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Abstract

Damage in civil engineering structures can be represented by a reduction of the structural bearing capacity during their
service period. This reduction is usually caused by degradation of materials, structural components or connections due to
environmental phenomena leading to excessive loading effects. Typical damages in civil engineering structures include
cracks, fatigue, steel corrosion, concrete spalls, scour and deterioration. Undetected damage can lead to structural failure
causing loss of human life. Considering these problems it is necessary to detect early damage within a structure, in order
to undertake appropriate repairs as early as possible. The main issue of early warning infrastructure fault detection is
that expensive in-situ distributed monitoring sensor networks has to be installed. This research propose a new global
infrastructure monitoring paradigm using micro-motion (m-m) estimation of critical sites, from spaceborne Synthetic
Aperture Radar (SAR) data, in this case. In order to apply this method for damage detection, an approach using modal
proprieties is applied. m-m is processed to extract modal features such as natural frequencies and mode shapes. The case
study of the Morandi bridge (Polcevera Viaduct) in Genoa (Italy) is considered in this paper and the proposed method
shows abnormal vibrational modes during the period before the collapse of the bridge.

1 Introduction

A little more than 1km long, going through the Polcevera
valley, a river, a railway depot, a densely populated area
and various large industrial plants at an average height of
45 m above the ground, Morandi was one of the world’s
longest reinforced concrete bridges when it opened in
September 1967. The 1960s were Italy’s economic explo-
sion years. For the first time, many Italians could have
a car, but the most of country’s roads needed to be reno-
vated. The Morandi Bridge was the fulcrum of a brand-
new motorway network connecting heavy traffic from the
East to the West of Italy. This was the beginning of the
Italian industrial era, for the first time, after World-War
Two. The Morandi Bridge was very different in other ways
with respect to any other bridge built in that time. The
deck was entirely made of reinforced concrete, and it had
only four cables per tower, instead of the usual dozens.
Crucially, the cables were covered in pre-compressed con-
crete, specifically designed to resist traction. As a result,
Morandi Bridge was stronger and lighter, with minimal
use of steel, than any other bridge of its era and boasted
a clean, distinct design that quickly became a symbol of
Italian engineering, tangible proof of the country’s techni-
cal abilities. On 14 August 2018, the city of Genoa was
surrounded by a strong summer storm. By 11.30 am, the

rain was so heavy that visibility had fallen dramatically.
Probably for excessive rain and wind, the third support-
ing tower and 200m section of the the Morandi Bridge,
collapsed. The disaster killed 43 people leaving 600 peo-
ple homeless. Considering this tragic event, we believe
it is necessary for Governments to implement an efficient
method for a large-scale infrastructure monitoring. In [1]
Authors present a methodology for the assessment of pos-
sible pre-failure bridge static deformations, based on Syn-
thetic Aperture Radar (SAR) Persistent Scatterers Interfer-
ometry (PS-InSAR) coherent processing. Authors detailed
15-year survey of the Morandi bridge in the form of rel-
ative displacements across the structure prior to its col-
lapse on the 14th of August 2018. Static displacement
maps are generated observing SAR data from COSMO-
SkyMed (CSK), Sentinel 1 A/B and Envisat. Results re-
veals that the bridge was undergoing an increased amount
of deformations over time prior to its collapse. In order to
carry out a detailed analysis of infrastructure conditions, it
is necessary to dynamically study them. All large infras-
tructures are moving. These movements are characterized
by different values of displacement, velocity and acceler-
ation, distributed on scales that can also differ in orders
of magnitude and frequencies. The technique developed in
[2] analyzes movements that extend in millimeters per year
and to detect them it is necessary to process long interfer-



ometric series of SAR data in order to estimate a reliable
atmospheric phase screen. The motions observed through
[2] can be highly conditioned by the Earth’s crust displace-
ment and is minimally applicable for a dynamic analysis
of a critical infrastructure such as a bridge. Bridges are not
rigid bodies, they are rather designed so that they can oscil-
late. This elasticity will inevitably produce false alarms in
terms of displacement that could be canceled by the atmo-
spheric phase screen (APS) estimation algorithm. This ef-
fect can be probably mitigated considering the APS estima-
tion evaluating only a single interferogram [3]. The need
for effectively identifying damage in complex structures
has motivated the development of structural health moni-
toring (SHM) paradigms. A comparatively recent devel-
opment in SHM methods is vibration-based damage iden-
tification. The basic premise of common vibration-based
damage identification methods is that damage in a structure
will alter the stiffness, mass or energy dissipation propri-
eties of the structure, which in turn will alter the measured
dynamic response of the structure [4]. Research published
in [5] performed modal identification of large civil struc-
tures such as bridges under the ambient vibrational condi-
tions. The results from the benchmark study show that the
robustness of identified modes are judged by using their
modal contributions to the measured vibration data. As an
alternative to PsInSAR, in this paper a method exploiting
micro-motion estimation is proposed with the specific goal
to identify potential causes that led to the collapse of the
Morandi bridge. This method is based on the modal anal-
ysis of the extended and elastic bodies typical of large in-
frastructures. The motivation for this approach resides in
the fact that vibrating modes reflect predictible models for
a given structure and radar is a particularly sensitive instru-
ment to vibrations. In this work we have processed a long
temporal series of remote sensed data from the CSK SAR
constellation. Results show clearly the possibility of ex-
tract the oscillation modes of the Morandi bridge measured
from each single-look-complex (SLC) image, at different
points of both the viaduct and the stays and rods. Reiter-
ating processing over time, several vibrational anomalies
were found along the bridge and on pylon three, the col-
lapsed one. Thanks to the experience of this work, we are
aware that it is possible to carry out an efficient infrastruc-
ture monitoring through m-m estimation. The reminder of
this paper is the following. Section 2 presents the model we
used to estimate the vibrations. It is divided into the sub-
section 2.1 where the theoretical model for structural dy-
namics is set. The subsection 2.2 describes why vibrations
are detected with radar and subsection 2.3 describes the
method used to detect vibrations on the single SAR data.
Section 3 discusses the obtained results, while section 4
concludes the paper.

2 Micro-Motion Model

The aim of this section is twofold. Firstly, we introduce the
model to describe the vibrations generated by a distributed
body like the Morandi bridge. Then, we incorporate the
latter into a procedure to estimate the vibrations of a dis-

tributed structure by means of radar data.

2.1 Vibrational Model of Infrastructures
The model of motion for the linear damped forced vibra-
tion of a structural dynamic system with a total number of
N degrees of freedom can be expressed as:

Mü+Cu̇+Ku = f(t), (1)

with:

• f(t) is the external force vector applied to the system
over the time t;

• u, u̇, and ü are the modal displacement, the velocity,
and the acceleration vectors, respectively;

• M,C, and K are the M×M global mass, damping and
stiffness matrices of the dynamic system, respectively.

In forced harmonic vibration if f (t) = fe jωt with a driving
frequency ω , the equation of motion (1) becomes:(

−ω
2M+ jωC+K

)
y = f. (2)

In (2) the parameter y is the harmonic displacement vector,
obtained inverting (1):

y = H(ω)f, with, H(ω) =
(
−ω

2M+ jωC+K
)−1

. (3)

In (3) the matrix H(ω) is the frequency response func-
tion and physically represents the dynamic flexibility of the
structural system. For frequency domain analysis, the dy-
namic stiffness Z(ω) can be defined as:

Z(ω) = H(ω)−1 =
(
−ω

2M+ jωC+K
)
. (4)

In structural dynamic testing the frequency response func-
tion is obtained by measuring the system responses at dif-
ferent locations where the displacement parameter y in (2)
is measured with an appropriate tool able to measure the
displacement vector. In this paper we will use the radar
sensor to estimate y and the details of the proposed estima-
tion procedure are given in the next subsection.

2.2 Radar Micro-Motion Model
The dynamic displacement estimation problem of a tar-
get performed by radar is now discussed. Standard SAR-
processing methods are based upon the assumption of a
static scene. If targets are moving, their positions in the
SAR-image are shifted in azimuth and range-azimuth and
a defocusing may occur. According to [7] the target defo-
cusing δR(t), in the zero-Doppler γ , is expressed as:

δR(t) =
2Av(t)
vp sinγ

. (5)

Equation (5) relates the range-azimuth defocusing length
to the target velocity v(t) during the time of measurement
A
vp

, with A the synthetic aperture, and vp the platform ve-
locity. Moreover, the motion leads to smearing effects on
the focused signals in both range and cross-range direc-
tions. Moving targets produce significant position errors in



Figure 1 Frequency allocation plane strategy.

Figure 2 Functional Block scheme of the processing
chain used for the Modal Analysis.

azimuth due to the target range velocity component. A pure
displacement along the azimuth direction returns a pure de-
focusing along the same direction. All these effects are
detected by two-dimensional normalized cross-correlation
and tracked during the SAR acquisition orbital time by the
sub-pixel coregistration process. In the following, the pro-
cess is explained in details.

2.3 Micro-Motion Estimation
Sub-Pixel Offset Tracking (SPOT) is a relevant technique
to measure large-scale ground displacements in both range
and azimuth directions and it is complementary to differ-
ential interferometric SAR and persistent scatterers inter-
ferometry in the case of radar phase information instabil-
ity [7]. In this paper, we apply the above pixel track-
ing technique to the single stripmap image instead of us-
ing multi-temporal interferometric images. Specifically,
the single observation is divided into several Doppler sub-
apertures in order to investigate the fastest displacements
due to moving targets (note that the acquisition duration
is in the order of a few seconds). Thus, we focus on the
vibrations of some specific points estimating the dynamic
displacements of the scatterers during the Doppler sub-
aperture history. In accordance with the frequency subdi-
vision strategy of Figures 1, we observe the offset trend by
computing the normalized cross correlation after partition-
ing the image into small patches. The estimation procedure
consists in shifting the master for each Doppler event and
calculating the correlation between adjacent Doppler sub-
apertures, according to a small-frequency baseline strategy.
The offset components of the sub-pixel normalized cross-
correlation, according to [6] and [7] are described by the
complex parameter Di, j

tot(c,D)
referring to the total displace-

ment, which is estimated by the following equation:

Di, j
tot(c,D)

= Di, j
displ(c,D)

+Di, j
topo(c,D)

+Di, j
orbit(c,D)

+Di, j
control(c,D)

+Di, j
atmosphere(c,D)

+Di, j
noise(c,D)

,

i = 1, . . . ,GD, j = 1, . . . ,Gt ,

(6)

where:

• Di, j
displ(c,D)

is the offset component generated by the in-
frasctructure vibrational trend and detected as a sub-
pixel misalignment existing between the first SAR im-
age (master) and the ith slave Doppler sub-aperture;

• Di, j
topo(c,D)

is the offset component generated by the
earth displacement when located on highly sloped ter-
rain;

• Di, j
orbit(c,D)

is the offset caused by residual errors of the
satellite orbits;

• Di, j
control(c,D)

is the offset component generated by gen-
eral attitude and control errors of the flying satellite
trajectory;

• Di, j
atmosphere(c,D)

and Di, j
noise(c,D)

are the contributions gen-
erated by the electromagnetic aberrations due to at-
mosphere parameters space and time variations and
general disturbances due to thermal and quantization
noise, respectively.

This formula is a general case where displacement exists
in both range-azimuth dimensions and evolving in time.
In the herein considered case, the displacement generated
by the bridge vibrations, when perturbed by the persistent
heavy traffic, can be significantly greater with respect to
any other sporadic displacements due to physical phenom-
ena. With the above remarks in mind, we assume that the
main contribution of Di, j

tot(c,D)
is due to the renge/azimuth

components. A schematic representation of the parameters
estimated by coregistration is visible in [7]. The parame-
ters Di, j

totc and θ i, j are the distance between the master and
slave pixel centers and the angle respect to the horizontal
axis respectively. In the present case, since the shift due to
vibrations occurs on the range-azimuth plane, the parame-
ter θ i, j is an harmonic parameter. Figure 1 represents the
frequency allocation plane strategy used to estimate the m-
m. The db parameter represents the value of the frequency
baseline used. The estimated shifts Di, j

tot(c,D)
are now avail-

able to be included into equation (3) evaluating the follow-
ing vibrational response function estimated by the radar:

∑
GD
i=1 ∑

Gt
j=1 ∑

Nc−1
l=1 ∑

ND−1
m=1 Di, j{l,m}

tot(c,D)
(7)

= ∑
Gt
j=1 ∑

Nc−1
l=1 ∑

ND−1
m=1 H{l,m}j (ω)f{l,m}j .

where N c is the number of image’s pixels along the range,
N D is the pixels’ number along the range, and G D and
G t are the lengths of the particular frequency and tem-
poral series, respectively. Equation 7 gives an operational
solution for SAR to the vibrational model (3). More de-
tails about the whole processing chain are given in Figure



Figure 3 Panoramic vew of the Morandi bridge.

Figure 4 Schematic view of the Morandi bridge.

Figure 5 Morandi bridge, a prospective view.

2. As it can be observed, the processing is composed by
8 functional blocks: the first two consist in the selection
of the single image for the analysis followed by a 2D-DFT
of the selected image. The third block represent a band-
pass filtering operation generating the sub-images centered
at the different Doppler frequencies. These sub-images are
the input for the successive blocks: the SAR focusing, the
coregistration, the Pixel Tracking, and the Modal Analysis
which solves (10).

3 Experiment Results

The experimental results are carried out by processing a
long temporal series of SAR data observed by the Ital-
ian satellite constellation CSK. The SAR data are of the

Figure 6 SLC image with overlapped vibrational energy.

Mapitaly observation mission and consist of a long tem-
poral series of interferometric stripmap images. Data are
observed from 21 January 2016 to 06 August 2018. The
Morandi Bridge collapsed on August 14, 2018 at 11:36
a.m., Universal Time Coordinates (UTC). Through stud-
ies carried out by the Italian Investigation Commission, it
was deducted that the bridge collapsed due to the failure of
a cable-stay (3), visible in Figures 3, 5 and 6. We propose
the estimation of the vibrations, information that has been
correlated to the displacement, calculated through the PS
investigation technique. Vibrations and PS are estimated
on point (a), indicated in Figures 3, 5 and 6. We estimate
the physical vibrations of the bridge in the frequency of
1250 Hz on point setting the cross-correlation window size
to 20×20 pixels and the oversampling factor to 600 in both
the range and azimuth directions. The db parameter for
this work has been shifted at 1.9 Hz. This value remains
constant throughout the radar Doppler frequency shift of
about 1250 Hz. A total of 800 master-slave pairs were pro-
duced, spaced out by db. In Figure 4 a schematic view of
the complete design of the Polcevera viaduct is presented.
On the left side, inside the blue box number 1, it is possi-
ble to view a very clean motorway viaduct with a series of
six narrow pitch V-shaped bays. The distance between one
pylon on with respect to the adjacent is about 73 m and the
motorway deck was located at an average height of about
45m above the ground. The second part of the infrastruc-
ture is located in box 2. Here the infrastructure consists



Figure 7 Vibrations versus PS displacement.

of a bridge with three equal spans that crosses the part oc-
cupied by the Polcevera river. Figure 5 provides a frontal
representation of the bridge where all pylons are visible.
The pylon number 3 has been highlighted in red as it is
the one that collapsed. Figure 3 represents a perspective
view of the bridge where all pylons are always visible and
the yellow arrows indicate the position of the measurement
points where the vibrations were calculated. We have cho-
sen some particularly visible. Figure 4 gives also the rep-
resentation of a narrow V-shape where, from the top of it,
four stays departed to support the deck. Figure 1 represents
the frequency allocation plane. The purple window is the
master and the blue window is the slave. The shift between
the two windows is about 2 Hz, the two windows sweep
along the entire Doppler band. For each scan, both range
and azimuth shifts are estimated. In Figure 6 the Morandi
bridge is represented by a SLC SAR image (in magnitude)
the blue shape that we see is the bridge where both the stay
(3) and the stay-deck connection (a) are visible. We notice
a vibrational anomaly exactly on point (a). Figure 7 rep-
resents the displacement observed at point (a) of the stay
(3) versus the vibration energy, estimated at the same point
(a) of the Morandi bridge. It is very important to note that
throughout 2016, outlined by the segments (a) and (b), the
displacement is estimated in descending ( the descending
tract indicated by the red arrow (1)). During the time span
between (a) and (b), indicated as safety-zone, the measured
oscillations are found to be energetically very low. At a cer-
tain point, approximately from July 2016, for inexplicable
reasons, these oscillations suddenly increase, even by 10
times and remain constant until the collapse of the Morandi
bridge. On the separation gradient between the safety zone
and the pre-collapse zone, in addition to the discontinuous
increase in vibrational energy, we also notice the inversion
of the displacement that turns into an upset (indicated by
the red arrow (2)). The displacement trend remains almost
constant during the whole pre-collapse period, until, after a
strong vibrational peak in 2018, the displacement resumes
to sink down to -30 mm (Collapse-zone). After a short time
the bridge collapsed.

4 Conclusions

This research proposed a new paradigm for global infras-
tructure monitoring using m-m estimation of critical sites,
from SAR images. In order to apply this method to damage
detection, an approach using modal proprieties is applied.
m-m is processed to extract modal features such as nat-
ural frequencies and mode shapes. Abnormal vibrational
modes where detected on the Morandi bridge (Polcevera
Viaduct) in Genoa (Italy) using the proposed method.
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