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ABSTRACT
The Amphiteatrum Flavium in Rome (Italy) is one of  the most known 

monument in the world. With the aim of  understanding the seismic 

response of  the area where the Amphiteatrum Flavium is built and in-

vestigating possible soil-structure interactions, we performed a seismic 

experiment in 2014, based on ambient vibration (AMV) recordings. 

The measurements were performed at the original ground level, on 

the foundation and at different floors of  the monument. Data were 

analyzed in terms of  standard Fourier analysis (FAS) and horizon-

tal-to-vertical spectral ratio technique (H/V). Moreover, we performed 

an active P-wave seismic tomography analysis of  the foundation ma-

terials to better understand their influence on the recorded signals.

Our results point out that there is a strong temporal and spatial sta-

bility of  the H/V curves, suggesting a uniform seismic response at the 

monument site. Conversely, spectral amplitudes of  AMV show rele-

vant temporal and spatial variability at the investigated site, due to 

the daily variations of  AMV levels and to the low-pass filtering effect 

of  the stiff  Amphiteatrum Flavium foundation that strongly attenu-

ates the signals for frequencies above 4 Hz, i.e. those mostly originated 

by traffic vibrations. Moreover, we observe that the main vibration 

frequencies of  the super-structure are not present as energetic peaks in 

the spectra of  the ground-motion recorded at its base.

1. Introduction
The Amphitheatrum Flavium (hereinafter AF), 

commonly known as the Colosseum, probably rep-
resents the most important heritage of  the Roman 
Empire in Rome (Italy). With more than 6 millions 

of  tickets sold every year, it is the most visited mon-
ument in Italy and the second in the world, after the 
Great Chinese Wall. Such cultural and economical 
resource needs to be preserved and protected by any 
potential cause of  degradation. 

The building dates from the first century a.C. and 
during its life it suffered many damages. Since the de-
cline of  the Roman Empire, the ancient city and its 
main monuments managed to withstand the frequent 
barbaric invasions, with fires and devastations. In the 
500 a.C. it was used as burial area, few years later as 
a castle. In the 1200 a.C. it was occupied by the Fran-
gipane palace, later destroyed, but some building still 
remained there. For years and also during the Italian 
Renaissance, the AF was subjected of  material looting 
(marble, travertine, etc.), used to erect and decorate 
new buildings (e.g. Barberini Palace, Ripetta’s har-
bour). It is not incorrect to say that the AF became one 
of  the most exploited quarries during the Renaissance 
[Lanciani 1897]. Moreover, during time the monu-
ment was used as granary, and the external area of  the 
AF was used both for poor buildings directly leaned 
against the monument and as breeding area. 

A first restoration work of  the AF was ordered 
by Pope Benedetto XIV around 1750. Later, another 
restoration work of  the roman monument started at 
the beginning of  1800 under Pope Pio VII with archi-
tect Raffaele Stern, who tried to contrast the collapse 
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of  the third ring of  the eastern part, triggered by a 
strong earthquake occurred in 1806. In 1823 architect 
Giuseppe Valadier designed and made a restoration 
work in the western part of  the AF, toward the Ro-
man Forum.

Nowadays, the monument and its surroundings 
area have been completely recovered. Nevertheless, 
the AF is inserted in a modern urban context pro-
ducing high-levels of  vibrations, mostly due to buses, 
cars and subway trains, that run just few meters apart 
from the foundation (Figure 1). These traffic-induced 
vibrations represent a potential new risk of  degrada-
tion for the AF.

In such context, the role of  earthquakes in the 

damage of  AF has been debated since long time [a 
complete review can be found in Molin et al. 1995 
and Galli and Molin 2014]. In fact, even though the 
rate and the level of  seismicity for Rome is low 
(Is < 8 MCS) and mainly due to the seismogenic sourc-
es located in the Apennines (distance 90÷130 km) and 
the area of  the Albani hills Volcano (10÷20 km), the 
historical literature reports that Rome severely felt the 
earthquakes occurred in 443 a.C, 484-508 a.C, 1349, 
and 1703. However, the description of  the damage 
occurred at the AF after these events was likely exag-
gerated because of  the prior state of  the building that 
surely contributed to the partial collapse of  the struc-
ture [Rea 1993, 1999]. Galli and Molin [2014] state that 
the partial collapse of  the southern external ring of  
the AF occurred after the 1349 earthquake. 

In order to give possible explanations of  such 
level of  damage, several authors investigated the role 
of  site effects due to the local geologic conditions at 
the monument site [Moczo et al. 1995, Funiciello and 
Rovelli 1998, Pagliaroli et al. 2014a]. In particular, these 

authors observed that the southern part of  the AF is 
more damaged than the northern part. Through simu-
lations of  wave propagation they pointed out that this 
differential damage could be caused by the different 
geological conditions under the two parts. In fact, the 
southern part lies on a former river valley filled with 
soft alluvial deposits, whereas the northern part is 
founded over older and more compact alluvial mate-
rials (Figures 2 and 3). Even though numerical simula-
tions are able to describe the soil response, they do not 
take into account the role of  the AF rigid foundation 
that can behave as a filter on the seismic signals. More-
over, literature lacks of  an exhaustive collection of  real 
data to support or contrast this hypothesis. 

Therefore the main goal of  this study is to contrib-
ute to fill this gap. We have performed and analyzed sev-
eral long lasting ambient vibration (hereinafter AMV) 
measurements inside the AF with the following aims: 

i) �investigating the spectral characteristics of  vibra-
tions induced by natural and anthropic sources; 

ii) �exploring the effect of  the building foundation 
on the spectral characteristics of  AMV; 

iii) �checking the temporal and spatial variation of  
AMV possibly correlating it with the sub-sur-
face shear-wave velocity structure and the ge-
ometry of  the monument foundation as well as 
the properties of  the foundation materials.

In order to better understand the influence of  AF 
foundation on the recorded ground motion we also 
performed an active P-wave seismic tomography of  
the foundation materials.

2. Geological setting
The AF is located just few meters apart from the 

ancient Forum of  Rome. Figure 3 shows a detailed 
geological cross-section below the AF, modified after 
Pagliaroli et al. [2014a]. The studied area lies inside 
the Tiber River sedimentary basin, which is char-
acterized by a complex stratigraphic pattern [Milli 
1997, Funiciello and Giordano 2008]. 

The geologic bedrock is represented by the Mon-
te Vaticano Formation (MVA) composed of  Pliocene 
marine overconsolidated clays and marly clays [Fu-
niciello and Parotto 1978] with thickness up to 900 m 
[Pagliaroli et al. 2014a] which have been traditionally 
considered as the seismic bedrock in the area of  Rome 
[Rovelli et al. 1994, Bonilla et al. 2011]. The MVA unit 
is overlain by Lower Pleistocene shallow marine sed-
iments and by a layered volcano-sedimentary succes-
sion of  Early Pleistocene-Late Pleistocene age. The 
formers include Santa Cecilia (CIL) and Valle Giulia 

Figure 1. Picture showing the works for the construction of  the 
underground B line around 1940.
(https://www.romasparita.eu/foto-roma-sparita/96998).
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(VGU) sedimentary formations [Giordano and Maz-
za 2010 and references therein]. Volcano-sedimentary 
succession was originated from the Sabatini and Al-
bani hills volcanic complexes and include both vol-
canoclastic inter-layered fluvio-lacustrine sediments, 
lava flows and distal pyroclastic deposits [Giordano 
and Mazza 2010], as Palatino Unit (PTI), Fosso del 

Torrino (FTR) and Villa Senni Formations (VSN1). 
This volcano-sedimentary succession was carved 

and refilled by the Tiber River and its former tribu-
taries during the Plio-Pleistocene eustatic variations 
of  the sea level. The AF mainly lies on the former 
Labicano river valley, one of  these tributaries. This 
river valley is filled by Holocene alluvia belonging to 

Figure 2. Geologic map (left) of  the Colosseum area [redrawn after Mancini et al. 2014] and radial section (right) of  the Colosseum [mod-
ified after Pau and Vestroni 2008]. In the map the area once occupied by the south external sector of  the monument (dashed area) and 
the trace of  the Commodus Passage are also shown (white area). The trace of  the cross section in Figure 3 is represented as a dashed line. 
The locations of  measurement points are represented by the colored dots (red and blue for the C-B configuration and yellow for the C-C 
configuration, left panel). In the right panel is shown a section of  the monument (dashed line A-A’ at Fornix LV) with the position of  the 
sensors in the C-D configuration (colored dots, the colors refer to the H/V curves in Figure 10). The positions of  the first (G1) and last (G59) 
geophones of  the seismic tomography linear array are also shown as red triangles. 

Figure 3. Detailed geological cross-section below the AF [modified after Pagliaroli et al. 2014a].
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the Tiber River Synthem [SFTba unit, e.g. Bozzano et 
al. 2000, Marra et al. 2008, Raspa et al. 2008] directly 
overlying the MVA. 

The whole surface of  the city of  Rome is also 
covered by anthropogenic deposits (h) with variable 
thickness. They represent a continuous cover of  back-
fill material and building debris from the Roman age 
[Ciotoli et al. 2011]. 

The monument foundation directly lies on the ge-
ologic units described in the following. In the southern 
sector, the AF foundation rests on 25 m thick sediments 
belonging to SFTba. These deposits are represented by: 
i) a basal layer of  pebble few meters thick (SFTba1) pass-
ing upward to ii) a thick layer (up to 20 m) of  organ-
ic-rich clay and silt (SFTba3) containing scattered peats 
and lenses of  sands. They directly overlie the MVA unit. 
In the north-western side, the monument stands over 
40 m thick fining upward sequence of  sandy gravels 
(10 m thickness) passing to sandy deposits and blue 
clayey silt (FTR), on the MVA. Finally, in the north-east-
ern side the structure was built on a reduced volca-
no-sedimentary sequence with maximum thickness of  
15 m and characterized by the prevalence of  silty sands 
(VGU) with interlayered pyroclastics (PTI).

Information regarding the stiffness of  these units 
can be found in recent papers by Pagliaroli et al. [2014b] 
and Cardarelli et al. [2017 - this issue]. These authors 
analyzed geotechnical and geophysical data obtained 
through in-situ and laboratory measurements. Pagliar-
oli et al [2014b] estimated an average value for S-wave 
velocity (Vs) of  about 500 m/s for the MVA, at least 
in the uppermost 20 meters, and values lower than 
300 m/s for the more recent sediments (sands of  SFT-
ba3). Vs values between 600 and 700 m/s were meas-
ured for the gravel and pebble basal alluvial layer (SFT-
ba1), determining a local moderate impedance contrast 
with the overlying finer alluvial sediments as well as a 
shear-wave velocity inversion between SFTba1 and the 
MVA. Furthermore, the same authors observed that 
there is a small difference between the Vs values per-
taining to the older (FTR, Vs between 300-400 m/s) and 
the more recent alluvial sands and silts (SFTba3, Vs be-
tween 250 and 300 m/s). Cardarelli et al. [2017 - this 
issue] performed down-hole and cross-hole tests to a 
depth of  about 40 m in the AF area, therefore estimat-
ing Vp and Vs values of  the SFTba1-3 and MVA units. 
They found almost constant Vs values in the SFTba3 
unit between 250-300 m/s, in agreement with the pre-
vious authors, while slightly larger values were meas-
ured for the SFTba1, Vs around 700 m/s, and for the 
MVA units, Vs around 600 m/s.

3. Monument description
The AF was built between 72 and 82 a. C. on the 

order of  the emperors Vespasian and Titus and finally 
completed under the empire of  Domitian. All these 
emperors came from the Flavium dynasty or Gens 
Flavia in latin, then the name given to the Amphithea-
trum. The monument has an elliptical shape with ex-
ternal major and minor axes length of  about 190 and 
156 m respectively (Figure 2) and served as the major 
roman arena for gladiator and hunting games. The 
major axes is NW-SE oriented, striking about N110°E. 

The area selected for building the AF was a valley 
between Velia, Oppio and Celio hills, where an artificial 
lake was made under emperor Nero. The lake was later 
drained under emperor Vespasian for building the AF.

Although few historical information are availa-
ble, the foundation is supposed to be an enormous el-
liptical ring filled with roman concrete (opus caemen-
ticium in latin, lime with sand or pozzolanic material 
and mixed with stones). The estimated thickness is 
of  about 12-13 m to bear the weight of  the edifice 
and the audience. The ring has an extension of  about 
50-60 m from outside to inside, whereas the central 
part (hypogeum), below the arena, is on the original 
ground and it was divided in several service areas by 
walls of  bricks (opus latericium in latin). These cellars 
are still visible and they were used for hosting games 
equipment, weapons and animal cages. The ground 
surface at the cellars is about - 6 m below the actu-
al planking level. The Commodus Passage represents 
the best indication on how the foundation was made 
[Orlando er al. 2017 - this issue]. This is a corridor dug 
into the foundations and connecting the cellars with 
the outside, it was used by the Emperor and his entou-
rage to access to the monument. Here, in the floor it is 
clearly visible the Roman concrete while two walls of  
tuff  have been inserted laterally (Figure 4).

The structure of  the AF is of  masonry made of  
blocks of  travertine and bricks and blocks of  tuff. Its 
structural plan is based on a series of  radial walls con-
nected by concentric annular walls and by inclined 
concrete vaults [Pau and Vestroni 2008]. The build-
ing has four levels for a total height of  50 m above 
the actual ground surface. A major characteristic of  
the building is the presence of  80 archways or for-
nices (single fornix) used as entrances: 76 entrances 
were numbered and intended for the public, whereas 
four of  them, located at the ends of  the ellipse’s axes, 
were used by the nobles and considered as restrict-
ed access zones. As already mentioned, the southern 
part of  the external wall of  the edifice collapsed and 
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two reinforcement buttresses were built on the east-
ern [Sperone Stern 1805-07] and on the western side 
[Sperone Valadier 1823-1827], respectively.

Several authors have analyzed the dynamic char-
acteristics of  the monument both through experi-
mental dynamic analysis and numerical simulations. 
Pau and Vestroni [2008] analyzed the response of  
the monument finding a main resonance frequency 
of  the structure at 1.3 Hz and other resonance fre-
quencies in the range 1-2 Hz. They also found that 
the mode shapes related to these frequencies mainly 
involve the external wall that has prevalent motion 
along the radial direction with respect to the mon-
ument elliptical plan and that local bending modes 
interest the two buttresses. Clemente et al. [2015] 
analyzed AMV data recorded in 1993 and recently in 
2014 pointing out that resonance frequencies related 
to modal shapes of  the structure are observed in the 
frequency range 1-3 Hz range and that the dynamic 
behavior of  the AF is quite complex.

4. Data acquisition, analysis and results

4.1 AMV Data acquisition
We have performed several long-lasting measure-

ments of  ambient vibration in the AF, on June 24 and 
25 2014. We used 8 three-components Lennartz Le3D 

seismic sensors with natural period of  5 s connected to 
RefTEK 130 24-bit recorders. We have deployed seismic 
instruments with three different configurations. The 
sampling rate was fixed to 250 sps, and time alignment 
of  samples was guaranteed by GPS synchronization.

In the first configuration (C-B), 7 sensors were 
deployed at the present ground level directly on the 
foundation of  the monument (red dots in Figure 2, 
left panel) and 1 sensor was installed at the center of  
the AF at the hypogeum level, the lowermost level 
that can be visited by tourists, about 6 m below the 
present ground level (blue dot in Figure 2, left panel). 
This last sensor (station code ST0) was kept in oper-
ation during all day 1. According to the most recent 
subsurface geological model of  the AF area [Mancini 
et al. 2014], the ST2 station was the only installed out-
side the recent alluvial deposits of  the Labicano river 
(Figure 2, left panel). 

In the second configuration (C-C), the 8 tri-axial 
sensors were deployed along an almost linear align-
ment inside the Commodus Passage. This gallery is 
oriented in radial direction with respect to the foun-
dation, except for the last 20 meters that are orient-
ed towards the East direction (Figure 2 left panel). 
The sensors were placed with inter-distance of  about 
10 m along the passage. In this configuration, the first 
6 sensors were deployed on the top of  the founda-
tion, whereas the last two sensors were likely placed 
outside the foundation (yellow dots in Figure 2, left 
panel). The instrumentation acquired seismic signals 
from 16:26 PM of  June 24 to 08:29: AM of  June 25, 
allowing to assess variations of  AMV during day and 
night hours. For both C-B and C-C configurations, 
the horizontal components of  seismic sensors were 
oriented toward geographic North and East. 

In the third configuration (C-D), 3 instruments 
were deployed along a vertical alignment at the “For-
nix LV” close to the “Sperone Valadier”. In this con-
figuration, the sensors were oriented along the radial 
and tangential directions respect to the main axes of  
the AF. The scope of  this deployment was to evalu-
ate variations of  AMV levels with the height of  the 
structure, as the sensors were installed at the ground 
level (L0), at the first (L1) and second floors (L2) of  
the monument (Figure 2, right panel). With this de-
ployment it is possible to verify the influence of  the 
structure on the motion recorded at the foundation.

For each configuration, we extracted simultane-
ous time window recordings between sensors (Table 
1). The collected traces were preliminarily de-trend-
ed and corrected for the instrument response.

Figure 4. Picture of  the Commodus Passage with the geophones 
installed for the active seismic experiment. 
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4.2 Vp-tomography data acquisition
With the aim to reconstruct a Vp seismic image 

of  the foundation of  the monument, we performed 
an active seismic experiment along the Commo-
dus Passage. We used a linear array of  59 vertical 
geophones (eigen-frequency of  4.5 Hz) connected 
by three multi-channel stations. The inter-distance 
among geophones was set to 1 m for a length of  58 m 
(Figure 2) and we used a 5 kg sledge-hammer as ac-
tive source performing shots at different offset. In 
order to prevent the damaging of  the roman floor, 
the hammer was striking on an iron plate in contact 
with the ground and the geophones, placed on the 
floor, were fixed in special cylindrical bases (Figure 
4). The source was moved along the line of  receiv-
ers using an interval of  2 m, by positioning the iron 
plate at an intermediate distance between the geo-
phones deployed along the line. To increase the sig-
nal-to-noise ratio during data acquisition, for each 
source point the seismic acquisition was repeated 
three times and the acquired data were stacked dur-
ing the data processing.

4.3 AMV Spectral analysis method 
The AMV recordings were analyzed through 

the Fourier Amplitude Spectra (FAS) and horizon-
tal-to-vertical spectral ratio (H/V) techniques. 
The first method gives the spectral content of  the 
three-component of  the ground motion, allowing 
comparisons between analogue components re-
corded in different sites or in different periods of  
time (e.g. night and daytime). On the other hand, 
the H/V technique is widely used to estimate the 
fundamental resonance frequency of  the subsoil 
structure. It is particularly effective in the 1D ap-
proximation for the site geological structure (i.e. 
unique layer with low shear-wave velocity above a 
stiffer layer considered as the seismic bedrock). The 
higher is the impedance contrast (difference in shear 
wave velocity and density between the two layers), 
the more precise is the H/V technique in retriev-
ing the resonance effect from AMV recordings. 

Constraining the fundamental resonance frequency 
with other independent information, the H/V tech-
nique allows evaluating the shear wave velocity (Vs) 
of  the first layer or the depth of  the seismic bedrock 
[e.g. Nogoshi and Igarashi 1971, Nakamura 2000, 
Bard and SESAME Team 2005, Bonnefoy-Claudet, 
Cotton and Bard 2006]. Rarely, this method has been 
used also to evaluate the resonance frequencies of  
buildings, comparing the H/V from recordings ob-
tained at different floors of  the building [Gallipoli et 
al. 2004, Facke et al. 2006, Michel et al. 2006].

To calculate both FAS and H/V curves we used 
the software Geopsy [Wathelet et al. 2005]. To se-
lect the most stationary parts of  the signal we have 
applied an anti-trigger algorithm to automatically 
exclude time-windows affected by strong transients 
generated by cultural activity. We chose a length 
of  45 s to have a reasonable resolution of  FAS in 
the low frequencies part (< 1 Hz) of  the signal. The 
selected time windows were further detrended and 
tapered at both ends using a cosine function. FAS 
were calculated in the frequency band 0.2-20 Hz and 
smoothed using the Konno-Ohmachi logarithmic 
algorithm with b value of  40 [Konno and Ohmachi 
1998]. The H/V spectral ratios for each window 
were calculated combining the horizontal FAS (ge-
ometric mean) and dividing by the vertical FAS. The 
final results (for both FAS and H/V) were obtained 
by averaging the single results coming from several 
tens of  windows.

For C-B and C-D configurations, the H/V spec-
tral ratios were also calculated rotating the horizon-
tal components by steps of  10° from north clock-
wise for C-B and of  30° from radial to tangential 
for C-D, obtaining the directional variation of  H/V. 
This technique was firstly applied using earthquake 
records by Spudich et al. [1996] and was subsequent-
ly exploited by several authors [e.g. Di Giulio et al. 
2009, Pischiutta et al. 2013] using ambient noise in 
different areas. Only for C-C, FAS and H/V func-
tions were calculated separating the signals record-
ed during day and night time.

Table 1. Time windows used for the analysis.

Configuration Day Start time Day End time Duration

C-B 24/06/2014 08:20 24/06/2014 09:30 01h 10m

C-C 24/06/2014 16:26 25/06/2014 08:29 15 h 3 m

C-D 25/06/2014 07:33 25/06/2014 13:08 05 h 35 m 
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4.4 AMV Results

C-B configuration
Figure 5 shows the average H/V curves for the 

eight stations used in configuration C-B. The general 
shape of  H/V spectral ratios is similar at the measuring 
sites even though there are negligible differences (within 
one standard deviation) below 3 Hz. 

The average H/V spectral ratios show two main 
peaks centered at about 0.3 Hz and 1.0 Hz with ampli-
tude of  about 2.2-2.5, respectively. The amplitude of  the 
H/V functions remains lower than 1 in the frequency 
band between 2.5 and 10-15 Hz.

In Figure 6 we show the H/V spectral ratios cal-
culated by rotating the two horizontal components 
between 0° and 180°, at steps of  10°. Consistently to 
Figure 5 there is a good agreement between all meas-
urement points. Moreover, amplitudes are not affected 
by strong directional variations as different rotation an-
gles show amplitudes of  the two main peaks between a 
factor of  2 and 3. The FAS analysis of  the three compo-
nents of  the ground motion (Figure 7) allows investigat-
ing in detail possible differences between measurement 
points. Spectra of  the horizontal components (Figure 
7, left and middle panels) are very similar in shape for 
frequencies below 1 Hz, with a sharp peak around 
0.3 Hz. On the East components the agreement is good 
for frequencies below 4 Hz with another peak at 2 Hz. 
This latter peak is visible also for the North components 
but with higher variation among the measured points. 
FAS of  horizontal components diverge significantly for 
frequencies above 4 Hz. In particular, at the ST0 station 
outside the foundation the FAS shows a strong peak 
at 10 Hz. Lower differences are observed at the other 
stations. The spectra of  the vertical component show 
maxima in a large frequency band between 3 and 11 Hz, 

with two peaks at about 4 and 10 Hz (Figure 7, right 
panel). Once again station ST0 is the only one showing 
significant increases in amplitude between 3 and 11 Hz. 
The FAS of  ST1 station shows amplitudes slightly larger 
than those of  the other stations located on the founda-
tion above 1 Hz. This may be due to the proximity of  
ST1 to the underground tunnel and the data could be 
affected by the signals produced by railways.

Despite these differences in the spectra at the sta-
tion outside the foundation (ST0) and the other stations 
on the foundation of  the AF, the H/V analysis results 
in negligible variations. This means that the foundation 
acts as a filter on ground motion similarly for the three 
components of  ground motion.

C-C configuration
The Commodus Passage is not generally acces-

sible to the tourists; therefore it was possible to leave 
the recording stations in operation for several hours, 
including the night-time. The H/V and FAS analy-
sis have been performed for both day (maximum of  
the anthropic activity) and night-time (minimum of  
the anthropic activity). The spectra were calculated 
using 120 minute long synchronous time windows 
during day-, between 6 and 8 PM, and night-time, 
between 2 and 4 AM, respectively.

Figure 8 shows the H/V results, with almost 
identical shapes for the day- and night-time periods. 
The shape of  H/V spectral ratios is also very similar 
to the one calculated for the configuration C-B (com-
pare Figures 6 and 8). As also observed for stations 
in configuration C-B, the FAS analysis highlights dif-
ferences among measured points that do not lead to 
significant differences in H/V spectral ratios (Figure 
9). For configuration C-C we can study also the vari-
ation of  FAS with the recording time. 

During day-time, the behavior of  the three FAS 
for stations from ST0 to ST05 is very similar to that 
observed for the stations installed on the foundation 
in configuration C-B (top panel of  Figure 9). On the 
other hand, , the FAS of  stations ST06 and ST07 (red 
and orange curves, Figure 9) diverge from the others 
and show a behavior similar to that of  station ST0 
installed in the hypogeum in configuration C-B. This 
observation confirms the hypothesis that these two 
stations are located outside the AF foundation.

Such day-time differences on FAS during day-
time between stations on and outside the founda-
tion are lower during night-time (Figure 9, bottom). 
Indeed, the FAS are quite flat for frequencies above 1 
Hz and about 4 times lower than the ones observed 

Figure 5. H/V spectral ratios calculated for the stations of  C-B. 
The dotted lines represent the average H/V curve ±1 st. dev. calcu-
lated for the ST0 measuring site.
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on day-time. This is a clear indication that the AMV 
of  anthropic origin controls the energy distribution 
of  the seismic noise above 1 Hz, as expected [Bon-
nefoy-Claudet, Cotton and Bard 2006]. Anyway, the 
variations of  FAS between the three components are 
always comparable therefore producing very similar 
H/V spectral ratios.

C-D configuration
The C-D deployment is different from the previ-

ous, because only one station was placed on the foun-
dation of  the AF, whereas the other two were set on 
the first and second floors, respectively in correspond-
ence of  the “Fornix LV” close to the “Sperone Valadi-
er”. Such configuration can provide information about 

Figure 6. H/V spectral ratios at stations of  the C-B configuration, calculated by rotating the two horizontal component of  ground motion 
by steps of  10°, from 0 to 180°.
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ground motion variations from the bottom to the top 
of  the structure. The duration of  the simultaneous re-
cordings (about 5 hours) ensures the statistical signifi-
cance of  the results. 

Figure 10 shows the spectral ratios of  the relative 
motion recorded at the second (L2) and first floor (L1) 
of  the vertical array de-convoluted with respect to the 
ground motion obtained at the foundation (L0). These 

functions were calculated to clearly determine the vi-
bration frequencies of  the superstructure by removing 
the ground-borne ambient vibration input spectra at 
the base of  the monument from those recorded at the 
upper levels. For each component of  the recorded mo-
tion, radial, tangential and vertical, recorded at L2 and 

L1 levels, the relative motion between the structure 
and the foundation was calculated as L2 (or L1) - L0 in 
the time domain and subsequently de-convoluted by 
L0 in the frequency domain. In this way, it is possible 
to retrieve the monument transfer function under the 
hypothesis of  the monumental structure behaving as a 
linear system under low level of  loading, such that in-
duced by ambient vibrations. The spectral ratio func-
tions were smoothed using a high b value [b=99, low 
smoothing; Konno and Ohmachi 1998] to better dis-
tinguish between peaks at closely spaced frequencies. 

For the radial component, the de-convoluted 
spectra show two clear peaks at about 1.3 and 2.7 Hz 
both at the L1 and L2 levels (Figure 10, left panel). 
Similarly, the spectral ratios of  the vertical component 
at L2 and L1 show two main peaks again at 1.3 Hz 
and around 11 Hz (Figure 10, right panel), while the 
tangential spectral ratio functions have several peaks 
with comparable amplitude in the frequency range 
1.3-15 Hz (Figure 10, central panel). 

The amplitude of  the functions displayed in Figure 
10 shows that the prevalent motion of  the structure is 
in the radial direction. 

The 1.3 Hz spectral peak corresponds to the fun-
damental resonance frequency of  the monumental 
building and is associated with a bending mode of  the 
external monument wall in the radial direction [Pau 
and Vestroni 2008, Bongiovanni et al. 2017 - this issue]. 

The 2.7 Hz peak on the radial component have the 
highest amplitude among all the functions calculated at 
the same level. At L2 (Figure 10, top panel) the 2.7 Hz 
peak is the predominant peak both in the radial and tan-
gential components. This frequency was identified by 
other authors and associated with a local mode of  the 
Valadier’s buttress [Bongiovanni et al. 2017 - this issue]. 

As several authors verified that H/V method can 
be effectively used to characterize the dynamic behav-
ior of  buildings [Chavez-Garcia and Cardenas-Soto 
2002, Gallipoli et al. 2004, Gallipoli et al. 2009], we also 
calculated the H/V spectral ratios at the three levels 

Figure 7. FAS of  the east (left), north (middle) and vertical (right) components of  motion recorded with C-B configuration.

Figure 8. H/V spectral ratios calculated at the stations of  C-D 
configurations, selecting data acquired during day (top panels) and 
night (bottom panels).
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L0, L1 and L2 (Figure 11) for comparison with the 
results obtained by the previous analysis.

In this case the spectral ratios were calculated 
by projecting the horizontal component of  motion 
into 6 selected horizontal directions ranging from 
the radial through the tangential directions with re-
spect to the AF map view and reaching the rotation 
of  150° clockwise with respect to the radial direc-
tion. The final H/V spectral ratios were smoothed 
as previously by using a high b value.

Despite this smoothing procedure, the H/V 
calculated at the base L0 is very similar to those 

obtained for stations installed on the foundation 
in configurations C-B and C-C. The shape of  L0 
does not change significantly when rotating the 
horizontal components. The H/V spectral ratios 
for the other two floors, L1 and L2, differ drastical-
ly from L0, and they are azimuth-dependent. The 
main peak is at about 2.7 Hz, and its amplitude in-
creases moving from L1 to L2. Moreover the effect 
of  this peak is greater for the radial direction than 
for the tangential one. The other relevant peak is 
in the range 1.2-1.3 Hz. The directional analysis for 
L2 shows that moving from radial to tangential, this 

Figure 9. FAS of  the east (left), north (middle) and vertical (right) components of  motion recorded with C-D sensor configuration. The 
top and bottom panels show FAS calculated during day and night acquisitions, respectively. 

Figure 10. Spectral ratios of  the relative motion recorded at the second (L2, top panel) and first floor (L1, bottom panel) of  the vertical array 
de-convoluted with respect to the ground motion obtained at the foundation (L0) fore the Radial (left panels), Tangential central panels) 
and Vertical (right panels) components.
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peak splits into two different peaks with lower am-
plitude at about 1 Hz and 1.5 Hz. Further, along the 
tangential direction at L2 several peaks appear in the 
2-8 Hz frequency range. We finally observe that L1 
and L2 show two other not directional peaks at 12 
and 15 Hz, respectively, with amplitude independ-
ent of  the azimuth and not present on L0. 

From the comparison between the functions 
of  Figure 10 and Figure 11 it is possible to observe 
that both methods are capable to identify the main 
resonance frequency of  the monumental building at 
1.3 Hz and the local mode of  the Valadier’s buttress 
at 2.7 Hz. However the first method provided a bet-
ter resolution of  the resonance peaks with respect 
to the H/V method. 

To summarize, the resonance frequen-
cies of  the AF are mainly concentrated in the 
frequency band 1-4 Hz and in the radial direc-
tion. The motion at level 0 is not influenced 
by the monumental structure, suggesting that 
in this frequency range the observed peaks at 
0.3 and 1 Hz are related to the subsurface structure.

4.5 Vp-seismic tomography results
The active seismic data were used for the recon-

struction of  a Vp tomographic image based on the 
inversion of  the first arrival traveltimes. For the iden-
tification of  the first arrival time, the acquired seismic 
traces were organized in Common Shot Gather (CSG) 
seismic sections. The picking of  first arrivals was man-
ually performed only on stacked traces in which the 
signal relating to first arrival shows an acceptable signal 
to noise ratio. A total number of  1395 picks were de-
tected with a mean uncertainty of  the order of  1 ms.

The picked traveltimes are used as input data of  
a 2D tomographic inversion based on Simultaneous 
Iterative Reconstruction Technique [SIRT, Trampert 
and Leveque 1990] and using the ray paths calculat-
ed by a finite difference approximation of  the Eikonal 
equation to solve the forward problem.

The final retrieved model is shown in Figure 12. 
The associated root mean square (RMS), calculated 
from the differences between the observed and com-
puted traveltimes of  1 ms, is comparable to the error 
of  measurement of  the traveltimes. The paths of  the 

Figure 11. FAH/V spectral ratios calculated at the levels L0 (blue curve), L1 (green curve) and L2 (red curve) in the monumental structure. 
Each panel refers to a projection of  the horizontal components along a specific direction between the radial (0° rotation) through the tan-
gential (90° rotation) and to 150° rotation before computation of  the spectral ratio.
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seismic rays are used to define the areas of  2D velocity 
model well-sampled by seismic waves. The maximum 
investigation depth reaches about 4 m below the final 
part of  the acquisition line (between 42 and 51 m dis-
tance along the line, Figure 12). The retrieved velocity 
shows values between 2000 m/s and 3500 m/s. Such 
high velocity values and the position of  investigated 
area at the base of  monument suggest that the mate-
rial sampled by seismic waves is the roman concrete 
used for the foundation of  Colosseum. In the shallow-
est part (up to 1 m of  depth) of  the model there are 
several low velocity areas (Vp around 2000 m/s) with 
lateral dimensions of  a few meters. These small anom-
alies are probably related to the deterioration of  the 
material used for the foundation of  monument.

5. Discussion and conclusions
The results obtained by the H/V spectral ratio 

and FAS analyses lead to some consideration about 
the response of  the AF’s foundation and structure. 
The H/V spectral ratios of  AVM at different points of  
the foundation and immediately outside (hypogeum 
or the two last points of  the Commodus Passage) re-
main constant in shape and amplitude. Even consider-
ing different levels of  AMV excitation (during day and 
night-time), the H/V is always stable regardless of  the 
positions of  the measuring instruments. As the shape 
of  the H/V reflects the local subsurface shear-wave ve-
locity structure, this observation suggests that no sig-
nificant differences are present in the local subsurface 
structure between the measuring points.

Previous studies [Moczo et al. 1995] based on nu-
merical simulation of  seismic wave propagation pre-
dicted higher amplitude ground-motion levels in the 
south-eastern sector than in the north-western one of  

the AF. Funiciello and Rovelli [1998] hypothesized 
that the collapse of  the South external wall of  the AF 
during centuries is due to a higher amplification of  
earthquake ground-motion in the south-eastern sec-
tor of  the monument. Our results in terms of  H/V 
seem to confute this hypothesis as we observed a 
strong similarity between the North and South sector 
of  the AF. One possible reason for this discrepancy is 
the sub-surface velocity structure used by Moczo et 
al. [1995]. These authors assumed a Vs of  800 m/s 
for the MVA and Vs between 100 and 200 m/s for 
the alluvia of  the Labicano valley in the S sector of  
the AF. In the light of  the new available data about 
the dynamic characterization of  soils in the Central 
Archeological area of  Rome [Pagliaroli et al. 2014b, 
Cardarelli et al. 2017 - this issue], this high impedance 
contrast seems to be unrealistic. 

Despite the similarity of  the H/V curves calculat-
ed on and outside the foundation, our results showed 
significant variations in the amplitude spectral level 
between AMV measures on the foundation and at the 
hypogeum. In particular, our observations highlight 
that the foundation has a positive effect on the spectral 
content of  the ground motion, strongly attenuating 
the amplitudes of  frequencies above 4 Hz, i.e. the fre-
quency range mostly originated by traffic vibrations. 
This effect is likely due to the high seismic velocities 
of  the foundation materials as proved by our seismic 
tomography results (Vp above 3500 m/s). The role of  
the rigid foundation shall be also taken into account 
when assessing the seismic vulnerability of  the mon-
umental structure.

The H/V peaks of  configuration C-D, suggest 
that the vibrations of  the structure do not affect the 
motion at its base. Indeed the H/V analysis performed 

Figure 12. 2D tomographic model obtained by the seismic active data acquired along the Commodus Passage. 
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rotating the horizontal components indicates that the 
structure does not produce directional effects, there-
fore two H/V peaks around 0.3 and 1 Hz observed at 
the ground level can be related to the sub-surface con-
ditions. The amplitude level of  the two peaks is rela-
tively low, never exceeding a factor of  2.5. Even if  the 
amplitude is not considered a reliable indication of  an 
amplification effect [Bard and SESAME Team 2005], it 
is however an indication of  the impedance contrasts 
between the sub-surface layers and the supposed seis-
mic bedrock. Therefore, the two peaks at 0.3 Hz and 
around 1 Hz are in principle related to low-to-moder-
ate impedance contrasts at very different depths: the 
former is likely due to a resonant interface at depths in 
the order of  several hundred meters; the latter could 
be related to a shallower resonant interface. However 
the peak around 1 Hz does not fit the available geolog-
ical and geophysical information. In fact, if  we consid-
er up to 30-40 m of  alluvial and recent sediments (Vs 
roughly around 250 m/s) overlying the MVA unit (Vs 
roughly 600 m/s) or 20-30 m of  fine alluvial sediments 
of  the SFTba3 (Vs of  250 m/s) overlying the stiff  grav-
el of  the SFTba1 unit (Vs of  700 m/s), the resonant 
frequency should be grater than 2 Hz. Thus, we hy-
pothesize that the origin of  the peak around 1 Hz is re-
lated to the resonance of  the close Tiber valley. In fact, 
several AMV measurements in different part of  Rome 
show a persistent H/V peak at 1 Hz, which supports 
this hypothesis (Carlucci PhD thesis in preparation).

Looking at the results obtained from the spectral 
analysis of  the signals recorded at different heights in 
the AF (Figures 10 and 11), we obtained strong peaks 
with amplitude dependent on the considered horizon-
tal direction. This behavior can be related to differen-
tial motions of  the structure. In particular, we exper-
imentally showed that spectral ratios of  the relative 
motion recorded at the second (L2) and first floor (L1) 
deconvoluted with respect to the ground motion ob-
tained at the foundation (L0) and H/V calculated at L1 
and L2 provide consistent estimate of  the resonance 
frequencies of  the AF which are mainly related to the 
radial motion of  the structure. Along the radial direc-
tion, at the first and second floor both methods show 
frequency peaks around 1.3 and 2.7 Hz. The former is 
a clear resonance frequency of  the building and the lat-
ter is a local mode of  the Valadier’s buttress. In detail, 
as these peaks are related to radial resonances, their 
amplitude decrease when the H/V is calculated along 
the tangential direction, for the other peaks, a more 
complex behavior has been observed as a function of  
the azimuth in the H/V functions.

The main resonance frequency of  the structure 
is about 1.3 Hz [Pau and Vestroni 2008, Clemente 
et al. 2015]. Due to its closeness with the resonance 
frequency of  the ground (about 1 Hz), we believe 
that important site-structure interactions cannot be 
excluded in case of  strong earthquakes. Therefore, 
these soil-structure interactions have to be taken into 
account when modeling the AF seismic response.
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