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Abstract
Measuring the dynamic behavior of a structure, thus assessing 
its modal frequencies, shapes and damping, is a mandatory step 
in the tuning and validation phase of any numerical model. In this 
special issue, devoted to infrastructures, we focus on bridges. 
Many national building codes impose to experimentally assess the 
fundamental frequency of bridges to validate the numerical models 
used in the design of new structures and in the retrofit of existing 
ones. However, the ways in which this experimental assessment 
is undertaken are many and not all fruitful. In this paper we briefly 
review the basic principles of the dynamic characterization of 
bridges and the most common acquisition practices that can lead 
to wrong conclusions, through a set of examples.

Experimental Modal Analysis of 
Bridges: An Introduction
Assessing the dynamic behavior of bridges1 is common in the 
design of any new structure and in the retrofit of the existing 
ones. This is required by many national construction codes to 
establish the resistance of the structure to earthquakes, wind 
and any other dynamic loads.

Let us imagine the simplest bridge as possible, that is a simply 
supported single-span beam. Its first four natural flexion modes 
are illustrated in Figure 1, in terms of displacement of the structure, 
at a time of observation, compared to the ‘equilibrium’ position. 
From the picture it is clear that the best point to catch the 1st 
and the 3rd vibration modes is at the center of the structure, the 
best point to catch the 2nd vibration mode is at 1/4 of the length 
of the span. Ideally, to catch the 4th vibration mode we should 

place an instrument at 1/8th of the span. However, since the 
instruments used to measure the natural vibrations of structures 
do have a physical dimension (they are not points), all modes 
can de facto be seen at any location, even though with large 
variations in amplitude. Nevertheless, in order to measure the 
flexion modes of a bridge, at least 2 measurement points are 
recommended (typically the center and ¼ of the span). The flexion 
modes illustrated in Figure 1, are both vertical and horizontal, 
with different values in the two directions, depending on the 
geometry and composition of the specific bridge2, therefore the 
two measurement points must be 2D.

A quantification of the relevance of the different modes in the 
response of the structure in each direction is given by the 
modal participation factor. In the beam of Figure 1 we see that 
the first 3 modes explain more than 90% of the entire mass 
movement (the threshold level established by most codes is 
usually larger than 80%). 

A third type of dynamic behavior that can be relevant in some 
types of structures is the torsion. In order to catch the torsional 
modes, a measurement distant from the torsion axis is required 
(in blue in Figure 2). Torsional modes will appear as spectral 
peaks at the sites far from the torsion center/axis and with 
spectral amplitudes tending to zero at the sites close to the 
torsion center/axis, as shown in Figure 3.

1 The same applies also to buildings.
2  Generally speaking, the taller the bridge compared to the horizontal span, the lower the frequencies of the horizontal transversal flexional modes compared 

to the vertical ones and vice-versa.
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Fundamentals of Data 
Acquisition and Processing
Performing the dynamic characterization of a structure implies 
to measure: 

1) the modal frequencies, 
2) the modal shapes, 
3) the modal damping. 

Modal frequencies and damping can be assessed in all cases with a 
single instrument1. Assessing the modal shapes in principle requires 
at least two synchronized points of measurement. However, under 
the assumption of stationary load (which is easily the case when 
the traffic is interrupted or regular on the bridge and when the 
recordings are performed under stationary weather conditions), 
many inferences on the modal shapes of the structure can be 
gained even by using a single instrument. What can be obtained 
for any case is the absolute value of the modal shapes, which 
coincides with the real modal shape for the first flexion mode.

Depending on their size and structural features, bridges can have 
fundamental frequencies from a fraction of a hertz to a few hertz. 
Let us imagine a very long bridge with the fundamental mode at 
0.1 Hz (10 s period). This bridge will perform six full oscillations per 
minute, therefore when the signal on it is acquired for a few minutes 
(let us say 10-20 minutes), we have 6x10 or 6x20 available periods 
to perform spectral analysis and any other kind of calculations, 
which is enough to satisfy the statistical  treatment of experimental 
data. Clearly, if the bridge is smaller and has higher resonance 
frequencies, the measurements on it can also be shorter. It is 
therefore clear that establishing the dynamic characterization of 
bridges is a rather agile procedure on site.

Engineers are used to think in terms of forces applied to structures. 
Since the Newtonian force is the product of acceleration and 
mass, this led engineers to select the accelerometer as the 
investigation tool. However, the modal shapes are a representation 
of displacement and would in principle require the use of 
displacement-meters.

A variety of instruments exist that can perform dynamic 
measurements on structures. These range from interferometers 

1  We will not discuss the damping in this paper. The interested reader can find more information in Castellaro S., 2016. Soil and structure damping from single 
station measurements, Soil Dyn. Earthq. Eng., 90, 480-493  and references therein.

and inclinometers (that provide an output in terms of displacement), 
to geophones and seismometers (that provide outputs in terms of 
velocity) to analog and digital (MEMS) accelerometers. Whatever 
the instrument used, it is important to recall that modal shapes and 
damping, at the end, are referred to displacement.

Sensors outputting velocity are usually more sensitive than 
accelerometers. This is a known fact in seismology (Evans et 
al., 2014), where accelerometers are used only as strong-motion 
recorders, while geophones are used for weak motion. In other 
words, even though accelerometers are low-pass filters, while 
geophones act as high-pass filters, accelerometers have an overall 
internal noise much greater than some class of seismometers in 
the whole frequency domain and are therefore less suitable than 
velocimeters in ambient noise applications.

There exist many ways to extract the modal frequencies of a 
structure from natural or artificially induced vibrations (cross-
correlation methods, frequency domain decompositions, random 
decrement techniques, etc.). However, the simplest way to observe 
the modal frequencies of a structure is to perform a spectral analysis 
of the recorded motion. Structures vibrate at all frequencies but 
with a much larger amplitude at their own resonant frequencies 
and this can be seen with a simple spectral analysis.

Example of Operational Modal 
Analysis
Let us consider a seemingly simple but very interesting bridge 
located in Vagli (Tuscany, Italy, Figure 4). This bridge was designed 
by the worldwide famous engineer Riccardo Morandi (Rome, 
1902-1989) and was meant to be a pedestrian and coach bridge 
to connect two villages that were going to be separated by a lake, 
following the construction of a dam.

Of particular interest is the way in which it was built in the early ‘50s 
(the two parts of the central arch were built along the mountain 
slopes and then rotated on the two small concrete hinges on their 
feet, Benvenuto et al., 1985).

On this bridge, which is about 160 m long and 50 m high, we 
performed measurements at five locations (H1 to H5 in Figure 5), 
with 5 seismometer-accelerometers Tromino® by MoHo serl, each 
lasting a few minutes. Each device is a fully stand-alone instruments 
and synchronization was achieved by the built-in radio-system. 

Figure 6 shows the horizontal (transversal) velocity spectra 
recorded at the five positions and the first 3 modal shapes, as 
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inferred from the spectral amplitudes. The radio-synchronization 
among the units allows the phase of the signal to be known at all 
the investigations sites. However, we emphasize once more that 
the absolute value (the modulus) of the modal shapes, as well 
as the modal frequencies and damping, can also be obtained by 
working with a single instrument.

The experimental data acquired on the bridge were used to 
calibrate the numerical model performed with the software 
MIDAS Civil (Figure 7).

Acquisition Practices that Can 
Lead to Wrong Conclusions
In our experience of designing, modelling (S.I.) and of measuring 
(S.C.) the dynamic behavior of hundreds of bridges, we have 
encountered three major problems.

Mode Detection in the  
Acceleration-frequency Domain
The easiest way to assess the modal frequencies of a structure is 
to record its natural oscillations and perform a spectral analysis 
of the acquired signal, where the modes will appear as spectral 
peaks. 

J.B. Fourier (1768-1830) established that any periodic signal can 
be written as the summation of simple harmonics of the type A 
sin(ωt+ϕ), where A is the amplitude, ω is the pulsation (ω=2πf), 
where f is the frequency in hertz) and ϕ is the phase. 

If x=Σi Ai  sin(ωi t+ϕi) is the displacement, v=Σi Ai ωi cos(ωi t+ϕi) is 
the velocity and a=-Σi Ai ωi

2  sin(ωi t+ϕi) is the acceleration. While 
the conversion from displacement to velocity to acceleration 
(x→v→a) in the time-domain is achieved by a derivation (or 
integration, for the reverse transformation), the same process 
in the frequency domain is simply multiplication by ω_i (to move 
from displacement to velocity, x→v) or by ωi

2 (for displacement 
to acceleration, x→a). Conversely a division by ωi or ωi

2 in the 
frequency domain applies for the reverse transformation.

This has important consequences on the way the displacement, 
velocity and acceleration spectra appear: peaks at frequencies 
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below 1 Hz will appear amplified in the displacement spectra, 
compared to the acceleration spectra, while peaks at frequencies 
above 1 Hz will appear amplified in the acceleration spectra, 
compared to the displacement ones.

The motion of the structure is always the same, but it appears 
differently in the analysis, depending on the way we look at it. 
However, if we do not identify this difference correctly, we could 
miss the first vibration modes of some structures.

Let us consider the example of Figure 8, which represents 
the spectra of the horizontal transversal motion acquired on a 
36-story building. If the data were acquired with accelerometers 
and analyzed in terms of acceleration (see the acceleration 
spectrum at the bottom of Figure 8), we would completely miss 
the first vibration mode of the structure (0.16 Hz), which appears 
so clearly in the displacement spectrum. In real life, this is exactly 
what happened. The company contracted to perform the dynamic 
characterization of this building (by placing 48 accelerometers 
on it and recording continuously for 8 days) stated that the first 
vibration mode of the structure was the 0.8 Hz peak, which is 
actually the 4th vibration mode in this direction.

In our experience, this is by far not just a single case. Whenever 
accelerometric networks are used to investigate low frequency 
(< 1 Hz) structures, the risk of missing the first vibration modes 
is very high. This is because of the combined practice  of using 
poorly sensitive instrumental chains for low frequency vibrations 
(as accelerometers can be when compared to velocimeters) 
and the habit of interpreting the data in terms of acceleration 
spectra instead of the, more relevant, displacement spectra.

Active Excitations
Another debated topic is the difference between modal analysis 
under operative conditions, that is when the vibration source 

is ambient microtremor, and under natural or induced strong 
excitations. In terms of numerical models this turns into a 
different behavior of the structural constraints. In the case 
of microtremors, these must be modelled as fixed, because 
friction prevails, while in the case of strong excitations they 
should be modelled as sliding.

Some experimenters prefer to excite the structure in an active 
way, by using vibrodyne®s or falling weights. The main issue 
with these devices is that in order to mobilise all the mass of the 
bridge, they must be very big/heavy and apply strong, dynamic 
forces, that could damage the bridge itself.  In many cases, this 
level of excitation force cannot be practically achieved or would 
even alter the mass of the bridge itself by a considerable factor. 
Typically,  a truck is used to drive over on a small obstacle 
placed transversally to the bridge in order to generate the 
excitation load, as illustrated in Figure 9.

Let us consider the case of the Gravina ‘Langer’ bridge in the 
town of Matera (Southern Italy, Figure 10), European capital 
of culture in 2019. This bridge was tested by using the active 
excitation of a truck traversing across a ‘step’ obstacle (a 
beam). The resultant spectral analysis of the ‘forced’ bridge 
oscillations is illustrated in Figure 11. Note that the interpreted 
first longitudinal/transversal/vertical modes occurred at 2.5, 1 
and 4 Hz, respectively (the main peaks in the black curves of 
Figure 11).

However, if we measure the real natural oscillations of the 
bridge under no traffic or standard traffic (ambient conditions), 
we get a totally different (and clearer) picture of its modes 
(coloured curves in Figure 11), even in terms of acceleration. 
In this case we see that the real first longitudinal/transversal/
vertical modes occur respectively at 0.8, 1 and 0.8 Hz (this is 
a seismically isolated bridge), that is at frequencies completely 
different from those provided by the forced load test.

The reasons for such difference lie in the fact that the truck 
imposed a vertical force to the bridge and what was measured 
was the response of the bridge to that specific vertical load. 
We do not expect that a truck would excite the horizontal 
transversal mode of the bridge, which was in fact captured in 
the ambient noise analysis.
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In our experience, the combined use of accelerometers and active 
excitations (rather than the use of seismometers and natural 
vibrations) can often lead, unfortunately, to wrong interpretations 
of the  dynamic behavior of structures where modal frequencies 
are below 1 Hz, as is the case of many mid-to-long span bridges.

Variations Due to External 
Phenomena
As a final note, we recall that the modal frequencies of structures 
vary over time for several natural reasons. For example, in the 
case of the partly submerged bridge in Vagli (Figure 4), the modal 
frequencies vary with the water level, which acts somehow as 
an ‘added mass’ and ‘added damping’ (Figure 12).

Another fact that changes the natural frequencies of all structures 
over time are the thermal variations. We have observed structures 
whose seasonal frequency variations were as large as 25% for 

Figure 11. Left: apparent modal frequencies (black curves) emerging from the excitation of the bridge with a truck passing over a beam (forced oscillations) as compared to 
the ambient noise data. Right: real modal frequencies of the same bridge obtained from simple ambient noise recordings only. Note the different amplitudes compared to 
the left panel. Spectra are in acceleration. When evaluated in terms of velocity or displacement, the first mode of the bridge, being lower than 1 Hz, would be even clearer. 

the third mode! This is an extreme case, however, and a few 
percent of variation (always with lower frequencies in winter 
and higher frequencies in summer) is normal for all modes 
experimentally assessed in concrete structures. This impacts on 
the degree of modal frequency accuracy derived from modelling 
evaluations and it makes sense to present results to 2 or 3 
significant figures only (e.g. 0.3, 2.3, 10.7 Hz) since the decimal 
part of the modal frequency (in hertz) varies with thermal effects 
for the wide majority of structures.  This clearly has implications 
for the amount of effort spent on the calibration of numerical 
models against experimental data.

Conclusions
Experimentally assessing the dynamic behavior of bridges 
is very important in order to tune and to validate numerical 
models, monitor the ageing of structures, and establish the 
effect of interventions or different loads during tests. The 
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accessibility to large networks of instruments and the ease of 
use of processing software (which are capable of performing 
several types of correlation procedures in order to retrieve 
interpreted data, e.g. modal shapes) could in some cases mean 
that users lose touch with the reality of a structure’s behavior.

In our experience, the two elements that most often lead to 
wrong assessments of the modal frequencies of structures are: 
(1) forgetting that accelerometers could be not sensitive enough 
at low frequencies to be effective and that the acceleration 
spectra emphasize frequencies above 1 Hz, whilst tending to 
suppress peaks at frequencies lower than 1 Hz, when compared 
to the displacement spectra. 

(2) relying more on the forced-vibration signal rather than 
on the ambient noise signal. Exciting large-scale structures 
requires heavy masses acting in all the directions of interest. The 
common practice of letting trucks traverse across small ‘step’ 
obstacles to excite bridges can be very misleading because 
this only enhances the vertical motions and can make “local” 
higher modes appear stronger than the fundamental modes.

Bridges are structures that usually vibrate at levels of orders 
of magnitude more than the soil. Seismologists are used 

to measuring the vibration modes of the ground by using 
seismometers and in a fully passive way, that is with no ad hoc 
excitations. This has been a standard practice in seismology 
since the late 1980s. If seismologists can do this with soils, 
then engineers are allowed to trust that this can be done with 
structures as well as, in all cases, they vibrate much more 
than soils.

Standard structures have a dynamic behavior than can easily 
be assessed by using a single seismometer (or, as a second 
choice, an accelerometer) within a few minute of recordings 
under optimal conditions. In terms of modelling, this implies 
that the reference model must have fixed constraints in the 
horizontal plane, but this is something that can easily be set 
in a model and modified at will for different design purposes 
(sliding, isolation, etc.).

A notable example of an unsuccessful attempt at defining  the 
fundamental vibration modes of a bridge is the Golden Gate 
bridge in San Francisco, despite the  large instrumental network 
employed for its study (56 accelerometers).  As described by  
Pakzad and Fenves (2009): “There is a large low-frequency 
content in the transverse direction, which is not distinguishable 
from noise, so the first transverse mode, expected to be 
symmetric, cannot be identified […]”. The first mode they 
managed to identify in the horizontal transversal direction was 
at 0.228 Hz, while Abdel-Ghaffar and Scanlan (1985) estimated 
the first transverse mode to have a frequency of 0.055 Hz (18.2 
s). In 2009 we managed to take a few minutes recording on 
the bridge with a portable seismometer (Tromino®) It could be 
considered surprising that a short-period sensor (compared 
to the eigen-periods of the bridge) managed to capture the 
0.05 Hz peak (Figure 13) as predicted by Abdel-Ghaffar and 
Scanlan (1985).
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