e-ingegneria-sismica/ricerca-scientifica/13.

Signals were continuously recorded with a sam-
pling rate of  100 Hz, producing about 2 GB of  data 
(miniseed format) per month per station. Each sta-
tion was equipped with a GPS antenna for time syn-
chronization.

Figure 1a. The upper part shows a map of  the area where the Municipal building stands, and a Google view of  the topography. Numbers 1 
and 2 indicate the location of  two available geological bore-holes. The lower part shows a vertical section conducted along line A-A’ in the 
left side, and the vertical geological profile in the right side. 

Figure 1b. From the left: The first three panels show a scheme with the detail of  each floor, together with the position of  the stations at the 
various levels. The reference station A0 was installed at the basement, below the ground level; stations A1 and D1 at the first floor; stations 
A2, B2, C2 and D2 at the second floor. The panel in the right side shows the vertical section of  the building along line B-B’ shown in the 
previous three panels.
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3. Earthquake data and analysis
During the acquisition period ( January 2006 - De-

cember 2007), stations recorded hundreds of  earth-
quakes at local and regional distances. Twenty of  them, 
listed in Table 1, were selected on the base of  a satis-
factory signal-to-noise ratio, their epicentres are shown 
in Figure 2. We applied a selection criterion requiring 
that the Fourier amplitude spectrum, henceforth FAS, 
of  the earthquake signal exceeds the FAS of  noise by 
more than a factor of  3 in the investigated frequency 
band (1-20 Hz). The signal spectrum is calculated in a 
time window bracketing the most significant portion 
of  the earthquake signal including the first arrival of  
S-waves and early coda. To calculate the noise spec-
trum we used a window of  seismic noise preceding the 
direct P wave of  earthquakes, with the same duration 
of  the window used for the earthquake signal. Among 
the recorded earthquakes, the signal-to-noise > 3 crite-

rion is met for sixteen events in the band 1-10 Hz, and 
only for four events in the band 1-20 Hz. 

The local magnitude (ML) of  selected events, 
taken from the seismic bulletin of  Istituto Nazionale 
di Geofisica e Vulcanologia (INGV), is comprised be-
tween 1.5 and 4.8 and epicentral distances range from 
4 to 116 km (Table 1 and Figure 2). More detailed infor-
mation is available at http://bollettinosismico. rm.in-
gv.it. Figure 3 shows the comparison, for an example 
event, between the waveforms recorded by the refer-
ence station A0 and those recorded by stations A1 and 
A2, placed on the same vertical of  A0 at the first and 
second floor, respectively. Seismograms show increas-
ingly larger amplitudes of  the horizontal components 
with increasing height, whereas the vertical compo-
nents are substantially unchanged.

The recorded data were analyzed using convention-
al spectral techniques yielding transfer functions [Fäcke 

# Lat Lon Depth 
(km)

ML Date Time R
(km)

PGAe
(m/s2)

PGAn
(m/s2)

PGVe
(m/s)

PGVn
(m/s)

Stations Sensors

1 40.981 15.151 13 2.4 11/01/2006 08.28.52 20 5.82E-04 5.48E-04 1.40E-05 2.01E-05 3 A-V

2 41.114 14.939 10 1.8 05/02/2006 15.08.19 13 9.22E-04 1.01E-03 2.89E-05 4.82E-05 4 A-V

3 40.789 15.220 10 3.2 05/02/2006 17.02.59 42 2.16E-03 1.66E-03 7.25E-05 7.73E-05 4 A-V

4 40.796 15.322 9 2.7 14/03/2006 03.15.03 44 2.23E-04 4.01E-04 1.26E-05 2.25E-05 6 A-V

5 40.860 15.340 11 1.6 14/03/2006 03.50.11 39 4.64E-04 3.87E-04 6.44E-06 6.90E-06 6 A-V

6 41.710 16.021 29 3.3 14/04/2006 01.21.59 100 4.94E-04 5.29E-04 1.53E-05 2.42E-05 6 A

7 41.467 15.699 6 3.0 30/04/2006 21.07.57 62 6.24E-04 9.89E-04 2.37E-05 4.63E-05 7 A

8 41.801 15.903 31 4.8 29/05/2006 02.20.06 99 1.52E-02 1.55E-02 1.52E-02 1.55E-02 7 A

9 41.142 15.040 11 1.5 23/07/2006 02.29.04 40 3.02E-04 3.32E-04 7.41E-06 8.66E-06 7 A

10 41.957 15.490 6 3.8 06/08/2006 19.33.31 95 1.80E-03 2.02E-03 8.58E-05 8.91E-05 7 A

11 41.166 15.273 17 2.2 14/08/2006 11.11.37 16 1.06E-03 1.03E-03 3.00E-05 3.81E-05 7 A

12 42.074 15.746 37 4.2 04/10/2006 17.34.20 116 1.37E-03 2.54E-03 7.92E-05 1.09E-04 7 A

13 41.718 15.771 18 2.1 23/10/2006 02.23.51 85 1.44E-04 1.94E-04 1.85E-06 2.40E-06 7 A

14 41.147 14.926 9 2.1 05/03/2007 01.37.32 14 1.07E-03 1.36E-03 6.07E-05 6.11E-05 6 A

15 41.228 15.074 18 1.8 05/04/2007 00.03.00 8 5.16E-04 6.12E-04 1.01E-05 2.16E-05 6 A

16 41.184 15.087 19 2.0 05/04/2007 00.08.43 4 6.71E-04 1.16E-03 2.27E-05 4.77E-05 6 A

17 41.189 15.072 18 1.8 05/04/2007 01.00.47 4 2.86E-04 4.02E-04 7.53E-06 1.55E-05 6 A

18 41.101 14.875 10 2.1 20/06/2007 07.08.48 19 1.17E-03 1.37E-03 3.52E-05 4.32E-05 6 A-V

19 41.420 15.849 2 3.6 10/07/2007 11.55.00 70 5.09E-04 6.29E-04 1.75E-05 2.94E-05 6 A-V

20 41.700 14.810 22 4.0 18/10/2007 23.25.45 65 3.58E-03 4.83E-03 1.90E-04 2.49E-04 6 A-V

Table 1. List of  earthquakes analyzed in this study and values of  peak acceleration and velocity recorded at the reference station. Informa-
tion in the columns 2 to 7 is taken from the seismic bulletin of  INGV.
#:  Sequential number as shown in Figure 2
Lat, Lon and Depth: Coordinates of  the earthquake -hypocentres 
ML:  Local magnitude
Date and Time : Date and time of  the earthquake
R:  Epicentral distance from Ariano Irpino
PGAe:  Maximum acceleration recorded at the basement on the E-W component (x side)
PGAn:  Maximum acceleration recorded at the basement on the N-S component (y side)
PGVe:  Maximum velocity recorded at the basement on the E-W component (x side)
PGVn :  Maximum velocity recorded at the basement on the N-S component (y side)
Stations:  Number of  stations that recorded the earthquake
Sensors:  Sensor type (A accelerometer, V velocimeter)
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et al. 2006]. Such techniques are widely used in seismo-
logical studies [Borcherdt 1970, Tucker and King 1984] 
to compute experimental transfer functions among sta-
tions installed on different geological formations. The 
application of  SSR technique is more limited in build-
ing response analysis [Celebi and Safak 1991, Fäcke et 
al. 2006] where the H/V (horizontal-to-vertical) spectral 
ratio [Nakamura 1989] is preferred. SSRs indeed require 
a hard-rock reference station to compute the amplifi-
cation of  the other sites relatively to that reference. In 
our case study, we assume that the recorded signal at 
the basement (A0) of  the building is the reference in-
put representative of  the incident seismic radiation. 
This approximation is acceptable under the assumption 
that soil-structure interaction is negligible [Trifunac et 
al. 2001, Kotronis et al. 2013]. Our target building is as-
sumed as a flexible structure on rigid soil [fixed-base; 
Guèguen et al. 2017], and then the foundation motion is 
expected the same of  the ground. This a priori hypothe-
sis is crucial for the reliability of  the results, and will be 
discussed later on.

The transfer function of  the generic station An is 
(by definition) given by the Equation (1)

(1)

where FFT means Fast Fourier Transform. In seismo-
logical studies, transfer functions are preferentially 
computed by calculating SSR between the FASs on the 
single events (or noise windows) and then averaging 
over individual ratios, whereas in engineering studies 

the cross-spectra are more widely used; in this case the 
transfer function is evaluated as Cn0(f )/C00(f ), where 
Cn0 denotes the average (over all events or noise win-
dows) cross-spectrum between the generic n-station 
and the basement station, C00 denotes the basement 
average auto-spectrum of  the reference station. The 
cross-spectrum approach assumes equal distribution of  
energy in the frequency band of  analysis, then in our 
case the first approach based on FFT ratios is more suit-
able because the selected earthquakes have very differ-
ent energy spectra.

Transfer functions based on ratios of  Fourier Spec-
tral Amplitudes are calculated separately at the differ-
ent stations for each of  the selected events and for each 
component of  motion. Therefore, geometric mean and 
statistical uncertainties (±1 standard deviation) are com-
puted averaging over all the events. The average trend 
of  stations is shown in Figure 4 column I; in Figure 4 
column II the ±1 s.d. band of  two stations that show 
small (A1) and large (B2) amplification respectively gives 
insight on the range of  uncertainties of  our estimates.

The first peak of  SSRs (Figure 4 column I), which 
is fairly well evident for all of  the building stations, is 
between 5 and 6 Hz and characterizes the building vi-
bration mostly in the y direction. The largest amplitude 
(more than a factor of  10 compared to the reference sta-
tion) is reached at a frequency between 5 and 6 Hz for 
the two stations B2 and D2 of  the top floor. This suggests 
that it is the fundamental mode of  oscillation along the 
major side of  the building. 

However, the height is not the only factor that af-
fects vibration amplitudes: station D1, located at the first 
floor, shows an amplification higher than stations A2 and 
C2, which are at the second floor. The first peak of  SSRs 
for the x component is found at the same frequency of  
the y component (between 5 and 6 Hz), but the greatest 
amplification is reached between 7 and 9 Hz.

To identify more accurately the predominant mo-
tion directions, the average SSRs were also computed 
by performing a rotation of  the two horizontal compo-
nents from 0° to 180° using bins of  5°s. Directions of  0° 
and 90° correspond to x and y, respectively. The contour 
plots obtained for the rotated components are shown in 
Figure 5a for the stations at the top floor. We see that the 
90°-polarized (transversal) spectral peak at 5.75 Hz and 
the 0°-polarized (longitudinal) spectral bump between 7 
and 9 Hz, previously identified, are quite clearly uncou-
pled to each other both in frequency and direction, so 
they likely represent the first two translational vibration 
modes. A difference in amplitude between the station 
couples A2-C2 and B2-D2 is evident. A possible origin 

Hn( f )=
FFT[An]
FFT[A0]

Figure 2. Map showing the epicentres of  the earthquakes used in 
the analysis (see Table 1).
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Figure 3. Velocity waveforms recorded by the stations A0, A1 and A2, placed on the same vertical line, during the ML 4.8 earthquake of  
May 29, 2006.
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of  this difference will be discussed in the conclusions.
SSRs of  vertical components (Figure 4 column I) 

are essentially flat up to 5-6 Hz, and amplifications re-
main low (< 3) up to 15 Hz, approximately. Between 
20 and 25 Hz, vertical motions show large amplifica-
tion relative to the basement, with a trend roughly 
common to all stations. In contrast, horizontal compo-
nents show a larger variability for f > 10 Hz, especially 
along the y direction.

4. Identification of vibration modes
To interpret the spectral peaks of  experimental 

data in terms of  vibration modes, we constructed a 
three-dimensional model of  the building simulating the 
building excitation under seismic actions. We applied 
the finite element program SAP2000 (https://www.

csiamerica.com/products/sap2000) that performs ei-
genvectors modal analysis in the linear range and de-
termines the modal deformations of  free undamped 
vibrations. We used two-dimensional elements of  the 
“shell” type for the geometric discretization of  the 
vertical structure (made of  stones and solid bricks), 
internal fillings (hollow bricks) and string-courses (re-
inforced concrete). The floors at various levels of  the 
building were supposed to have infinite stiffness and 
to transmit a vertical line load to the walls below. The 
numerical model is composed of  about 17700 nodes 
and 9100 shells (Figure 6).

We used mechanical parameters listed in Table 2. 
The specific weight γ and the Poisson’s ratio ν were 
fixed for each type of  material, whereas the elastici-
ty modulus E is varied within intervals according to 
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Figure 5. Contour plots of  the four stations installed on the top floor, obtained by computing spectral ratios on rotated (from 0° to 180° at 
bins of  5°) horizontal components: (a) average spectral ratios on earthquakes, (b) spectral ratios computed from synthetic seismograms of  
the best fit model using the ML 4.8, 29 May 2006 earthquake.
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standards prescribed by the Italian seismic code [NTC 
2008]. The value of  shear modulus G is then given by

(2)

We performed some preliminary tests by varying 
E (and G) of  the RC string-course within the expected 
variability interval (Table 2). Since we observed that 
these variations affect only slightly the results of  model-
ling, we decided to fix the elastic modulus of  reinforced 
concrete (E = 24500 N/mm2). The elastic modulus of  
hollow bricks was fixed as well. We then looked for an 
optimal value of  E of  stones and solid bricks in a least 
squares approach. The variability intervals of  E report-
ed in Table 2 were sampled with bins of  2000 Kg/cm2 

(about 196 N/mm2); for each couple of  elastic moduli of  
the two materials the frequencies of  the vibration modes 
were evaluated through numerical modelling. The cost 
function was constructed as the sum of  the squared dif-
ferences between the experimental spectral peaks (fj

obs) 
and the theoretical vibration frequencies (fj

mod), and was 
computed considering the first three vibration modes. 
The cost function is then given by

(3)

The values of  the experimental frequencies fj
obs 

selected in Equation (3) are those of  the peak of  the 
SSR with the largest amplitude for the first three 

modes in Figure 4 column I:

The values found for the elastic moduli of  the 
best model (in a least-mean-square criterion) are 
given in parentheses in Table 2.

Finally, we investigated the dynamic behaviour 
of  the building using the parameters that mini-
mized the misfit function ε. Numerical modelling 
yields nine vibration modes that have resonance 
frequency within the frequency range investigated 
with experimental data. Table 3 shows the values of  
the percentage of  modal participating mass of  the 
translational (UY, UX, UZ) and rotational compo-
nents (RY, RX, RZ). The percentages of  modal par-
ticipating mass give an estimate of  the single mode 
contribution to the response to the loads of  acceler-
ation along each of  the three directions of  motion 
[Cook et al. 1989].

Table 3 confirms that the translational mo-
tions along y and x directions are predominant for 
the first and second mode, respectively, whereas 
the third mode is characterized mainly by rotation 
around the z-axis. Figure 6 shows the deformation 
of  the structure for these three modes. 

The first mode returned by the numerical mod-
el is characterized by a frequency f  = 5.75 Hz, in 

G = E
2(1+ν )

ε = (f j
mod − f j

obs  )2

j∑  j = 1,2,3   

f1
obs  =  5.75 Hz

f2
obs  =  7.80 Hz

f3
obs  =  8.95 Hz

Type of material Specific weight γ (KN/m3) Elasticity Modulus E (N/mm2) Poisson’s ratio ν
Brick masonry 17.6 2800-3400 (3330) 0.25

Stone masonry 20.5 2600-3200 (2940) 0.25

Reinforced concrete curb 23.5 (24500) 0.25

Hollow bricks 11.8 4400 0.25

Table 2. Properties of  the materials used in the modelling. The column “Elasticity Modulus” shows the range over which the parameter 
was varied in the numerical models (numbers in parentheses are the best fit values).

Figure 6. Modal shapes of  the first 3 vibration modes; the first two are translational along y and x direction respectively, the third is ro-
tational. Animations of  these vibration modes can be found at http://www.gm.ingv.it/index.php/sismologia-e-ingegneria-sismica/ricer-
ca-scientifica/13-13.
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good agreement with the observed one, and a par-
ticipant mass equal to 51% (Table 3). The modal 
deformation of  the numerical model (Figure 7) and 
the distribution of  participating mass confirms that 
it is a translational mode along the y direction. The 
experimental data (Figure 4 column I, y direction) 
consistently show a clear peak of  the SSRs between 
5.55 Hz (station A1) and 5.80 Hz (station D2).

This range of  variability is shown in Table 4 for 
all the resonance frequencies assessed experimen-
tally. The second mode affects mostly the x direc-
tion, with a participant mass equal to 43%. Its mod-
al deformation still reveals a mainly translational 
mode even if  the numerical model returns also a 
contribution of  about 5% of  the participating mass 
to the rotational deformations around the vertical 
axis (Table 3).

Its frequency of  vibration in the model is 
f  = 7.48 Hz. Also for this mode, the range of  fre-
quencies found experimentally for the spectral peak 
in the x direction is in good agreement with the val-
ue obtained in the numerical simulations (Table 4). 
The third mode returned by the model is character-
ized by a frequency f  = 8.93 Hz with a participating 
mass of  7% and 27% for the deformation along the 

x direction and rotation around the z axis, respec-
tively (Table 3). 

Above the third mode, the participating mass re-
turned by the model is still important (Table 3) but 
the identification of  the amplification band in the 
experimental data is more complex. It is interesting 
to note that, above 17 Hz, amplification of  the verti-
cal component is present both in experimental data 
(z direction in Figure 4 column I) and in numerical 
models (Table 3, from the sixth to the ninth mode). 

A preliminary test (not shown here) using the 
FDD technique returns peaks in the singular values 
of  the power spectral density matrix [computed fol-
lowing Welch 1967] at 5.60, 8.00 and 8.95 Hz. These 
values are in good agreement with the frequencies 
of  the SSR peaks (Table 4). The modal shape associ-
ated to the singular vector at these three frequencies 
confirms the mode of  oscillation inferred from the 
numerical modeling.

The consistency of  results between FDD and SSR 
method is a first confirmation that the role of  soil-struc-
ture interaction is negligible and does not bias the reso-
nant frequencies in our SSR estimate. Further arguments 
will be provided later on, when the spectra at the base-
ment are analyzed for different sources of  excitation.

Mode Period (s) Frequency (Hz) UY (%) UX (%) UZ (%) RY (%) RX (%) RZ (%)

1 0.1739 5.75 51 0 0 0 1 7

2 0.1337 7.48 0 43 0 2 0 5

3 0.1120 8.93 0 7 0 0 0 27

4 0.0655 15.25 10 0 0 0 4 2

5 0.0569 17.56 0 9 0 4 1 2

6 0.0553 18.06 0 0 39 11 40 0

7 0.0517 19.32 0 0 7 1 0 0

8 0.0508 19.68 1 0 0 4 3 3

9 0.0488 20.47 0 0 10 15  4 1

Table 3. List of  the first nine vibration modes, and percentage of  participating modal masses obtained in the numerical modelling (values 
greater or equal to 5% are highlighted in gray).

Vibration modes

Experimental Numerical (initial model) Numerical (best fit model)

Freq. (Hz) Periods (s) Freq. (Hz) Periods (s) Freq. (Hz) Periods (s)

1st translational (y-direction)   5.55-5.80 0.1801-0.1724 5.44 0.1837 5.75 0.1739

2nd translational (x-direction) 7.65-7.95 0.1307-0.1257 7.06 0.1415 7.48 0.1337

3rd rotational (x-y plane) 8.90-9.20 0.1123-0.1087 8.41 0.1189 8.93 0.1120

4th translational (y-direction)   11.70-13.00 0.0854-0.0769 14.31 0.0699 15.25 0.0655

5th translational (x-direction) 16.00-18.20 0.0625-0.0549 16.50 0.0606 17.56 0.0569

6th rotational (y-z plane)  21.00-22.50 0.0476-0.0444 17.03 0.0587 18.06 0.0553

Table 4. The main vibration modes resulting from experimental data are compared to results from numerical modelling. The values shown 
for the initial model correspond to the lower limit of  the variability range of  the elastic moduli in Table 2. 



BUILDING VIBRATIONS INDUCED BY WEAK MOTIONS

11

Figure 7. (a) Mode shapes on the vertical profile in the northern edge of  the building (the SN point in Figure 1b). The ordinates represent 
levels of  the building according to the model grid discretization , the abscissas are the displacements of  the mode shapes normalized to 
unity modal mass. (b) Deformation in the xy plane relative to the third mode. The deformations in xz and yz planes are also shown for 
the SN point.

(a)

(b)
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5. Ambient vibrations
Ambient noise of  anthropic and meteorological 

origin had been known since long time to affect the 
frequency band above 1 Hz, where the main vibration 
modes of  historical buildings generally fall. Meteoro-
logical perturbations also increase ambient noise at low 
frequencies (f <1 Hz) [Longuet-Higgins 1950, Bonne-
foy-Claudet et al. 2006, Peck 2008, Vassallo et al. 2012]. 
In particular, Withers et al. [1996] demonstrated that 
there is a strong correlation between wind speed and 
seismic background noise at seismological stations in-
stalled both in free-field and in bore-hole at different 
depths; they found that wind speed has a significant role 
in increasing seismic noise amplitude, especially at the 
surface, when it exceeds a threshold value of  about 10 
km/h. In our analysis, we looked at daily average wind 
speeds given by four meteorological stations operating 
in the area of  the test building (Figure 8). Data of  wind 
speed at the four stations are taken from http://www.
agricoltura.regione.campania.it. These data were used 
to select calm and disturbed (in a meteorological sense) 
time intervals. To study daily variations, measurements 
of  the building vibrations in the day and in the night 
were selected as being representative of  calm and dis-
turbed (in terms of  traffic and working activities) time 
intervals, respectively.

In order to assess the influence of  anthropic activ-
ities and meteorological disturbances in exciting build-

ing vibrations, we have compared the seismic signals 
during calm and disturbed time windows of  seismic 
noise. In particular, daily variations were investigated 
by comparing the FASs of  day- and night-records in 
calm weather conditions (panel a in Figure 9). The ef-
fects of  meteorological perturbations were investigat-
ed by comparing the spectra of  night-records charac-
terized by low- and high- wind speed (panel b in Figure 
9). We also computed the noise FASs recorded in the 
most critical condition, i.e. when both anthropic activ-
ities and weather perturbation attained high spectral 
levels (panel c in Figure 9).

For all the analyses, 30-min long records of  seis-
mic noise were subdivided into time windows of  60 sec 
each. For each of  the 60-sec windows, the FAS was cal-
culated for the three components of  motion and a 0.5 
Hz wide triangular smoothing operator was applied. 
Similarly, SSRs were computed through the smoothed 
spectra of  each time window, and then averaged over 
the 30 min records. Figure 9 shows the average FASs 
for the three components of  motion at stations D2 and 
A0, at the basement and at the second floor, respec-
tively. Figure 10 shows the average SSRs with reference 
to station A0 (H/H and V/V). In the following, we 
describe the observed similarities and discrepancies. 
However, an important feature emerging from Figure 
9 is that, independently of  the excitation type, never 
the reference station A0 shows evidence of  energy at 

Figure 8. On the left side meteorological stations near Ariano Irpino; on the right side trends of  daily-averaged wind speeds recorded dur-
ing time intervals of  low and high wind speed. The gray vertical lines represent day and hour of  the noise sample selected for the analysis. 
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Figure 9. FAS variations at stations A0 (basement) and D2 (top); (a) influence of  cultural noise, (b) influence of  meteorological noise, (c) 
combination of  both. The colour of  plots indicates: (a) nightly (black curve) and daily recordings (red curve), (b) low wind speed (v ~ 5 km/h, 
black curve) and sustained wind (v ~ 25 km/h, red curve), (c) nightly recording with low wind speed (black curve) and daytime recording 
with high wind speed (red curve).
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the frequencies that resonate at the higher stations. 
This is a strong indication that the amount of  energy 
that is transmitted by the building to the ground is not 
significant and the basement record is a satisfactory 
representation of  the incident seismic input. 

5.1 Daily and meteorological variations
The differences in spectra between daily and nightly 

hours are illustrated in Figure 9a. This comparison uses 
noise data recorded in a day perturbed not so much by 
wind (wind speed < 7 km/h at the four meteorological 
stations). Figure 9a shows that the curves during the day 
increase in amplitude, as expected in relation to human 
activities both inside and outside the building. For the 
reference station A0, the daily variation is fairly small up 
to about 10 Hz (no more than a factor of  2) but attains 
a factor of  3 to 4 for the vertical component at higher 
frequencies. Station A0, located at the basement, shows 
an increase of  the amplitude level of  noise at high fre-
quencies (above 1 Hz) caused by traffic during the day-
time [according to Bonnefoy-Claudet et al. 2006]. At the 
highest floor, amplitude differences between day and 
night are more significant, reaching a relative factor of  
4 for the two horizontal components at the station D2. 
Furthermore, the amplitudes of  the horizontal compo-
nents predominate over the vertical one in the frequency 
band 5 to 10 Hz, where the main vibration modes of  the 
building fall. In particular, around the fundamental fre-
quency between 5 and 6 Hz, the y component amplitude 

exceeds the vertical one by a factor of  about 7. The x 
component also exceeds by about four times the vertical 
one at frequencies from 8 to 9 Hz. At low frequencies 
(f <2 Hz; Figure 9a) daily variations of  the horizontal 
components at station D2 are greater than those of  the 
reference station A0. This could be due to localized sourc-
es of  vibrations in this frequency band that are stronger 
in the building body and at the highest floors, where the 
Municipality offices are housed.

To study variations due to weather conditions (Fig-
ure 9b), we compared two time windows with wind 
speed of  about 25 and 5 km/h, both recorded in the night 
in order to minimize the effect of  anthropic activities. 
The estimated speed values are an average over the four 
meteorological stations. Again, the shapes of  the spectra 
for the three components of  motion are similar and, as 
expected, differences in amplitude for both stations are 
much more pronounced at low frequencies (f  <1 Hz), 
where they attain a factor of  7. The marked difference in 
amplitude between calm and disturbed time windows, 
involving all the components of  motion, suggests that 
periods with very strong meteorological disturbances 
can bias ambient noise measurements in buildings.

Figure 9c shows the amplitude levels for two noise 
recordings, the former taken in hours of  high working 
activity with bad weather conditions, the latter in the 
night in a meteorologically calm period. The compari-
son clearly shows the combined effects of  the two types 
of  disturbances: at low frequencies (f <1 Hz) meteoro-

Figure 10. Average SSRs with respect to the reference station A0 computed using ambient noise recorded when (column I) the level of  the 
daily anthropic activities is high, (column II) when the wind speed is high, and (column III) when both are high. 
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logical perturbations produce an amplification factor of  
about 8 - 9 for the three components of  motion on both 
stations, at high frequencies (4 - 20 Hz) anthropic activity 
is predominant and affects to a higher extent the hori-
zontal components.

5.2. Comparison between transfer functions inferred from 
earthquakes and ambient vibrations

In order to check the similarity of  building respons-
es in terms of  resonant frequencies inferred from weak 
motions of  earthquakes and ambient vibrations, we have 
first computed the transfer functions (1) for ambient vi-
brations in both cases where anthropic and meteorolog-
ical sources predominate, then we compared SSRs using 
ambient noise with the earthquake results. Figure 10 
shows SSRs computed when the level of  the daily hu-
man activities is high (column I), when the wind speed is 
high (column II), and when both quantities are high (col-
umn III). Although the trend of  transfer functions of  the 
three components of  motion shows some differences, 

they tend to reproduce fairly well the frequency of  the 
first modes. Particularly for the y component, the match 
in the resonance frequency among the three cases is very 
good for all of  the stations. Also the positions of  the oth-
er first peaks are reproduced with sufficient accuracy, 
even in terms of  amplification factors. For frequencies 
below 3 Hz, the transfer functions of  ambient vibrations 
do not reproduce the expected tendency to unity toward 
zero frequency. This is observed for all stations on both 
horizontal components especially in presence of  high 
wind speed (column II), and might be due, in addition 
to the wind action on the building as a whole, also to 
the fact that the velocity-transducers were not fixed to 
the floor but were simply placed on it. Therefore, in per-
turbed weather conditions their body and cables might 
have been shaken by wind, in addition to the building 
oscillation. The risk of  a direct action of  wind gusts on 
the body of  sensors and cables is particularly high for sta-
tions located in places of  the building not protected from 
the wind, such as terraces or balconies. To test this possi-
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Figure 11. SSRs ±1 standard deviation of  stations A1 (column I) and B2 (column II) in case of  high wind speed. We overlaid the bands 
of  uncertainties computed using recordings from velocimenters (light blue and dark blue curves for A1 and B2, respectively) to the same 
bands computed using recordings from accelerometers (red curves for both A1 and B2). Using the accelerometer data, the SSR bumps 
below 3 Hz disappear for the three components of  motion. 
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ble origin of  the low-frequency anomaly, we reproduced 
the curves in Figure 10 using recordings from accelerom-
eters (Figure 11), which were mounted on metal bas-
es firmly fixed to the building, and we found that the 
anomalous bumps below 3 Hz disappear.

Finally, Figure 12 shows the comparison between 
average SSRs obtained from earthquakes and those 
obtained from ambient noise when wind speed is low 
and human activities are minimum. In this ideal case, 
the SSR bumps below 3 Hz observed in presence of  
high wind (see Figure 10 columns II and III) do not 
occur, and the average SSRs derived from noise better 
reproduces those from earthquakes, even at low fre-
quencies.

6. Discussion and Concluding Remarks
The combined use of  earthquakes recordings 

and numerical modelling allowed us to interpret the 
seismic response of  the study building in the linear 
domain. In general, numerical modelling are not able 
to reproduce all the resonant frequencies obtained 
from experimental data with high accuracy [Lin et al. 

2005, Liu et al. 2005]. In this paper we have found a 
satisfactory agreement between experimental data 
and models for the first vibrational modes, including 
two translational modes and a rotational mode, with 
an acceptable outlining of  vibration modes along the 
vertical axis (Table 4).

The values of  the frequencies of  the first modes 
are well reproduced by modelling, but some elements 
of  discrepancy are also present between the actual 
behaviour of  the building and simulations. For exam-
ple, Figures 4 and 5a show a different behaviour of  
the pairs of  stations A2, B2 and C2, D2, located at the 
same elevation, which is not fully reflected in numeri-
cal modelling. With referring to Figure 5a, A2 and C2 
show amplification factors of  the first vibration mode 
much smaller than those of  the pair B2, D2. This like-
ly derives from the fact that the side of  the building 
facing south-west, that contains A2 and C2, is less free 
to oscillate with respect to the opposite side because 
of  the presence of  an adjoining building that tends 
to partially limit its horizontal motion; this is not tak-
en into account by numerical modelling (Figure 5b), 
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Figure 12. Average SSRs from (column I) earthquakes, and (column II) from noise recordings taken in conditions of  low wind speed and 
minimum human activities. 
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which does not work so well for the couple of  stations 
A2, C2. The actual response of  the target building is 
certainly more complex than what the numerical mod-
el can reproduce, also considering the adjacent struc-
tures not considered in our simplified modeling.

The differences between the actual building be-
haviour and our numerical simulations confirm the 
difficulty in reproducing the details of  the seismic re-
sponse of  structures using simplified modelling. This 
is probably due to the simplifications intentionally 
introduced in the model, the structural complexity 
of  the building and the lack of  experimental tests on 
materials.

The identification of  the spectral peaks by means 
of  seismic recordings is equally effective when using 
ambient vibrations, as shown in Figure 12. The average 
SSRs (both H/H and V/V) with respect to a basement 
reference well match the fundamental modes of  the 
structure even using ambient noise, both in terms of  
spectral peaks and amplification factors. The frequen-
cies of  the second and third modes also reproduce 
those outlined by modelling with enough accuracy.

To conclude, our analysis confirms the well know 
result that ambient vibrations are quite reliable to 
characterize the seismic response of  a building espe-
cially when noise recordings are taken at night time 
and in periods with very low weather disturbances 
(Figure 12). In general, low-cost noise measurements 
taken in an expeditious way and performed by using 
a single station located on top of  the building, can be 
affected by anthropic activities inside the building and 
meteorological disturbances. This requires special at-
tention in the installation of  the seismic equipment, 
and in discriminating local or global effects related to 
human activities or wind that can alter the results ob-
tained in the assumption of  an almost white noise.
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