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Abstract
The paper presents the results of the vibration tests carried out on the pedestrian bridge accessing Civita di Bagnoregio, 
Italy. The structure was in bad health condition. The external beams were damaged due to deterioration exacerbated by the 
combined actions of rain and wind. The circular piers were also damaged with several cracks where the concrete cover was 
spliced and the reinforcement bars were exposed. The analysis presented in the paper focuses on the highest five piers, which 
seemed to show an irregular behavior during a preliminary experimental campaign. The results of the experimental campaign 
presented in this paper showed that the structural behavior of the bridge was qualitatively similar to the expected one. The 
reduced stiffness, due to the observed widespread damage state, amplified the vibrations uniformly along the structure. The 
Italian Guidelines for the risk and safety assessment of bridges and viaducts, issued in 2020, have been applied and tested 
in this study and the results are presented in the paper.

Keywords  Structural health monitoring · Pedestrian bridges · Experimental analysis · Experimental dynamic analysis · 
Risk and safety assessment of bridges

1  Introduction

The bridge and viaduct heritage is at risk all over the world. 
After the 1950s and 1960s, when several structures were 
built, bridge and viaduct that have been operational for sev‑
eral decades began to show the signs of time, exacerbated 
by the lack of adequate maintenance. Nowadays, in Italy 
and all over the world, there are bridges made of differ‑
ent materials, i.e., masonry, reinforced concrete and steel, 
older than 50 years. Several of them have been designed and 
built according to design standards very different from the 
current ones, where the moving loads accounted for were 
much lower than the ones considered by the current design 
standards and, above all, where seismic actions were either 
neglected or much lower than the ones known and consid‑
ered nowadays [1].

The safeguarding of these infrastructures is urgent and 
imperative. Their lifetime should be extended as much as 
possible, guarantying on the meantime the current safety 
standards at the fullest possible extent. An appropriate main‑
tenance program is required aiming to avoid the occurrence 
of serious irreversible damage and to reduce maintenance 
costs by acting through preventive maintenance [2–4].
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Some countries have made exceptional efforts to promote 
the maintenance and preservation of bridges and viaducts. 
The USA developed an extensive regulatory framework on 
the subject. In 1971, the National Bridge Inspection Stand-
ards (NBIS) were released, defining, for the first time in the 
country, frequency and modality of visual inspection and 
the professional requirements of the inspectors. In the same 
year, the National Bridge Inventory was established. At the 
beginning of the 70s, other manuals and guidelines were 
released by the American Association of State Highway and 
Transportation Officials (AASHTO) and the Federal High-
way Administration (FHWA) to regulate the maintenance 
and the appraisal of bridges and viaducts. These aforemen‑
tioned standards and manuals have been updated, modified 
and replaced several times. The last update of the NBIS was 
in 2009.

In Europe, Great Britain is very advanced in the mainte‑
nance of bridges and viaducts thanks to a fifteen-year pro‑
gram launched in 1987 to evaluate bridges and viaducts of 
the main road networks aiming to adapt them to the moving 
loads considered by the current design standards.

In Italy, the first standard ruling bridge maintenance 
was released in 1967 [5]; the standard summarily defined 
the main steps of a correct maintenance and identified the 
practitioners entitled to preserve these structures. Further 
guidelines were released during the years, and in 2001, a 
national bridge inventory was established. After the release 
of OPCM 3274 in 2003 [6], the Italian Department of Civil 
Protection proposed and issued two survey forms for the 
survey and seismic assessment of all the strategic bridges in 
Italy; only in 2008, an entire chapter of the New Technical 
Code (NTC-2008) [7], was dedicated to the safety evaluation 
and retrofitting of existing structures, including bridges. The 
NTC-2008 was updated in 2018 becoming NTC-2018 [8]. 
Finally, in 2020, the Italian Ministry for Infrastructure and 
Transports released the new “Guidelines for Risk Classifica-
tion, Risk Management, Safety Evaluation and Monitoring 
of Existing Bridges” (LG2020) [9] defining a detailed opera‑
tive framework for the structural appraisal of bridges and 
viaducts based on a multilevel approach including six dif‑
ferent Levels of analysis, from L0 to L5, in increasing order 
of accuracy and complexity of analysis. The application of 
the first three levels, i.e., L0, L1, L2, leads to the definition 
of a Class of Attention of the bridge (CA) via a simple and 
expeditious evaluation of the bridge health status, based on 
census data and visual inspections. The LG2020 includes 
5 different CAs, namely: Low, Low-Medium, Medium, 
Medium–High and High. L3 and L4 are applied only in case 
a bridge has a Medium or Medium High CA and a High CA, 
respectively. L5 is applied only if the structure is a strategic 
bridge, using sophisticated analysis.

Still nowadays visual inspections are the main way for 
inspecting bridges and viaducts, although they imply several 

issues. Visual inspections require long times and excessive 
costs and, above all, should be entrusted to technicians of 
great competence and experience. Furthermore, inspections 
are always very subjective: a recent American study showed 
that the results of inspections have a great deal of variability, 
especially in the synthetic final judgment. Moreover, detailed 
inspections, not always possible because of the scarce fund‑
ing available, are unlikely to detect defects further to the 
ones already detectable during routine inspections [10, 11].

The alternative to visual inspections is structural health 
monitoring (SHM), which can allow keeping a large number 
of bridges under control with a lower effort both in terms 
of time and cost [12–14]. This can be coupled with seismic 
monitoring to analyze the current behavior under traveling 
and seismic actions, allowing to define the dynamic prop‑
erties of the structure with different techniques [15–18]. 
Until now, several bridges were permanently or temporar‑
ily equipped with a structural monitoring system [19–23]. 
However, the goal to be pursued should be an exponential 
increase of the permanent structural monitoring of existing 
bridges and viaducts; this can strongly support the reduction 
of maintenance costs with an increase in reliability, thanks 
to the reduction of inspection costs, but also to the increase 
in preventive maintenance, which is less expensive than on-
demand maintenance [24–27].

While aiming and waiting for a widespread monitoring on 
the bridge and viaduct portfolio in Italy, the periodic experi‑
mental analysis on materials and structures can represent a 
valid alternative to contribute to the assessments of the cur‑
rent status of the health at single-bridge level by updating 
and validating the mathematical model [28–31]. At national 
scale level, the final goal should be the assessment and eval‑
uation of all the portfolio via performance indicators [32, 
33] and also by the collection and collation of all the data 
relevant for characterizing the physical and functional per‑
formance of bridges and viaducts in a suitable standardized 
and interoperable platform, also able to perform preliminary 
elaborations [34].

In this paper, the procedure of the LG2020 is imple‑
mented to analyze the structural health status of the pedes‑
trian bridge at Civita di Bagnoregio. Since the resulting CA 
was “High”, the bridge was analyzed in detail. Based on the 
experimental campaigns on materials and the experimental 
vibrational analysis, carried out in 1997 when the bridge 
showed high amplitude vibrations under the wind action, a 
numerical model of the structure was set up and a vulner‑
ability analysis was performed.

The paper is organized as follows. After a brief descrip‑
tion of the bridge, based on the census and a suitable 
structural relief, the results of the visual inspections are 
presented, and the CA is evaluated. Then the results of the 
experimental analyses are reported and, finally, a finite ele‑
ment model is set up and used for the seismic safety check.
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2 � The site and the structure

Civita di Bagnoregio, Lazio Region, Italy, is well-known 
worldwide as the “dying town” [35] because of its pro‑
gressive population reduction and decay due to a series of 
natural disaster, especially landslides and earthquakes. Fur‑
thermore, relevant unsettlement movements have occurred 
since the twentieth century. It is a small town of Etruscan 
origin, placed on the top of a tuff hill, 443 m asl and 250 m 
above the bottom of the surrounding valley. It is connected 
to Bagnoregio, the main part of the municipality, by means 
of a pedestrian bridge running over a narrow saddle (Fig. 1). 
The town was a vital center during the early Middle Ages, 
but for 200 years, no new buildings have been constructed.

The disasters also affected the bridge, which was rebuilt 
several times after the first known collapse in 1684. The 
earthquake of June 11, 1695 caused the failure of the bridge 
and also the death of 32 people. In 1759 and 1764, land‑
slides caused the collapse of the bridge again. Following 
the continuous interruptions of the access to Civita, in 
1810, the evacuation of the town was decided, but the 400 
inhabitants opposed this decision. Several unsettlement 
movements occurred in the twentieth century; in 1944, the 
existing masonry arch bridge was destroyed by the retreating 
German troops. After the Second World War, the damaged 
part of the bridge was substituted by a wooden footbridge, 
which collapsed in 1963 with the under-scarp wall. Then a 
new pre-stressed concrete bridge was built and completed 
in September 1965. Before its inauguration, the structure 
collapsed at its anchorage point on the Civita side and was 
temporarily substituted by a steel bridge.

The present bridge comprises 14 spans, each one of them 
simply supported on the piers (Fig. 2), spaced approximately 
19.00 m. Starting from Civita, five spans are located on a 
20% gradient downhill. The heights of the piers from pier 1 

to pier 5 vary from 11 to 15 m, pier 4 being the highest. The 
bridge between pier 5 and pier 9 is almost horizontal. The 
last part, from pier 9 to pier 13, is uphill with a 6% gradient. 
Piers from 6 to 13 are much shorter than the others.

Each deck is composed of three pre-stressed concrete 
beams and a concrete slab, exception for the first one start‑
ing from Civita, which has five beams. The total height of 
the cross-section is 80 cm (65 + 15). The horizontal center 
distance between the beams is 90 cm, and the width of the 
bridge is 2.50 m (4.00 m for the first span from Civita), 
including the two longitudinal parapets (Fig. 3). Each span 
has a length of about 16.70 m, but the first one is 16.00 m. 
The beams rest on lead pads, placed at the top of the piers.

The piers from 1 to 9 are composed of 4 circular columns, 
whose diameter is 50 cm, an upper plate of 3.25 m in the 
longitudinal direction and of 2.80 m in the transversal one, 
and 0.65 m height. The piers from 10 to 13 have only two 
columns and a pier cap of 1.00 × 2.80 m. The columns start 
from a foundation plinth (or pile cap), supported by concrete 

Fig. 1   Global view of the bridge (Civita is on the left)

Fig. 2   View of the bridge

Fig. 3   Cross section of the deck (dimensions in cm)
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piles with length variable from 10 m, for the shortest piers, 
to 25 m for the tallest ones.

3 � Visual inspection and class of attention

A visual inspection of the bridge was conducted as the first 
step for implementing the risk and safety assessment accord‑
ing to LG2020.

At the time of the inspection, most of the structural ele‑
ments were in bad condition, because of different issues, 
including: corrosion of the reinforcing steel; spalling of the 
concrete; and carbonation of the concrete in some elements. 
The effects were particularly evident for the external beams, 
where the combined action of rain and wind was favored 
by the presence of short water drain hoses (Fig. 4). Steel 
reinforcing bars were also exposed at the zone close to the 
bearings (Fig. 5).

Several vertical cracks could be seen in the columns, 
where the concrete cover was split, and the reinforcement 
bars were discovered. The upper plates of the piers were 
damaged too. Finally, the lead pads, placed at the top of 
the piers appeared very flat between the beams and the pier 
top and could no longer allow the elasticity rotations of the 
beams.

The level of defects was certainly high. However, it was 
believed that these defects could not affect the stability of the 
bridge immediately, thanks to the good status of the central 
beam, which was almost intact being protected by the two 
external ones. This was confirmed by the experimental tests 
described in the next section.

According to the LG2020, four types of risks must be con‑
sidered: (1) structural/foundation; (2) seismic; (3) landslide; 

and (4) hydraulic risks. For each one of them, a Class of 
Attention (CA) is defined by combining the assessed level of 
hazard, vulnerability and exposure. A combination of these 
CAs allows defining the global CA as detailed in the follow‑
ing paragraphs.

With reference to the structural/foundation risk, the struc‑
tural hazard, related to admissible load on the bridge and the 
daily number of heavy vehicle passages for each lane, can 
be assumed to be low (L). Instead, the vulnerability class is 
certainly high (H) because so is the level of defects, indepen‑
dently of the other parameters (design code, structural type 
and span, period of construction). The exposure, related to 
the daily number of total passages, the span, the presence of 
alternative roads, the transport of high-risk goods and the 
type of structure over crossed, is low (L). Due to the high 
vulnerability, the structural/foundation CA class is high (H) 
despite the low hazard and exposure.

With reference to the seismic risk, the value of the hori‑
zontal acceleration on rigid soil for a probability of exceed‑
ance of 10% in 50 years, is ag = 0.144 g, while the topog‑
raphy type is T4, according to NTC-2018 classification (a 
smaller width crest and inclination > 30°). The ground being 
of type A according to NTC-2018 classification, the seismic 
hazard CA is medium–high (MH). The vulnerability, which 
depends on the structural type, material, number of spans, 

Fig. 4   The carbonation of the concrete and the reinforcing bar 
exposed

Fig. 5   Reinforcing bar exposed in proximity of the support
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span length, seismic design and defects, is high (H), mainly 
because of the severe level of defects. The exposure is low 
(L), as for the structural/foundation risk. The final seismic 
CA is high (H).

The landslide susceptibility depends on the present situ‑
ation (active or potential), the speed and the magnitude, 
i.e., the volume, the presence of mitigation interventions 
and the reliability of the evaluation. In this case, the land‑
slide susceptibility CA is medium (MH). Considering the 
structural and foundation types and the interference with the 
bridge, the vulnerability CA is high (H). The exposure CA 
is low (L), as for the seismic risk. The global landslide CA 
is medium–high (MH).

Finally, the hydraulic risk can be considered negligible, 
and the corresponding CA is low (L). The combined land‑
slide and hydraulic CA is medium (M).

The global CA is high (H). The values of the different 
partial CAs and the final ones are reported in Table 1.

4 � Experimental analyses

When the global CA is high (H) as resulted for the pedes‑
trian bridge accessing Civita di Bagnoregio, (Table 1), the 
LG2020 requires a detailed analysis of the bridge includ‑
ing experimental analysis and mathematical modeling. The 
experimental analysis encompassing, soil tests, material 
tests, static load and impulse tests as well experimental 
dynamic analysis are extensively described in the following 
paragraphs.

4.1 � Soil tests

Previous laboratory analyses on disturbed and undisturbed 
soil samples, were carried out by ENEA [36], at different 
depths, and pointed out that the ground is mainly composed 
of weakly over-consolidated clayey silts. These silts have 

mechanical characteristics typical of the Plio-Pleistocene 
clays, with a friction angle of about 30° and an undrained 
cohesion higher than 0.2 N/mm2.

Three cone penetration tests (CPT), having depths of 
17.8, 18.6 and 16.8 m, respectively, were performed by SGM 
Srl [37]. Furthermore, a standard dynamic test (DPHS) was 
performed at the lowest location along the saddle. The out‑
comes confirmed the results of the previous investigations 
performed by ENEA and were used to evaluate the load car‑
rying capacity of the piles. The limit load varies from 7.5 
to 10 MN for a length of 10 m, and from 11 to 14 MN for 
a length of 20 m. These turned out to be much higher than 
the maximum loads on each pile at the ultimate limit state 
(< 500 kN), evaluated by means of the numerical model 
described in the next paragraph.

4.2 � Material tests

Ultrasonic tests, sclerometer tests, pull-out tests and car‑
bonation tests were carried out on the beams, piers and foun‑
dation plinths as synthesized in Table 2 [37].

Pacometric tests on the columns of the piers allowed to 
identify the presence of vertical bars (10 ϕ 14) and stirrups 

Table 1   Classes of Attention for 
the different risks

Risk Hazard/susceptibility Vulnerability Exposure CA

Structural/foundation Low High Low High
Seismic Medium–High High Low High
Landslide Medium–High High Low Medium–High
Hydraulic – – – Low
Global CA High

Table 2   Number of tests for each element type

Element Ultrasonic Sclerometer Pull-out Carbonation

Beams 72 720 36 36
Pier columns 50 560 33 33
Foundations 24 240 12 11
Total 146 1520 81 80

Table 3   Minimum and 
maximum carbonation depths 
(mm)

Element Min Max

Deck of span 6 2.5 3.1
Pier 2 12.0 15.0
Foundation pier 6 2.4 3.5
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(ϕ 6/15 cm). Finally, endoscopic tests on the columns of the 
piers 3 and 4 by radial holes, allowed to check an external 
coating whose thickness was 150 mm with better character‑
istics than the internal portion, and to detect the absence of 
defects in the internal portion.

With reference to the carbonation tests, pull-out cones 
were used. In Table 3, the minimum and maximum values 
of the carbonation depth for the most affected elements are 
reported.

The average strength values of the results are reported in 
Table 4. The tests pointed out the good degree of homogene‑
ity of the concrete for each set of structural elements (beams, 
piers and foundations).

Laboratory compression tests were carried out on 10 con‑
crete specimens. The average compression strengths were 
very similar to those obtained from the non-destructive tests. 

Table 5 also reports the breaking stresses of the steel rein‑
forcing bars.

4.3 � Static load and impulse tests

Static load tests were carried out on five spans. A concen‑
trated load, equivalent to the distributed one and meas‑
ured by a load cell, was applied in the middle of the span 
using a contrast beam, as shown in Fig. 6. The force was 
produced using two hydraulic pull jacks, anchored to the 
columns of the adjacent piers. The deflections were meas‑
ured by means of five inductive transducers. The results 
are summarized in Table 6. The measured values were 
much lower than the theoretical ones, obtained for a sim‑
ply supported beam of span L = 16.80 m and moment of 
inertia Ix = 1.07⋅104 m4. In all the tests, a negligible devia‑
tion from the theoretical linear behavior and a negligible 
residual displacement were detected.

Dynamic tests using an impulse due to a mass of 1.0 kg 
dropped on the deck from 1.5 m were performed. The first 
vertical frequency of spans 1–5 is reported in Table 7. The 
results were very similar to those obtained during ambient 
vibration tests and the passage of a 6.0 kN vehicle.

Table 4   Average values measured with the tests

Element Pull-out
(N/mm2)

Ultrasonic
(m/s)

Sclerometer
(N/mm2)

Beams 49.0 3023 44.9
Pier columns 34.2 2553 34.2
Foundations 22.8 2391 23.5

Table 5   Average values of the concrete and steel strength

Element Cubic strength (N/mm2) Steel
(N/mm2)

Beams 48.9 535
Pier columns 33.5 535
Foundations 28.0 399

Fig. 6   Scheme of the static load 
tests

Table 6   Deflections during the 
static tests

Test Force (kN) Displace‑
ment (mm)

1 140 6.55
2 144 6.40
3 146 6.54
4 146 6.70
5 148 5.80
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In conclusion, despite of the described bad conditions 
of the bridge, the static analyses showed a quite uniform 
and good performance of the girders. This occurrence 
demonstrated that damage interests only the external sur‑
face; therefore, the structure could be successfully repaired 
by means of usual repair strategies. The experimental 
campaign carried out by ENEA targeted exclusively the 
dynamic behavior of the bridge in the transversal and lon‑
gitudinal directions. The portion of the viaduct from pier 
1 to pier 5 was tested in detail (Fig. 7). The results are 
discussed in the following paragraph.

4.4 � Experimental dynamic analysis

The experimental set-up was composed of eight seismom‑
eters Kinemetrix SS1 (Fig. 8a, b) connected by cables to a 
signal conditioner. The signals recorded by the eight seis‑
mometers, used in a synchronized way, were collected and 
analyzed in real-time to have control of the experimental 
results in real-time.

Sensors were deployed in several configurations. Five 
time-histories lasting 64 s were recorded for each configu‑
ration, with a sampling rate of 128 Hz. This was done to 
show the repeatability of the vibrational characteristics and 
to get average values of the characteristics. Both ambient and 

forced vibrations were considered, the latest being caused by 
the passage of pedestrians or vehicles of small size.

The recorded data were analyzed in the time domain, to 
find out the peak values, and in the frequency domain, plot‑
ting the power spectral density (PSD) of each record and 
the cross-spectral density (CSD) for each couple of records, 
with the corresponding phase factor and coherence function.

As already mentioned, the behavior of the viaduct was 
analyzed with particular focus on its portion between pier 1 
and pier 5. In the configurations used in the present analysis, 
velocimeters were deployed at the locations shown in Fig. 9, 
at the top and the pile caps of piers 1, 2, 3 and 5, first in the 
transversal and then in the longitudinal direction.

Under ambient vibrations, velocity peak values lower 
than 0.02  mm/s were recorded at the pier base in the 

Fig. 7   The tallest part of the viaduct, from piers 1 to pier 5

Fig. 8   Seismometer deployed (a) at the basement and (b) at the top 
of a pier
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Table 7   Vertical frequencies of 
the first five spans

Span Freq. (Hz)

1 (5 beams) 11.3
2 8.8
3 6.3
4 6.3
5 6.7

Fig. 9   Sensor deployments to 
analyze the global behavior of 
the tallest part of the viaduct
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Fig. 10   Time histories at the basements and the tops of pier 2 and pier 5 in the transversal direction, under ambient vibrations

Table 8   Experimental and numerical resonance frequencies  in the 
transversal direction

Freq
(Hz)

Exp. Freq. (Hz) Num. Freq. (Hz)

f1 0.95 0.95
f2 1.38 1.43
f3 2.07 2.14
f4 2.83 2.95
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Fig. 11   CSDs of recordings at the top and the basement of a Pier 1, b Pier 2 and c Pier 5, in the transversal direction, under ambient vibrations
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transversal direction (Fig. 10), while values between 0.40 
and 1.00 mm/s were recorded at the pier tops in the same 
direction. In Fig. 11, the cross-spectral densities between 
sensors at the pile cap and sensors at the top of piers 1, 2 
and 5, respectively, are plotted. The resonance frequencies 
listed in Table 8 are particularly apparent in all the spectra. 
This occurrence demonstrated that the viaduct behaved as 
a whole. The cross-analysis between the records at dif‑
ferent piers confirmed this result. In more detail, for each 
pier, the record at the base was in phase with the corre‑
sponding record at the top, at all the resonance frequen‑
cies. Peaks at the same frequencies are also apparent in 
all the cross-spectra between the sensors at the tops of the 
different piers, with significant values of the phase factor 
and the coherence function (Fig. 12).

During the passage of groups of pedestrians (forced 
vibrations), velocity peaks at the pile caps were lower than 
0.03 mm/s, while the maximum velocities at the tops were 
between 0.5 and 1.5 mm/s (Fig. 13). In both cases, the 
amplification factors were between 20 and 50. The cross-
spectra analysis confirmed the dynamic behavior of the 
bridge found under ambient vibrations (Figs. 14 and 15).

The analysis of the phase factors allowed to find out the 
modal shapes associated with the resonance frequencies 
(Fig. 16). We concluded that the girder behaved as a beam 
supported by horizontal elastic restraints at the piers.

In the longitudinal direction, ambient vibrations with 
velocity peaks values equal to 0.005 mm/s were recorded 
at the pile cap and 0.03 mm/s at the tops, with an ampli‑
fication factor equal to 6. During the passage of people, 
peaks up to 0.05 mm/s and 0.15 mm/s were recorded at 
the pile cap and the tops, respectively. The analysis in 

the frequency domain pointed out the same resonance 
frequencies of the transversal direction but also at higher 
frequencies between 4.5 and 8.5 Hz. The spectral ampli‑
tudes were very low compared to those of the records in 
the transversal direction.

In other configurations, not shown here, sensors 4 and 
8 were at the pile cap and at the top of pier 4, respec‑
tively, obtaining the same results about the behavior of 
the bridge.

The dynamic behavior of each pier was analyzed in 
detail, deploying the sensors as in Fig. 17. Velocities in 
the transversal direction were much higher than longitu‑
dinal velocities, both on the base and the top of the piers. 
Vertical velocities at the pile cap were of the same order 
as the longitudinal ones. The already observed resonance 
frequencies were found. Records relative to sensors in lon‑
gitudinal direction were always in phase at the selected 
resonance frequencies. As a result, one can state that no 
torsional modes are associated with these frequencies. In 
Figs. 18 and 19, the cross-spectra of records in transversal 
direction are plotted for pier 2 and pier 3, respectively.

5 � The finite element model

The experimental results were compared with those obtained 
from a finite element model set-up using Midas code 
(Fig. 20). The structural elements were considered in their 
non-damaged condition.

The columns of each pier were modeled as beams, fully 
fixed at the pier base and linked to each other at their top 
and connected to the pier cap. The deck was modeled as 
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Fig. 14   CSDs of recordings at the top and the basement of a pier 1, b pier 2 and c pier 5, in the transversal direction, under forced vibrations
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rigid beams (thick lines) were considered to simulate the 
presence of three bearings under the three beams. The lead 
bearings were assumed rigid in the vertical direction but 
characterized by a finite stiffness in the horizontal direc‑
tions (Kh = 104 kN/mm), which was derived from the typi‑
cal characteristics of the lead.

The deck is subject to its self-weight (17.5 kN/m and 
6.3 kN for each transverse beam for the 3-beam deck, 
28.25 kN/m and 6.8 kN for each transverse beam for the 
5-beam deck of the first span) and to the permanent loads, 
i.e., the pavement (2.00 kN/m2) and the metal banisters 
and the concrete curb (1.45 kN/m).

The Young’s modulus of piers and decks was deduced 
from the concrete strengths (see Table 4) and then adjusted 
to obtain the coincidence between the first experimental 
and numerical resonance frequencies. Finally, the values 
of 31,000 and 35,000 N/mm2 were assumed for the piers 
and the decks, respectively.

The modal analysis gave the first four modal shapes in 
the transversal direction, plotted in Fig. 22. These are very 
similar to the experimental ones; the resonance frequen‑
cies, instead, are a bit higher (Table 7). This occurrence 
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Fig. 16   Experimental normalized modal shapes in the transversal 
direction

Fig. 17   Sensor deployments to analyze the behavior of the single 
piers
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Fig. 18   CSDs of recordings in the longitudinal direction at the top of 
pier 2

a beam having its geometrical and mechanical properties. 
The interaction between the deck and the pier was real‑
ized by means of the structural system in Fig. 21, where 
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demonstrated that the actual stiffness of the piers is lower 
than the original ones, relative to the undamaged structure, 
but the stiffness decrease was almost uniformly distrib‑
uted along the spans and not present only in one or few 
elements.

The seismic vulnerability analysis was carried out assum‑
ing a behavior factor equal to 1. Pier 10 reaches first its 
ultimate limit state firstly by yielding the sections at the 
column feet, with a ground acceleration of 0.092 g, which 

corresponds to an earthquake at the site with an exceedance 
probability of about 30% in 50 years.

6 � Conclusions

The structural evaluation of the pedestrian bridge access‑
ing Civita di Bagnoregio, carried out according to the Ital‑
ian LG2020, pointed out a high Class of Attention, which 
requires a detailed study based on experimental analyses. 
These were done with particular focus on:

–	 Laboratory analyses on disturbed and undisturbed sam‑
ples, in situ cone penetration tests (CPT) and standard 
dynamic tests (DPHS) on the subsoil.
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Fig. 19   CSDs of recordings in the longitudinal direction at the top of 
pier 3

Fig. 20   Schematic view of the bridge

Fig. 21   Modeling of the interaction between the decks and the pier
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–	 Pull-out tests, ultrasonic tests, sclerometer tests and car‑
bonation tests on the beams, piers and foundation plinths.

–	 Laboratory tests on the concrete, i.e., compression 
strength tests, and on the reinforcing steel bars, i.e., ten‑
sion strength tests.

–	 Experimental vibration analysis, using ambient vibra‑
tions and forced vibrations induced by the passage of 
vehicles and/or people.

The outcomes confirmed the excellent quality and homo‑
geneity of the clay soil and the concrete of all the struc‑
tural elements. The girder showed a linear elastic behavior 
under increasing static loading. The experimental deflections 
resulted lower than the theoretical ones.

The experimental vibration analysis allowed to state that 
the structural behavior of the bridge was quite similar to 
the expected one, i.e., to the structural behavior predictable 
from theory and/or from numerical simulations or from what 
observed on the field for similar bridge typologies, from 
a qualitative point of view. Under ambient vibrations, the 
structure composed of piers linked at their tops by means of 
the decks, behaved as a whole. No unpredictable behaviors 
of one particular pier in comparison to the others or proof 
of bad conditions of the foundation structures were detected.

The structure showed very high deformability, more evi‑
dent in the proximity of the highest piers due to the slen‑
derness of the vertical elements; the deformability was 
emphasized by the observed defects and damage, which 
resulted in a reduction of the effective cross sections of the 
pier columns.

The experimental analyses were carried out to collect the 
information needed for an accurate evaluation. The math‑
ematical model, based on a detailed survey and experimental 
data, showed quite good results, in terms of dynamic behav‑
ior under ambient vibrations, while the seismic vulnerabil‑
ity resulted very high. Considering the importance of the 
bridge, which is the only way to access the “dying town”, a 
permanent monitoring system would be advisable to inform, 
though structural health monitoring data and evidences, a 
maintenance on request and preventive maintenance cam‑
paign that could contain maintenance cost while guarantying 
the safety of the access to Civita di Bagnoregio.
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