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Abstract

This paper aims at analysing the potentialities of a new technological approach for the
dynamic monitoring of civil infrastructures. The proposed approach is based on the joint use
of a high-frequency thermal camera and a microwave radar interferometer to measure the
oscillations due to traffic excitations of the Sihlhochstrasse Bridge, Switzerland, which was
selected as test bed site in the ISTIMES project (EU—Seventh Framework Programme). The
good quality of the results encourages the use of the proposed approach for the static and
dynamic investigation of structures and infrastructures. Moreover, the remote sensing
character of the two applied techniques makes them particularly suitable to study structures
located in areas affected by natural hazard phenomena, and also to monitor cultural heritage
buildings for which some conventional techniques are considered invasive. Obviously, their

reliability needs further experiments and comparisons with standard contact sensors.

Keywords: remote sensing, radar interferometry, high-frequency thermography, thermal
imaging, structure displacement analysis, structural health monitoring

(Some figures may appear in colour only in the online journal)

1. Introduction

Great attention has been paid in the last decades to the
economic and social effects of ageing, worsening and extreme
events on civil infrastructures (Chang et al 2003). As changes
to the material and/or geometric properties of a structure can
severely affect its performance, early warnings on damage
or deterioration prior to costly repair or even catastrophic
collapse (Mucciarelli et al 2011) have been recognized by
administrative authorities. The study of the behaviour of real or
designed civil infrastructures during strong seismic excitations
(e.g. Martire et al 2010, 2012, Picozzi et al 2010) or simply
during their entire life (e.g. Pines and Aktan 2002) has become
an important issue because it implies significant life safety and
economic benefits.

In recent years, most research efforts have gone into
the development of methods (Farrar and Worden 2007 and
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references therein) and techniques (Ko and Ni 2005 and
references therein) for structural health monitoring (SHM) of
civil infrastructures in order to retrieve a valid substitute for
more traditional methods such as visual inspection or the tap
test. In this sense, a number of new research projects has been
funded to improve the damage detection methods including the
use of innovative signal processing, new sensors and control
theory (Li et al 2004, Ali et al 2012). In these projects, great
attention is paid to the application of ground-based remote
sensing electromagnetic sensors that can provide information
on the dynamic characteristics of infrastructures without the
need to install sensors directly on the structure surface (Proto
et al 2010). These sensors can be divided into optical systems,
such as the global positioning system (Nickitopoulou et al
2006), laser-based systems (Cunha and Caetano 1999), vision-
based systems (Lee and Shinozuka 2006), thermal systems,
such as the infrared thermal camera (Brown and Hamilton
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Figure 1. (A) Sihlhochstrasse Bridge test site: the box highlights the location of measurements; (B) piles in river Sihl; (C) northern end of
main bridge; (D) FLIR camera (on the left) and IBIS-S (on the right) sensors at work; (E) sound insulating walls; () main cross section.

2010, Palombo et al 2011) and microwave systems, such
as the microwave radar interferometer (Farrar er al 1999)
recently developed into the image by interferometric survey
of structures (IBIS-S) system (Pieraccini et al 2004, Gentile
and Bernardini 2009).

Some of these sensors have been jointly applied in the
framework of the ‘integrated system for transport infrastruc-
tures surveillance and monitoring by electromagnetic sens-
ing’ (ISTIMES) project with the aim to test their ability to
detect changes in a structure’s behaviour (e.g., Minardo et al
2012). In particular, in this paper the main advantages and
drawbacks related to the application of high-frequency thermal
camera (FLIR SC7900-VL) and microwave radar interfero-
meter (IBIS-S) systems to investigate Sihlhochstrasse Bridge
(Zurich, Switzerland) are discussed. Both instrument datasets
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were recorded at the same time and at the same position in
front of the target of interest (figure 1) in order to perform a
direct comparison to each other.

IBIS-S sensor has been already successfully applied for
the monitoring of a wide variety of structures, such as tracking
the vibration of bridges excited by vehicular traffic (Pieraccini
et al 2007, Gentile and Bernardini 2008), the monitoring of
the displacements of heritage architectural structures (Atzeni
et al 2010), for deflection measurements on vibrating stay
cables (Gentile 2010) and for in-field dynamic monitoring of
engineering structures (Pieraccini et al 2008, Rodelsperger
et al 2010). This sensor can measure the displacement of
different points of target placed along the line of sight (LOS)
with a sensitivity of 0.01-0.02 mm comparable to commercial
accelerometers. IBIS-S can work day and night in all weather
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conditions and can be positioned up to a distance of 1 km from
the target to be investigated, reducing hazards for operators.

The thermal infrared (TIR) camera represents a flexible
and rapid tool to be used both for low-frequency long time
series acquisitions, allowing analysis of structure homogeneity
and the cohesion of the surface structure layer with the
subsurface ones, and for high-frequency acquisitions for a
fast diagnostics at different spatial resolutions, as it can be
easily mounted on a plane and acquire a huge number of data.
Therefore, the infrared technology (IRT) can acquire high-
frequency long time series day and night with a high sensitivity
for recording the vibrations (Palombo ef al 2011) and, at the
same time, it allows us to obtain low-frequency images to
be used for a real time in-depth inspection of the areas of
a structure more interested by superficial discontinuities and
sub-surface defects (Maierhofer et al 2006) in the structure
such as initial detachments and water infiltration and the inner
structure itself. The expected limits for the application of the
thermal camera are mostly related to the weather conditions,
in particular the wind that forces different configurations of the
measuring platform, i.e. the equipment must be better fixed to
the ground in order to isolate the sensors from the source of
disturbance.

The joint application of the non-invasive remote sens-
ing FLIR thermal camera and IBIS-S sensor introduces a
totally new methodology for the static and dynamic mon-
itoring of structures with many advantages over traditional
techniques such as those based on accelerometers, includ-
ing (a) completely non-invasive monitoring, with no need
to close the structure or to have access to it; (b) day-and-
night workability; (c) easy and fast installation and operation;
(d) two-dimensional simultaneous mapping of all displace-
ments detected on the structure. The dynamic displacement
data collected by the use of the FLIR thermal camera and the
IBIS-S sensor were used to also provide resonant frequencies
of the Sihlhochstrasse Bridge, which are very important for
the SHM since their changes over time represent indicators for
potential structural degradation.

2. The Sihlhochstrasse Bridge test bed

The Sihlhochstrasse Bridge located in Zurich is one of the
largest bridges in Switzerland with a length of 1.5 km and
it was selected as a test bed site in the ISTIMES project
(funded by the European Commission in the frame of a
joint Call ‘ICT and Security’ of the Seventh Framework
Programme) for its size and its structural complexity and
because EMPA (Swiss Federal Laboratories for Materials
Science and Technology) has carried out several bridge-related
research projects in cooperation with the FEDRO (Swiss
Federal Roads Authority). The collaboration with EMPA and
FEDRO allowed us to use the Sihlhochstrasse Bridge for
testing and demonstration purposes within the framework of
the ISTIMES project.

In particular, Sihlhochstrasse is a bridge with a length
of about 1.5 km (without ramps) situated in Zurich on
the motorway A3 (figure 1(A)). It was completed in 1973
and major rehabilitation was carried out between 2000 and

2001. The Sihlhochstrasse Bridge is a reinforced concrete
bridge equipped with girder boxes. The main cross section
is presented in figure 1(F). The bridge deck has a width of
24.38 m and is covered with asphalt pavement and a sealing
between asphalt and concrete. In addition to the tendons in the
girder boxes, there are also tendons orthogonal to the bridge
axis in the bridge deck itself. There are concrete parapets on
both sides and in the centre of the bridge deck. The bridge
is equipped with metal sound insulating walls (figure 1(E)).
The main bridge is carried by pairs of concrete piles with oval
cross section that are standing in the river Sihl (figure 1(B)).
A special feature of the Sihlhochstrasse Bridge is its northern
end (figure 1(C)) where the originally planned continuation of
the structure was abandoned due to a change in public opinion.

For a direct comparison of the two methods, a
synchronized application (i.e. at the same time, position and
distance of 15 m) has been done for the Sihlhochstrasse Bridge
test bed. An example of the instrumentation configuration at
work at the bridge test bed is reported in figure 1(D).

3. Basic concepts and methods

The IBIS-S sensor can provide the displacement information
of the monitored structure along the radar’s LOS; hence,
it is possible to compute resonant frequencies related to
both vertical and horizontal oscillations if measurements are
carried out with a tilted LOS. Anyway, sometimes this could
be considered also a limitation if we want to separate the
contributions from different directions. In this case, two such
systems orthogonal to each other must be simultaneously used,
or the same instrument must be placed in different positions
with the loss of synchronization.

A promising alternative solution to this problem comes
from an experiment carried out in October 2010 at Montagnole
(French Alps), in the framework of the ISTIMES project,
where the progressive damage in different stages of a concrete
beam was tested by means of falling blocks (Palombo et al
2011). In that work, the resonant frequencies obtained from
the vertical oscillations of the concrete beam after each impact
were measured independently by the IBIS-S instrument and the
high-frequency imagery (HFI) FLIR thermal camera, which
provided comparable results.

Indeed, even if the thermal camera is primarily suited for
the detection and characterization of alterations and defects in
the near surface of structures (Maierhofer et al 2006), its use as
a HFI camera gives the opportunity of measuring vibrations of
the structure in the plane orthogonal to the LOS of the camera.

The method proposed in this work considers the joint
application of the FLIR camera and the IBIS-S sensor to the
measurement of the displacement and resonant frequencies of
the bridge along orthogonal directions.

In the following, a description of the sensor characteristics
and of the techniques used by the sensors to give the
measurement of the displacement of structures is introduced.

3.1. The microwave radar interferometer (IBIS-S sensor)

The IBIS-S microwave radar consists of a sensor module
installed on a tripod with a 3D rotating head. The two horn
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antennas of the sensor module transmit the electromagnetic
signals in the Ku frequency band of 16.75 £+ 0.30 GHz, and
receive the echoes from the targets to be processed in order to
compute the displacement time histories of different points of
the investigated structure with a sensitivity of 0.01-0.02 mm. A
maximum sampling frequency of 200 Hz of the displacement
can be reached with the IBIS-S instrument.

This innovative radar system, widely described in
previous works (e.g. Gentile 2010 and references therein),
is based on the stepped-frequency continuous wave (SF-CW)
technique (Taylor 2001) and on the differential interferometric
technique (Henderson and Lewis 1998); the former provides
the system with a range resolution capability and the latter
allows the system to evaluate the displacement response of
each target detected in the illuminated scenario.

The range resolution Ar is a measure of the minimum
distance between two targets at which they can still be detected
individually in distance along the radar’s LOS. It is related to
the pulse duration t by the following relation (Taylor 2001):

Ar=S= 5 1)

2 2B
where B = 1/t is the frequency bandwidth of the transmitted
electromagnetic wave, and c is the speed of light. The SF-CW
technique consists in the synthesis and transmission of a burst
of N monochromatic tones equally and incrementally spaced
in frequency (with a fixed frequency step of Af) leading to a

work bandwidth B:
B=(N—-1)Af. 2)

The N monochromatic tones sample the scenario in
the frequency domain similarly to a short pulse with a
large bandwidth B. Then, by considering equation (1), it is
possible to have a bandwidth B large enough to obtain the
desired range resolution, which is 0.5 m for the IBIS-S system.
This means that the sensor can distinguish two different targets
if their relative distance is greater than 0.5 m.

From echoes coming from different range bins (i.e.
different range resolution areas), it is possible to process
phase information at regular time intervals to find any
radial displacement d, (i.e. the displacement along the LOS)
occurring between one emission and the next for the entire
measurement period. This processing can be done by using the
differential interferometric technique (Henderson and Lewis
1998, Gentile and Bernardini 2008) as follows:

A
d, x EAd)’ 3)
where A¢ is the phase shift between one emission and the
next and A (1.79 £+ 0.03 cm) is the wavelength of the
electromagnetic signal. The measured radial displacement
time history d,(2) is related to the vertical V(¢) and horizontal
H(?) displacements of the target by the following relation:

d,(t) =V (t)sin(8) + H(t) cos(0), (@]

with 6 being the LOS angle computed counterclockwise
from the horizontal axis (see figure 2). If one of the two
quantities on the right-hand side of equation (4) is negligible
with respect to the other or is known, the other quantity can
be obtained from the radial displacement d,(¢) by a simple
geometric projection.
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Figure 2. Pictorial figure describing the operating principle of the
ground-based radar interferometer (IBIS-S) according to
equation (4).

3.2. The HFI thermal camera (FLIR camera)

The thermal camera technology is a non-destructive diagnostic
technique commonly used in different applications (Malone
et al 2005, Pascucci et al 2008, Ha et al 2012) mainly
applied for the detection and characterization of defects in
the structures’ subsurface (Maierhofer et al 2006) and for
the displacement monitoring and verification of the structural
integrity of buildings and structures (Proto et al 2010). This
type of analysis combined with other techniques is also used
for the structural status monitoring and the application of
vibration-based damage detection techniques (Doebling et al
1996). For this study high-frequency LWIR (7.7-11.5 pm)
imagery acquisitions (Palombo et al 2011) were used for
retrieving vibrations for the Sihlhochstrasse Bridge.

Concerning the high sensitivity TIR instrumentation, we
used for this study a FLIR SC7900-VL thermal camera (LWIR;
7.7-11.5 pm). The FLIR camera has an integration range
from 10 us to 10 ms, which incorporates a high quantic
efficiency MCT focal plane array thus ensuring a very high
radiometric resolution with a noise equivalent temperature
difference (NEDT) < 25 mK. The frame rates are up to
600 frames per second (FPS) in a sub-windowing mode. Due
to the high sensitivity characteristics of the applied FLIR
camera, it is possible to obtain excellent thermal images
with low crosstalk between adjacent pixels; therefore, we
do not consider in this study the influence of the crosstalk
of neighbouring pixels that typically affects optical/electrical
sensors (Rehm et al 2005).

For the experiment conducted in this study, the minimum
requirements for an IR camera system to perform the proposed
investigations are a frame rate of up to 50 Hz, whereas
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Figure 3. (A) Example of a frame acquired by FLIR camera. The
image frame depicts the heavy load of the controlled Montagnole
experiment just before the impact on the concrete beam. The black
arrow indicates the mixed pixels (i.e. background and beam) used for
calculating the oscillation frequency after the impact. (B) Example
of a graph showing the radiance oscillations acquired by the FLIR
camera on Montagnole. The graph shows the under-dumping decay
attained for the radiance of the i-pixel occupied by the beam (the
superimposed line depicts the theoretical dumper oscillator). (C) the
C, pixel fraction value calculated for the Montagnole experiment.

regarding the minimum NEDT, it is scene dependent thus not
quantifiable a priori.

These requirements have been also chosen considering
the results attained for a controlled experiment performed in
Montagnole (figure 3) within the ISTIMES project, in which
the drops of a heavy iron ball on a cement beam were used
as mechanical solicitation to measure the dynamic response

of the beam (Palombo ef al 2011). For the Montagnole case
study, we used a simple model by considering the behaviour
of the beam as that of a damped harmonic oscillator where the
equation describing the oscillation is

2(1) = Age S sin(v/1 — cawot + @), 5)

where A is the amplitude and ¢ is the phase that dictates
the initial conditions, wy is the undamped angular frequency
of the oscillator and z is the damping ratio that is given,

respectively, by
wy = \/%
(6)

_ _c
S = 2mawy °

where k is the elastic constant, m is the mass and c is the
viscous damping coefficient.

The value of ¢ determines the behaviour of the system;
in fact, the damped harmonic oscillator can be (a) for ¢ > 1,
the system is represented by exponential decays; (b) for ¢ =
1, the system returns to equilibrium as quickly as possible
without oscillating; (c) for { < 1, the system is represented by
an underdamped harmonic oscillator (figure 3(B)).

The thermal imagery acquisitions were used to calculate
the oscillation frequency of the monitored structure as
derived from the difference between the structure temperature
and the background temperature. The oscillation retrieval
technique is based on the presence of pixels composed of
both the monitored structure and the background, i.e. mixed
pixels, further labelled as i-pixel (figures 3(A) and 4(B)). The
pixel used for the oscillation measurement was selected on the
basis of its composition, i.e. a pixel composed of ~50% of
background and 50% of target.

As the assumption of this study is a linear relationship
between the signals coming from (7) the background, (if) target
and (iii) mixed pixels, we used the radiance values instead of
the temperatures as this can ensure the linearity behaviour. The
method is based on the presence of mixed pixels composed of
both the beam and the background as shown in figure 3(A),
labelled as i-pixel. The i-pixel radiance measured by the FLIR
camera depends on both the time-varying radiance relative to
the structure and the background. In this case, the time was not
considered as the equations are referred to a single frame each
time thus considering as implied the time dependence. The
following equations were used to describe the pixel radiance
oscillation:

ClLb + C2Ln = Lmix (7)

ci+ec =1, (8)

where ¢ and L, are the fraction of the i-pixel of the background
and its radiance, respectively; c, (figure 3(C)) and L, are
the fraction of the i-pixel of the structure and its radiance,
respectively. Ly is the radiance measured by the camera for
the i-pixel. Equation (7) represents the linear mixing of the
radiances of the monitored structure and the background, while
equation (8) is the constraint used for the total pixel fraction.

Such a technique allows measuring the dynamic
displacement of the structure by using the variation in
time of the mixed pixel radiance in the investigated
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Figure 4. (A) Example of a frame acquired by FLIR camera. (B) The frame depicts a metal object (steel pipe) solidly cemented into the
bridge structure that was used as a target to observe the thermal oscillation caused by the heavy vehicle traffic on the bridge. The white
arrow indicates the mixed pixel (i.e. background and pipe) used for calculating the oscillation frequencies. The spatial resolution of a pixel is

18 mm.

scene. Furthermore, the accuracy, in terms of displacement
measurement, of this method for the controlled experiment
was calculated using the noisy oscillations (see figure 3(C))
starting from 7 s after the impact to the end of the measurement,
i.e. when the beam oscillations stopped. The accuracy value
was 1 mm, and was calculated with a distance of 40 m between
the camera and target and a pixel IFOV of 1.2 mrad. This
value is 45 times below the value of the maximum values of
the amplitude oscillation observed during the heavy loading
impact.

4. Data acquisition and results

The in-field measurements in Zurich lasted four days from
16 May to 19 May. They were characterized by the joint
application of different electromagnetic sensors to define the
state of health of the bridge. Among the sensors applied,
IBIS-S system and FLIR thermal camera were first separately
applied to perform some tests and measure specific parameters
of the bridge. After that, also taking into account the results
obtained during the controlled experiment performed in
Montagnole, we decided to dedicate one day of measurements
to the joint application of IBIS-S and FLIR camera for studying
the dynamic characteristics of the Sihlhochstrasse Bridge.

4.1. IBIS-S sensor

IBIS-S measurements were carried out from 16 May to 18
May. On the first day, some tests to understand if some corner
reflectors must be placed on the structure were performed.
These tests allowed us to assess that the installation of corner
reflectors was not necessary due to the good backscatter
intensity of the bridge.

Indeed, due to the geometrical characteristics of the
bridge, we decided to use as a corner reflector, a natural corner
of the infrastructure formed by the deck (see figure 1(D)). The
IBIS-S system was installed on a tripod and placed on the
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Figure 5. Example of LOS displacement recorded during the transit
of a heavy vehicle, Rbin 31 (i.e. range bin 31) means that the sensor
was 15 m distance from the observed point of the bridge, since the
IBIS-S range resolution is 0.5 m.

ground on a pedestrian lane parallel to the main axis of the
bridge.

On the last day, the IBIS-S system was placed in front
of the Sihlhochstrasse Bridge at 15 m distance (range bin 31,
see figure 5) with a LOS angle 0 = 30°, and measurements
were carried out together with the thermal camera. Each
IBIS-S acquisition had a duration of about 20 min with a
sampling frequency of 200 Hz.

For each acquisition, data were processed by using
the commercial IBIS DATAVIEWER software that gives
the displacement time histories from the data acquired by the
IBIS-S radar sensor. On 18 May, the largest LOS displacement
of 2.7 mm was measured during the transit on the bridge of
a heavy vehicle (see figure 5). Assuming that this largest
oscillation of the bridge was along the vertical component
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Figure 6. Fourier spectra in the frequency range 1-10 Hz related to four different acquisitions of the Sihlhochstrasse Bridge vibrations due
to traffic excitations. All the measurements were performed on 18 May. Some resonant frequencies (dotted lines) are well recognizable in all
acquisitions, while other frequency peaks (dashed lines) are evident only for some acquisitions or have small amplitudes.

(due to the vertical load exerted by the vehicle), from equation
(4) and considering that & = 30°, we found that it was 5.4 mm.

Afterwards, the discrete Fourier transform (DFT) was
computed in order to assess the most important resonant
frequencies of the structure. The mean and the linear trends
were removed from all the displacement time histories, and
the derivative was applied before applying the DFT. The
obtained spectra are reported in figure 6, where it is possible
to observe a series of peaks from 0.3 to 8.0 Hz. Some resonant
frequencies (dotted lines in figure 6) are well recognizable in
all acquisitions, whereas other frequency peaks (dashed lines
in figure 6) are evident only for some acquisitions or have
small amplitudes, as for the peak at 1.0 Hz.

4.2. FLIR thermal camera

The methodology set up and optimized for the Montagnole
controlled experiment was applied for the real case of the
Sihlhochstrasse Bridge in order to test the efficiency of the
method developed under controlled experiment for assessing
the structure vibrations by high thermal frequency imaging
acquisitions. The main differences between the controlled and
real cases are due to the heavy loading impacting on the
structure that for the controlled experiment was a heavy iron
ball of 5 tons dropped from a maximum altitude of 5 m, while
for the real case corresponded to the vehicles and in particular
to heavy trucks in transit through the bridge. Further analysis
and tests of the proposed methodology will also consider the
decomposition of the displacement by using the real geometry
of the experimental setup that for this case study was not
included.

For this study, the LWIR camera was applied by using
the following configuration: a sub-windowing mode of 80 x
64 frames thus allowing 200 FPS and 150 us of integration
time. The spatial resolution of a pixel is 18 mm, as also
indicated in figure 4. The field measurement campaign was
performed between 17 May and 19 May 2011 under clear sky
conditions. The measuring sessions were executed in different
sets of acquisitions according to the heavy traffic loadings
on the bridge. The FLIR camera used for the Sihlhochstrasse
test site was located on the ground installed on a tripod on
a secondary pedestrian lane running parallel to the bridge in
order to ensure the covering of the area of interest of the bridge
structure (figure 1).

The high-frequency FLIR thermal acquisitions were
performed at 200 Hz (the same as the IBIS-S sensor) to
determine the oscillations of the bridge structure due to heavy
traffic loading. The use of high-frequency thermal imagery
gives the opportunity of measuring oscillation characteristics.
For this test site, the TIR camera was positioned close
to the IBIS-S sensor for synchronized acquisitions and to
compare and analyse a different sensing technology for
the structure vibration frequency on the same target area.
The camera has been pointed to a steel pipe cemented
into the bridge structure and of higher temperature with
respect to the concrete background to measure the oscillation
frequency of the pipe (figure 4(A)).

High-frequency radiance measurements were conducted
for a period of 2 h in order to observe different solicitations of
the structure due to cars and trucks on the bridge.

The thermal camera radiance imagery acquisitions were
used to calculate the bridge oscillation frequency as derived
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Figure 7. Left: graphs of the ¢, pixel fraction values calculated for the FLIR camera acquisitions on three registered oscillations due to
heavy truck loadings on the Sihlhochstrasse Bridge. Right: the relative FFT amplitude (depicted in logarithmic scale only for visualization
purposes) calculated for the same files (i.e. files 134, 136 and 137, respectively, from top to bottom).

from the difference between the cement structure of the bridge
radiance and the pipe radiance (figure 4(B)).

The results of three TIR data acquisitions are presented,
where the IRT sequence portions allow good identification
of the structure oscillation frequencies due to heavy truck
loadings and that were recorded at the same time and position
as the IBIS-S sensor. Figure 7 (left) shows the ¢, pixel fraction
values calculated for the FLIR camera acquisitions due to
heavy truck loadings (i.e. files 134, 136 and 137, respectively,
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from top to bottom), while figure 7 (right) displays the
relative FFT amplitude (depicted on the logarithmic scale
only for visualization purposes). By analysing the FFT
graphs, it is possible to isolate the oscillation frequencies
of the most significant FFT coefficients that are shown in
table 1.

The FFT results highlight that all three acquisitions show
resonant frequencies at 2.3 and 8.7 Hz, whereas acquisitions
136 and 137 also show a resonant frequency at 0.3 Hz.
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Figure 8. Comparison between the Fourier spectrum obtained from the derivative of the IBIS-S data (first acquisition) and the Fourier
spectrum obtained from the derivative of the IRT HFI camera data (file 136). Dotted lines indicate the resonant frequencies commonly
identified by both sensors. These frequencies could be related to vertical oscillations of the Sihlhochstrasse Bridge.

Table 1. Resonant frequencies as derived by the FFT of the thermal
camera (IRT) high-frequency images.

IRT HFI acquisition

(file number) Measured frequencies (Hz)
No. 134 - - 23 8.7
No. 136 03 - 23 8.7
No. 137 03 1.0 23 8.7

The most severe differences in the application of this
technique between controlled conditions (i.e. laboratory
controlled cases) and real cases, such as the Sihlhochstrasse
Bridge, are related to the impulsive solicitation of the
structure and its magnitude that allow better identification
of the resonance frequencies. This difference is stressed by
the difficulty in identifing the resonance frequencies in the
real case; in fact, the amplitude of some of the identified
frequencies is at the edge of noise.

4.3. Comparison of the FLIR camera and the IBIS-S sensor
results

Figure 6 highlights a series of resonant frequencies obtained
by analysing the Fourier spectra of the IBIS-S acquisitions,
while the comparison between the spectra obtained by the two
different sensors in the frequency range 0-5 Hz is presented
in figure 8. Moreover, in table 2, all the frequencies achieved
by the two sensors are summarized. The comparison (figure 8)
shows that there are two clear common resonant frequencies
at 0.3 and 2.3 Hz, while frequencies at 0.8, 3.2 and 3.9 Hz well
recorded by the IBIS-S instrument are not visible on the FLIR
camera spectra.

Considering only the IBIS-S spectra, it is very difficult
to distinguish between the frequencies related to vertical
movements and those related to the horizontal ones. This is

Table 2. Resonant frequencies measured by the HFI thermal camera
and the IBIS-S radar sensor. Frequencies not observed in all
acquisitions or measured by both the sensors without a stable
common value are highlighted in grey.

Sensor Measured frequencies (Hz)

HFI thermal 0.3 - 1.0 23 - - - - 87
camera

IBIS-Sradar 0.3 0.8 [1.0 23 32 39 42 7.0 80
sensor

because the LOS angle was 6 = 30°; hence, from equation (4)
the projection of the vertical oscillation of the bridge along
the LOS was one half the nominal value and it cannot be
considered negligible. On the other hand, the FLIR thermal
camera measures oscillations projected in the plane orthogonal
to the LOS and can be used to solve the problem.

Indeed, due to the typology of excitation (principally
traffic load), the vertical oscillations of the bridge can be
considered much larger and more important than those along
the transversal and longitudinal directions, and so the two
frequencies recorded by the FLIR thermal camera at 0.3 and
2.3 Hz should be related to the oscillation along this direction.
For the same reason, it is possible to suppose that frequencies
at 0.8, 3.2 and 3.9 Hz could be associated with horizontal
oscillations, even if it may also be possible that they are below
the noise level in the FLIR camera spectrum and cannot be
evaluated by that sensor.

Further measurements should be carried out to better
assess all the resonant frequencies, in particular those well
observed by only the IBIS-S instrument that could be related
to vertical oscillations of the bridge (if they are also detected by
the thermal camera in forthcoming measurements). Finally, we
should deepen the knowledge about the resonant frequencies
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not observed in all acquisitions or measured by both the sensors
without a stable common frequency value (see table 2).

5. Conclusions and discussions

This paper reports the results obtained by the combined
application of the IBIS-S sensor and the FLIR camera to study
the dynamic behaviour of the Sihlhochstrasse Bridge in Zurich,
Switzerland.

Although the two techniques are based on different
physical principles, they both can provide information about
the displacement time histories and resonant frequencies of
the investigated structure, which are comparable and can
be integrated. In particular, the IBIS-S system obtains this
information from the backscattering of emitted microwaves
with a sensitivity of 0.01-0.02 mm comparable to commercial
contact sensors (Pieraccini et al 2008), while the FLIR camera
gets the same information from radiance measurements with
a sensitivity of 1 mm.

Considering the way that both sensors work, it is easy
to understand why the data can be integrated. The IBIS-S
sensor provides valuable information along the LOS; thus,
the measured resonant frequencies can be mainly associated
with the displacement occurred along that direction. However,
if the LOS of the sensor does not correspond to the
main oscillation direction of the investigated structure, the
frequencies measured can be associated with both vertical and
horizontal components of the displacement.

The FLIR camera allows the displacement to be measured
to its LOS. So, this means that if the two sensors look at
the object from the same position and with the same angle,
the information obtained is complementary and provides
indications on the displacements in mutually orthogonal
directions.

The results presented in this study provide only
preliminary information about the joint application of the
FLIR camera and the IBIS-S sensor for the evaluation of the
dynamic behaviour of the Sihlhochstrasse Bridge. The survey
performed cannot provide information about any damage of
the structure because the deterioration is related to changes
over time of resonant frequencies; hence, monitoring of the
structure is necessary for a long period of time. Anyway,
this joint application is very promising and can be considered
very encouraging for the development of a new technological
approach that will allow 2D SHM of infrastructures. In fact,
this study demonstrates that the joint use of such techniques
provides the displacement time histories of the monitored
structure and the evaluation of its resonant frequencies along
orthogonal directions.

The remote sensing character of the two applied
techniques makes them particularly suitable for the study
of structures located in areas affected by natural hazard
phenomena, not easily accessible also for security reasons,
and also to monitor cultural heritage buildings (Atzeni et al
2010) for which some conventional techniques are considered
invasive. Another advantage of this approach is related to
the measurement of the seismic ambient noise, which is very
powerful in cases where it is not possible to perform invasive

S62

and/or expensive active dynamic analyses (e.g., by using a
vibrodyne).

Obviously, their reliability needs further experiments
focused on laboratory and field measurements together with
standard contact sensor (such as accelerometers). After these
experiments, it will be possible to evaluate the particle motion
of the investigated structure that can be used by engineers, in
addition to the resonant frequency information, to estimate its
modal shapes.
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