Journal of Civil Structural Health Monitoring
https://doi.org/10.1007/513349-024-00817-6

ORIGINAL PAPER q

Check for
updates

Computer vision-based dynamic identification of a reinforced concrete
elevated water tank

Stefano De Santis'© - Marialuigia Sangirardi'?® . Vittorio Altomare'® - Pietro Meriggi'® - Gianmarco de Felice'

Received: 9 January 2024 / Accepted: 29 May 2024
© The Author(s) 2024

Abstract

There is a growing need for monitoring the structural health conditions of aging structures and for prioritizing maintenance
works to extend their safe service life. This requires cheap, flexible, and reliable tools suitable for everyday use in engineering
practice. This paper presents a computer vision-based technique combining motion magnification and statistical algorithms
to calculate structural natural frequencies under environmental noise excitation, and its application to a reinforced concrete
elevated water tank. Digital videos were recorded from various standpoints and post-processed by tracking in time either
the variation of the grey-intensity or the motion of selected pixels. Computer vision-based outcomes were validated against
accelerometric measurements and integrated to them to improve the understanding of the dynamic behaviour of the water

tower, which, counterintuitively, resulted anything but trivial to predict.

Keywords Dynamic identification - Motion magnification - Principal component analysis - Target tracking - Field

monitoring - Digital survey - Operational modal analysis

1 Introduction

Managing the aging building stock primarily needs effective
and cost-efficient strategies to ensure safety, rank mainte-
nance works, and preserve heritage structures during time.
Material deterioration, damage development, and increasing
loading demands make periodic condition assessment unde-
niable and, to this aim, the role of structural health monitor-
ing (SHM) tools is continuously growing [1].
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One of the most adopted approaches for detecting global
modifications of structural behaviour is based on the analysis
of vibration test data. A decrease of the fundamental fre-
quency and a modification of modal shapes, which are usu-
ally calculated from acceleration (or velocity) time histories,
can be associated with structural damage [2]. Even though
sensor location optimization allows reducing the number of
accelerometers (or velocimeters) [3], using devices that are
physiclly fixed to the structure entails inherent drawbacks,
such as purchase costs, installation and maintenance efforts,
possible damage to instrumentation, and need of cabling for
power supply and data transmission (wireless sensors are
nowadays available but these are more expensive than tradi-
tional ones). For these reasons, data are generally recorded
only at a limited number of locations, selected a priori with
engineering judgement.

In fact, what above constitutes a strong constraint, which
can be partly overcome by contactless monitoring, whose
development in recent years has been triggered by the rapid
advancement of optical tools and computer vision post-
processing techniques [4—13]. Such methods have been
reliably applied in various contexts, providing displacement
time histories, from which modal parameters are extracted in
a cheaper and faster process, if compared to standard accel-
erometric acquisitions. When ambient noise (traffic or wind)
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induced vibrations are concerned, optical tools might fail
to recognize structural displacements, due to their subtle
entity. To cope with this, motion magnification algorithms
are a necessary pre-processing step. They amplify dis-
placements within a pre-determined frequency range with
a desired magnification factor and have been successfully
included in the framework of visual-based SHM applications
[14-18]. Architectural heritage buildings are well suited for
the application of computer-vision-based techniques for
dynamic identification under environmental noise. On one
hand, they particularly benefit from periodic SHM and, on
the other hand, require non-invasive inspection methods.
Within the wide panorama of the valuable building stock,
elevated water tanks are not rarely considered as a landmark
in urban and more rural contexts and have captured growing
attention in engineering research and practice. Nowadays
they tend to be considered industrial-heritage assets for their
technological, historical, social, and esthetical value. At the
same time, their structural weakness, mainly due to mate-
rial deterioration and seismic vulnerability, makes effective
and cost-efficient SHM methods mostly required for their
periodic assessment.

In this work, a computer vision-based method was
applied for the dynamic identification of a reinforced con-
crete elevated water tank. The structure was inspected
through digital survey and non-destructive field tests (§3).
Its dynamic properties were preliminary assessed through
simplified analytical and numerical methods (§4) and then
detected through monitoring with accelerometers (§5). The
computer vision-based method provided the fundamental
frequencies from digital videos, which were post-processed
by a phase-based motion magnification and a principal com-
ponent analysis. Either the motion of pixels or their inten-
sity variation was tracked (§6.1), following a methodology
recently validated both in small scale laboratory tests [19]
and in large scale shake table tests [20]. Computer vision-
based outcomes were validated against those provided by
accelerometers and conveniently integrated information to
gain an improved understanding of the dynamic properties
of the structure (§6.2).

2 Structural features of elevated water
tanks and scientific background

2.1 Architectural significance

Elevated water tanks, also known as water towers, are a typi-
cal element of city landscapes. They have been built since
the XVIII Century in the vicinity of rail stations for sup-
plying water to the railway transport system, when steam
locomotives were in use, and to industrial areas, where
water was needed in manufacturing processes. They are
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now considered industrial-heritage assets and listed as archi-
tectural heritage for their technological, historical, social,
and esthetical value. Some of them are rated as UNESCO
monuments, as remaining symbols of the industrial culture
in urban areas [21].

The first water towers were built in masonry, whereas
reinforced concrete (RC) became predominant since 1940s.
Differently from industrial tanks storing oils and liquified
gasses, which are usually ground supported and squat, water
tanks are often elevated to ensure proper hydraulic head,
resulting in tall and slender structures. The tank is supported
either by a shaft structure or a frame and may be encased in
a masonry building for aesthetical reasons and for housing
stairs, pipelines, and offices. In this latter case, the whole
water supplier building is sometimes considered as a modern
architectural heritage piece as a whole [22].

When still in service, water towers represent a critical
element in water supply lifelines for both drinking and fire
extinguishing. Their collapse in case of extreme events, such
as earthquakes, is doubly disastrous because of water dis-
tribution interruption and of the consequent risk to cause
damage to adjacent buildings. Some of them have instead
fallen into disuse as water storage facility and are undergo-
ing restoration for cultural preservation or functional recon-
version as touristic attractions [23]. In earthquake prone
areas, this includes the challenging task of enhancing the
seismic capacity of pre-normative RC structures, subject to a
remarkable seismic demand due to the slender configuration
and the sloshing water mass on top, while complying with
the preservation criteria required when retrofitting heritage
buildings.

2.2 Seismic behaviour

Under earthquake base motion, the frame structure supporting
the tank is the weakest portion of slender RC elevated water
tanks, which, despite their axisymmetric geometry and mass
distribution, have proved prone to undesired torsional response
[24]. The sloshing water in the tanks, small non-uniformities
introduced during construction or developed in time, unsym-
metrical position of pipelines, ladders and non-structural ele-
ments, and lack of verticality, may cause eccentricities, which,
in their turn, and even when small, may activate torsional
vibrations [25]. This latter amplifies during seismic base accel-
erations, increasing localized inelastic displacement demands
under hysteretic cycles, possibly leading to the shear failure of
RC beams or of beam-to-column joints [26]. Failure of beams
in bending and of columns under axial compression have been
reported as well [27]. Torsional response is undesired and usu-
ally unexpected, making the seismic behaviour of water towers
counterintuitively complex. Apart from the limited seismic
response requirements foreseen by design codes at the time
of construction, many RC elevated water tanks were designed
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as perfectly symmetric systems and, based on this assump-
tion, provided with insufficient strength and ductility capaci-
ties [28].

Inelastic response amplification may be further increased
by lateral-torsional coupling, and the critical range of the
torsional-to-lateral vibration period ratio (referred to as T in
the literature) has been estimated between 0.7 and 1.25 [29].
Therefore, with the aim of estimating the seismic vulnerability
associated with torsional response of existing tanks, of upgrad-
ing the weakest ones, and of designing new ones, appropriate
stage configurations have been identified, that include more
columns, possibly arranged in a two-concentric layout, radial
beams, and diagonal braces to keep t out of the critical range.
Base isolation [26, 30, 31] and damping braces [26, 32, 33]
have also been proposed for the seismic protection of existing
elevated tanks.

2.3 Structural health monitoring

There is an increasing need of periodically assessing the struc-
tural condition of elevated water tanks, due to the strategic role
of in-service ones in water supply lifelines, to the architectural
value of the dismissed ones, and to the potential threat caused
by their collapse. The strength deterioration caused by aging,
such as concrete cracking and steel corrosion, contributes to
the progressive decrease of their safety level over time. The
difficulty of reaching the highest portion of the tower, the
presence of adjacent structures, and the limitations to inspec-
tion activities on heritage assets, increases the potential for
advanced non-invasive technologies.

At the present stage, inspection and control of water towers
make use of routine tools. Cover depth measurement and crack
pattern survey are carried out to detect concrete deterioration.
Half-cell potential, resistivity and chloride content measure-
ments are performed to investigate steel corrosion [34]. These
methods provide local information, whilst a global assessment
is performed via dynamic monitoring with accelerometers.
The installation of these instruments requires costs for their
purchase and for the difficulty of reaching the elevated portion
of the structure, where they can also hardly be maintained in
operational efficiency. Despite the major significance of devel-
oping reliable and cost convenient SHM strategies for elevated
water tanks, the application of novel contactless techniques
[6], recently been made available for the structural dynamic
monitoring and condition assessment, has never been inves-
tigated to date.

3 Structure under study
3.1 Description of the elevated water tank

The water tank considered in this work is in Rome, Italy,
near Tiburtina Railway Station. It was built in the 1960s
as part of the water supply network of the East quadrant of
the city. Despite it has now fallen into disuse, it still rep-
resents a well recognizable element of the skyline of the
area, which has recently undergone deep urban renewal.
The structure (shown in Figs. 1 and 2) comprises four rein-
forced concrete columns, having a concrete cross-section
of 2.20 m x0.65 m and, as revealed by non-destructive
tests (§3.3), an external brickwork layer of 5 cm, result-
ing in a total cross-section of 2.30 mx 0.75 m (Fig. 1a).
The section of the columns reduces to 1.30 m X 0.65 m
at 15.30 m height, where they support a 1.00 m x2.00 m
ring beam and a cylindrical tank with 8.30 m outer diam-
eter and 9.60 m total height, as thoroughly surveyed via
aero-photogrammetry (§3.2). The thickness of the side
wall and of the base slab was estimated as 0.30 m and
0.45 m, respectively, based on those of similar struc-
tures, as original design documents were unavailable and
direct inspection was unfeasible. The inner diameter and
depth of the tank result in 7.60 m and 7.20 m, respec-
tively. On top, the columns support a RC ring beam with
1.32m X 0.60 m cross-section and a circular roof with
cross braces (Fig. 1b). Overall, the structure is 27.95 m
high (Fig. 2). A central circular column, having 2.50 m
external diameter and 0.25 m estimated thickness, covered
with a 5 cm thick brickwork layer, hosts the piping system
(Fig. 1c). The structure is founded on a RC slab, partially
emerging from the ground (the depth of the footing could
not be precisely determined).

3.2 Digital survey

A digital survey was carried out to develop a 3D geomet-
ric model, integrating aerial and terrestrial photogram-
metry [35-37]. A DJI Mavic Mini drone was used for the
aerial survey. The drone has a 12MPx camera, featuring
a 6.2 mmXx4.5 mm CMOS sensor, a 4.5 mm focal length
lens (24 mm in the full-frame format), and an /2.8 dia-
phragm aperture. Approximately 250 4000px x 2250px
high resolution photos were taken with the exposure set
to Auto ISO mode, in about 40 min.

As the drone camera was unable to tilt upwards by more
than 20 degrees and due to the narrow space between
the columns supporting the tank, the aerial survey was
accompanied by a terrestrial survey, focussing on the bot-
tom part of the tank. The terrestrial survey was carried
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Fig.1 Lateral (a), top (b) and
bottom (c) view pictures of
Tiburtina elevated water tank

T

out with a Nikon D610 digital camera, having 24.3MP, a
36 mm X 24 mm CMOS sensor and a 50 mm equivalent
focal length. The survey lasted about 20 min, for a total of
100 4512px x 3800px pictures, taken with the ISO sensi-
tivity set at 5000, to reduce digital noise, and an f/14-to-20
aperture of the diaphragm.

Frames were processed in Agisoft Metashape Profes-
sional® [38]. A sparse point-cloud of approximately 217.000
points (Fig. 3a) was obtained first, and then a dense cloud of
about 14 million points (Fig. 3b) and a 3D textured model
(Fig. 3d) were derived. Twelve markers were placed on the
columns and on the ground before surveying, which served
as scale bars (known distances between predefined pairs of
markers) allowing model scaling (conversion from pixel to
millimetres).

Both the dense cloud and the textured model were used
in the post-processing phase to build up the structural model
for numerical simulations (§4.2). The dense cloud was used
to derive accurate geometric details, such as total height, size
of the two ring beams, shape and dimensions of the circular

roof, and reduced sections of the columns at the base of the
tank, which would have been undetectable otherwise, due to
the height of the construction. The textured model (Fig. 4b),
being a faithful digital representation of the construction,
provided information on construction details, including the
detachment of the tank from the columns along its entire
height, implemented in structural modelling (Fig. 4c). Envi-
ronmental deterioration phenomena were also detected, such
as water draining marks (Fig. 4a).

3.3 Non-destructive tests performed in the field

As mentioned above, original design documents were una-
vailable, so the only information was detected by survey.
Moreover, the structure is classified as historic architec-
tural heritage, so destructive or even minimally invasive
testing was not allowed. Due to such restrictions, only
non-destructive tests were authorized, which were car-
ried out to inspect the inner cross-section of the columns.
Georadar and pulse-induction test detected a brickwork
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Fig.2 Lateral view, and vertical and horizontal cross sections of Tiburtina elevated water tank

Fig.3 Photogrammetric model
of Tiburtina elevated water
tank: sparse (a) and dense (b)
point clouds, and 3D textured
model (¢)

outer layer of 5 cm thickness and a concrete cover of 3 cm
thickness, and, at 8 cm depth, the presence of metal bars
(Fig. 5). Two 70 cm spaced longitudinal bars were detected
along each long side of the column (Fig. 5a, b) and five
13+ 14 cm spaced longitudinal ones on the short side
(Fig. 5c). Shear rebars were 23 +27 cm spaced (Fig. 5d,

Y

T

e). No reliable measures on bar diameter were obtained.
On the other hand, since removal the brickwork layer was
not allowed, no tests on concrete could be carried out (not
even non-destructive ones). Therefore, no test data were
obtained on concrete mechanical properties.
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Fig.4 3D textured model of Tiburtina elevated water tank (b) with focus on specific details of water draining (a) and tank-to-column discontinu-

ity (c)

Fig.5 Georadar detection of longitudinal bars on the long side (a, b) and on the short side (¢) and of transversal rebars (d, e) in the cross-section

of the columns

4 Preliminary structural analyses

4.1 Analytical estimate of the fundamental
frequency

As a first step, the fundamental frequency of the water
tower was estimated analytically through a single-degree-
of-freedom (SDOF) system. Since the structure is not in
service anymore, it was assumed that the tank was empty.
The main geometric information was closely detected,
whereas the thickness of the tank side walls and base slab
and of the central column was estimated (§3). No field
tests were feasible on concrete, so its specific weight and

stiffness were not detected, but reasonable values were
assigned throughout this study based on construction prac-
tice in 1960s.

To calculate the properties of the SDOF system, multiple
values were taken for uncertain parameters in the follow-
ing ranges: the thickness of the tank side wall was varied
between 0.20 and 0.40 m, that of the tank base slab between
0.30 and 0.50 m and that of the central column between 0.20
and 0.40 m. As for concrete, the Young’s modulus was var-
ied between 20 kN/mm? and 25 kN/mm?, and the unit weight
between 23 kN/m? and 25 kN/m>. Either a flexural response
or a torsional response was considered for calculating mass
and stiffness of the SDOF. As for the former, the four col-
umns were assumed to behave as cantilever beams, all
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bending around one of the main axes of the structure, with
the tank translating horizontally. The mass (m) of the SDOF
system ranged between 570 and 679 ton and its stiffness
(k) varied between 928.2-103 kN/m and 1090.1-10° kN/m,
leading to an estimated fundamental frequency (f) com-
prised between 5.8 and 7.0 Hz. As for the torsional mode,
it was considered that each column bend around its weak-
est axis, with the tank rotating around the vertical axis.
The SDOF system had m=9.59-10°+ 11.73-10° ton-m?,
k=10.1-10+11.9-10° kNm, leading to f=4.6+5.6 Hz.
Given the simplifications associated with the representa-
tion of the tower as a SDOF system and the uncertainties on
some key parameters, the obtained frequencies were taken
as preliminary indications and used to orient the following
phases of the investigation.

4.2 Numerical simulation

As part of the preliminary study, the natural frequencies of
the structure were estimated with a finite element model
(Fig. 6a—c). Beam elements were used for the four RC perim-
eter columns and for the central hollow one. The bottom
slab and the side walls of the tank were modelled with shell
elements. Finally, the ring beams were modelled as beams.
Uncertain geometric and mechanical parameters were varied
in the same ranges selected for the abovementioned ana-
lytical calculations. The numerical model provided a first
fundamental frequency between 4.2 and 5.2 Hz, associated
with a torsional mode (Fig. 6d), and a second frequency
between 5.0 and 6.2 Hz, associated with two flexural modes,
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one for each of the two principal directions in the horizontal
plane, parallel to the sides of the cross-sections of the col-
umns (Fig. 6e). The significance of the torsional response
is consistent with the literature [25-29, 39], because of the
arrangement of the four RC columns, which are fixed into
the foundation and connected through the ring beam on top.
On closer view, in the flexural response of the tower, two
columns are engaged around the strong stiffness axis and
the other two ones around the weak one. On the contrary,
the torsional response involves the engagement of all the
columns around the weak axis of their cross-section, making
this response the one associated with the smaller frequency.
Despite their approximations, the two simplified
approaches followed for analytical calculations and numeri-
cal simulations indicated that both the torsional and the flex-
ural responses play a remarkable role in the dynamic behav-
iour of the tank and provided some ranges for the associated
frequencies, which were estimated close to each other, sug-
gesting that the two modal shapes are likely to be coupled.

5 Dynamic monitoring with accelerometers
5.1 Velocity measurements

The railway line and some structures of the area around
Tiburtina Rail Station recently underwent renovation works
near the elevated water tank. Due to the architectural impor-
tance of this structure, local authorities required that the pos-
sible effects of the activities carried out in the construction

f=5.0+6.2Hz

Fig.6 Overview of the numerical model (a), detail of the elevated tank (b) and of the cylindrical central columns (c), and modal shapes for the

torsional (d) and flexural (e) vibration modes
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site were to be kept under control. To this purpose, accord-
ing to Italian UNI 9916 standard [40], the vibrations were
monitored, and velocity peak values were compared to the
thresholds associated with the formation or development
of damage, mainly cracking of concrete cover or of mortar
joints. To this aim, UNI 9916 refers to German DIN 4150-3
code [41], which defines three structural classes, such as
industrial, residential, and monumental buildings. In the
absence of specific indications for water towers, the structure
under investigation was considered as a monumental build-
ing, which led to the application of the lowest threshold,
equal to 8 mm/s.

Two Ultra-Low-Power (ULP) wireless Micro Electro-
Mechanical System (MEMS) triaxial accelerometers were
used, having +2 g range, 660 mV/g sensitivity, and 45 py/Hz'"?
noise spectral density. Sensors were installed through met-
als plates and steel screws to one of the columns at 20.0 m
(Acc_1) and at 15.5 m (Acc_2) height from the ground level
(Fig. 2). The accelerometers were powered by a photovoltaic
panel installed on the side wall of the tank and were connected
to a router, which transferred data to a server. The accelerom-
eters recorded data at 320 Hz sampling frequency. The one
at 20.0 m height was continuously operating, whereas that at
15.50 m started registering when triggered over a pre-deter-
mined threshold of 0.05 g. Given the need of providing elec-
tric power by a panel, the devices were installed on the South
side of the tower. A local reference system was defined, such
that the horizontal axes x and y were parallel and orthogonal
to the short side of the column, respectively (Fig. 2), whereas
the z axis was vertical.

Acceleration time-histories were processed through a
second-order baseline correction and a fourth-order But-
terworth high-pass filter at 0.1 Hz cut-off frequency, and
then integrated to calculate velocities. Velocity analyses
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(whose details are omitted since they are out of the scope of
the paper) revealed peaks of 2+3 mm/s in x direction and
of 2.5+4 mm/s in y direction under environmental noise
(associated with traffic and wind). These values were well
below the limit recommend by [41]. On the other hand, at
the same time of intense working activities in the near con-
struction site, higher values were measured, in few cases up
to 12+ 14 mm/s, suggesting that some non-negligible vibra-
tions were caused on the elevated water tank.

5.2 Acceleration measurements

Acceleration time histories were 30 min long (which is the
recommended duration in Operational Modal Analyses
standard practice) and were processed to calculate the Nor-
malized Power Spectral Density (NPSD). The absence of a
recording station at the base of the towers made it impos-
sible to perform an Input/Output dynamic identification.
Only output data were available, which are, in principle,
affected by the frequency content of the input, unknown in
this case. It should be noted that output-only measurements
provide reliable information on structural dynamic proper-
ties only under stationary input signal. In the present study,
the simplifying assumption was inevitably made that work-
ing activities in the construction site nearby, traffic, wind,
and other environmental noise generated stationary dynamic
excitation.

Accelerometer Acc_1 resulted more useful than Acc_2
for dynamic identification purposes because it recorded
continuously. The NPSD along x direction clearly shows a
first frequency peak at 4.8 Hz, followed by one at 5.8 Hz
and a third one at 14.8 Hz (Fig. 7a). The first peaks lie in
the ranges estimated analytically (§4.1) and numerically
(§4.2), but this recording on its own did not indicate whether
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Fig.7 Normalized Power Spectral Density from accelerations recorded by accelerometer Acc_1 along x (a) and y (b) directions under environ-

mental noise
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such peaks can be associated with a flexural or a torsional
response. The processing of the signal in y direction showed
a frequency peak at 5.9 Hz and one at 13.1 Hz (Fig. 7b),
sufficiently close to the frequencies identified in x to sug-
gest a correlation, whereas the frequency at approximately
4.8 Hz was not detected. These results alone were considered
insufficient, by themselves, to fully characterize the dynamic
behaviour of the elevated water tank. The application of the
computer-vision-based methodology, described in the fol-
lowing, was then performed to complement these outcomes.

6 Dynamic identification via digital video
processing

6.1 Methodology

A strategy to determine the natural frequencies of the struc-
ture is proposed, which is based on the post-processing of
digital videos recorded with a commercial camera. The
method can be either alternative to or combined with tradi-
tional measurements for an easier, cheaper and/or improved
detection of structural dynamic properties. The methodology
consists of the following steps, which make use of authoma-
tized tools and, at the same time, require some engineering
judgment and a preliminary qualitative structural analysis
for deriving reliable results.

6.1.1 Video recording

First, digital videos of the structure were recorded at a
nominal frequency of 60 frames per second (fps), with
1920px x 1080px resolution. A commercial Nikon D610
reflex digital camera was used, but promising results for
analogous applications were obtained also with smartphones
[42].

As opposed to global shutter cameras, which provide
high reliability in computer-vision-based applications, the
camera adopted in this study operated in progressive scan-
ning mode, which may cause distortion, skewing of images,
blur of motion and temporal aliasing. Among them, given
that the analyses were mainly focused on natural frequen-
cies rather than mode shapes, temporal aliasing was con-
sidered the most significant one. Aliasing may occur when
the structural movement approaches or exceeds the Nyquist
limit of the frame rate. For the analysed case, since the main
frequencies of the structural response (between 4 and 15 Hz
according to accelerometric measurements) were much
lower than the Nyquist frequency (30 Hz), temporal alias-
ing was not expected to occur. It is worth mentioning that
the upper-bound limit of 30 Hz associated with the record-
ing frequency of commercial cameras (60fps) is acceptable
for civil engineering applications, since structures usually

vibrate at lower frequencies, but it may restrict the use of
computer vision-based methods in other fields, such as aero-
space or mechanical engineering.

Since video acquisition highly affects the overall qual-
ity of the dynamic identification analysis, the position of
the camera with respect to the target structure needs to be
carefully determined having in mind expected mode shapes
and associated directions. In the present case, the symmetry
of the structure suggested to align the sensor plane either
to the xz plane or to the yz plane (see Fig. 2 for axes orien-
tation). Moreover, it was expected that this would provide
results comparable with the ones obtained with the accel-
erometers, so their direction was also taken into account.
Attention was paid to minimize camera vibrations, which
would bias the vibrations recorded on the structure. A pro-
fessional tripod was placed on flat solid ground, far from
vegetation, and its legs were firmly grounded on a concrete
pavement, cleared from debris. No sensors were attached to
the camera to record the amplitude and frequency content
of its vibrations, but this was identified as a development
step of the methodology. Most of the structure should be
included in the frame space to allow a detailed selection of
the features to monitor during time, and this required the
camera to be at about 20 m from the water tower, also con-
sidering the presence of other small buildings, the railway
and a construction site, which posed some constraints on
camera position. Future investigations will explore the use
of telephoto lens to improve the resolution of video frames
recorded at large distance from the structure. Finally, light-
ing conditions should be as constant as possible to minimize
noise and, to this aim, videos were recorded in the central
hours of a sunny day. More in general, weather conditions
may influence the quality of results and they should always
be reported to contextualize video recordings. According to
local weather reports for the construction site, on the day of
video acquisition (25/03/2022), the average wind speed was
5 km/h and its maximum value was 15 km/h, and the aver-
age relative humidity of 54% ensured a visibility of 21 km.

Several videos were recorded. The results of two of
them are reported and discussed herein, one with the sen-
sor aligned to the xz plane (Video-XZ, Fig. 8, recorded at
17 m distance) and one with the sensor aligned to the yz
plane (Video-YZ, Fig. 9, recorded at 22 m distance). The
other videos provided redundant results, or, in few cases, no
evident frequency could be derived from them. Videos were
cut to a duration of 30 s, by removing the initial and the final
parts in which the camera was turned on and off and, there-
fore, possibly moved. Each video had n= 1800 frames, cor-
responding to its duration in seconds times the acquisition
frequency in frames per second (fps). Video duration of 30 s
translated in a frequency resolution of 0.034 Hz, which was
considered acceptable for the purpose of this study. Longer
videos should have been recorded to improve resolution, at
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Fig.8 Frame of magnified video (a), entropy map (b), selected region of interest (ROI) for grey-intensity variation analysis (c¢) and selected pix-

els for position tracking analysis (d) of Video-XZ

Fig.9 Frame of magnified video (a), entropy map (b), selected region of interest (ROI) for grey-intensity variation analysis (¢) and selected pix-

els for position tracking analysis (d) of Video-YZ

the cost of longer runtimes for their post-processing. This
issue would deserve attention in future studies.

Based on recorded digital videos, displacements were
detected in pixel. In raw data, the smallest measurable dis-
placement corresponded to pixel dimension, which depends
upon sensor resolution and distance from the structure and
were 13+ 16 mm in this case. Sub-pixel interpolation algo-
rithms were applied to improve accuracy up to 1/100 of a
pixel [43].

6.1.2 Motion magnification

Civil structures generally exhibit small amplitude vibra-
tions under environmental noise, which are invisible to the
naked eye, nor can be detected in a recorded video as is. A
relatively newly formulated technique called motion mag-
nification [5] has recently become available to open source,
which amplifies the motion of an object by a pre-determined

factor @. Motion magnification algorithms have been used in
several fields of experimental physics and mechanics, and
their application has proved advantageous for the dynamic
identification of civil structures [15-17, 44-48]. The ampl-
fication factor a is set together with a range of frequencies,
expected to be relevant for the structure. The mathematical
formulation and the details of this algorithm are extensively
discussed in the literature [5, 49-52] and are omitted herein
for brevity.

Before motion magnification processing, cut videos were
cropped to a frame size in which the structure is clearly vis-
ible and most of the surrounding objects are excluded from
the frame. If included, surrounding objects would entail
additional and unnecessary computational cost in the mag-
nification process. Frames shown in Figs. 8, 9 are cropped.
Then, videos were magnified with an amplification factor
a =40 within the 3 + 16 Hz frequency range, which included
the most relevant vibration modes according to the analytical



Journal of Civil Structural Health Monitoring

estimates, numerical simulations and acceleration recordings
described beforehand.

6.1.3 Grey intensity variation and displacement tracking
analyses

Magnified videos were divided into n frames and post-pro-
cessed with an in-house software in Matlab® language. To
derive information on the motion of the elevated water tank,
either the grey-intensity variation of the pixels in a selected
region of interest (ROI) or the displacement of a set of pixels
were monitored.

The former case (when grey-intensity variation is moni-
tored) consists of a Eulerian approach, which does not pro-
vide specific correlation between the signal and the direc-
tion of motion. The latter case (when pixel displacement is
tracked) consists of a Lagrangian approach, which allows
the detection of the directional nature of the signal and, in
principle, can thus provide information on structural modal
shapes. If only the fundamental frequencies are needed,
the direction of motion is not considered, and the two
approaches are equivalent.

In the pixel grey-intensity variation analysis (Eulerian
approach), video frames were first converted into greyscale
images, such that a value between 0 (black) and 255 (white)
was attributed to each pixel. Then, a ROI was selected based
on image entropy, which is sought to be a suitable means for
identifying highly detectable pixels of video frames [15].
Entropy is a statistical quantity interpreted as the probability
of a pixel to be surrounded, in a 9px X 9px area centred on
it, by pixels with different grey intensity. Selecting pixels
in an area with high entropy would ensure a high signal-
to-noise ratio and, therefore, an efficient identification. The
entropy maps of Video-XZ and Video-YZ are shown in col-
our maps of Figs. 8b and 9b, in which orange-red identifies
high entropy areas, whilst blue identifies low entropy areas.
Selected ROIs are shown in Figs. 8c and 9c. The number of
tracked points (=100 for both Video-XZ and Video-YZ)
corresponds to the number of pixels in the ROI, such that
m time histories of n values each were obtained, describing
the variation of grey intensity of each pixel with respect to
its initial value (Figs. 10a and c). Data were conveniently
organized in a matrix containing m columns and n rows.

In the pixel position tracking analysis (Lagrangian
approach), the pixels to track are usually selected at the
edges of the structure, where high contrast is expected. A
preliminary identification of pixels to monitor was auto-
matically made using the point tracker object available
in Matlab®, based on the Kanade-Lucas-Tomasi feature-
tracking algorithm [53]. Then, only the points belonging to
the structure and considered meaningful for the investiga-
tion of its vibrations were manually selected (Figs. 8d and
9d), whilst the others were discarded. The total number of

tracked points was named as m, such that the analysis pro-
vided m displacement time histories (m =118 for Video-XZ
and m =98 for Video-YZ) of n values each (Fig. 10b and d),
organized, as above, in an nxm matrix. Displacements were
detected in pixels; they could be converted into millimetres
through a pixel-to-millimetre conversion factor, but it was
unnecessary in the present case, since the extent of vibra-
tions was not under investigation.

Time histories were filtered using a symmetric Hamming
window function, which attenuates the signal at its edges
(initial and final portions) and makes the start and end of
the sample match. This expedient is particularly useful to
improve accuracy of frequency detection when the original
signal is cut to a shorter portion (window) [54, 55]. Ham-
ming window is applied in signal processing to reduce the
spectral leakage that may occur when analysing a finite seg-
ment of a signal in the frequency domain using the Fourier
Transform. Spectral leakage refers to the spreading of signal
energy across multiple frequency bins, making it difficult to
identify the true spectral components. Hamming windowing
is clearly seen in the time histories in Fig. 10, in which the
lateral portions are smoothed to zero and the peak values are
in the central part.

As it is seen in Fig. 10b, d, the magnitude of detected
displacements differed in the two videos, due to the different
selection of pixels to track. Nonetheless, as said before, the
frequency content of recorded signals rather than their peak
values was important in this case.

6.1.4 Dimensionality reduction through correlation
analysis and principal component analysis

The time histories resulting from grey intensity variation and
displacement tracking analyses were unavoidably affected
by noise and not all of them were fully representative of
the motion of the water tower. To select only the time histo-
ries that are sought to carry meaningful information on the
dynamic properties of the structure, a further post-process-
ing step was introduced. The procedure assumed that the
most significant components are the most correlated ones,
whereas those associated to noise are the most randomly
varying.

Correlation analysis is a powerful technique to filter out
noise and isolate the most significant signals in a dataset.
It relies on correlation, which measures the degree of simi-
larity or linear relationship between two signals. By com-
paring the signal of interest to a reference signal (usually
referred to as a template or a filter), correlation analysis
enhances the signal-to-noise ratio and extract the desired
information while suppressing noise. This technique lev-
erages the statistical properties of noise (uncorrelated
or weakly correlated) and the desired signals (strongly
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correlated) to enhance the meaningful information while
attenuating noise components [56, 57].

First, an m X m correlation matrix was built, in which
each (i,j) entry was the correlation coefficient between the
i-th and the j-th time histories and ranged from O (uncor-
related signals) to 1 (fully correlated signals). Clearly, the
correlation coefficient was equal to 1 on the main diagonal,
reporting the correlation of a signal with itself. Then, a
threshold was set equal to 0.8, such that only signals with
a correlation coefficient above 0.8 were selected, whilst
the others were disregarded. Previous sensitivity studies
[58] showed that 0.8 is a convenient value for these appli-
cations. Lower threshold values would leave insignificant
signals (mainly noise) in the post-processing flow, whereas
higher threshold values would delete meaningful signals,
leading to an uncomplete description of the structural
response. After this step, the initial set of m time histories
was reduced, for Video-XZ, to p =86 (grey-intensity vari-
ation) and p =97 (position tracking) and, for Video-YZ,
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to p =78 (grey-intensity variation) and p =69 (position
tracking).

To further reduce the computational demand, a princi-
pal component analysis (PCA) was performed, which is an
efficient tool to orient large sets of data to obtain the most
relevant information they carry [59, 60]. To apply PCA, time
histories were first normalized to 1 and then projected on the
principal axes of the pXp covariance matrix, which repre-
sented the covariance of original time histories with respect
to each other.

Since variables with larger scales than others may domi-
nate PCA results, they are normalized to a common scale,
ensuring that each variable contributes equally to the analy-
sis. Normalizing signals before PCA is, therefore, essential
to ensure that the analysis is not biased by differences in
variable scales, to obtain interpretable results, and to make
the analysis more robust and consistent.

The meaning of the mathematical quantities into play is
the following: normalized projected time histories were the
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principal components; the eigenvectors of the covariance
matrix were its principal axes; and, finally, its eigenvalues
represented the amount of information contained in the prin-
cipal components on the dynamic behaviour of the water
tank, that is, the amount and significance of information car-
ried by a signal was associated with its eigenvalue. For an
easier representation and comparison, percentage cumula-
tive variance associated with each i-th principal component
was calculated as the i-th eigenvalue divided by the sum
of all eigenvalues, times 100. Principal components were
sorted by percentage information as shown in Fig. 11, and
only the first g ones were kept, such that the sum of their
percentage cumulative variance was at least 90%, as sug-
gested in the literature [61, 62].

For the dynamic identification of Tiburtina elevated
water tank, g resulted equal to 3 for the grey-intensity and
displacement variation analyses on Video-XZ and for the
displacement variation analyses on Video-YZ, whilst g=5
for the grey-intensity variation analysis on Video-YZ. PCA

VIDEO-XZ GREY-INTENSITY VARIATION

analyses, therefore, led to a significant reduction of the num-
ber of signals to post-process in the frequency domain. Each
principal component was a signal including » data (it had the
same length of original time histories) but different physical
dimensions. For instance, the principal component derived
from displacement tracking time histories had the dimen-
sions of a squared length.

6.1.5 Inverse transformations and final set of time histories

Finally, the g principal components underwent the inverse
transformations to derive as many time histories (Fig. 12),
having the same physical meaning (and the same physical
dimensions) of original (recorded) ones but being different
from the original signals. Hamming windowing was unnec-
essary for this set of new time histories, which were col-
lected in nX g matrices. NPSD was calculated on these time
histories to identify the dominant frequencies of motion.
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6.2 Results
6.2.1 Fundamental frequencies

The frequencies extracted from digital video processing were
compared to those detected from accelerometric signals and
to those estimated by analytical and numerical predictions,
aiming at validating the proposed computer vision-based
SHM methodology and at improving the insightful interpre-
tation of the dynamic behaviour of the elevated water tank.

Both Video-XZ (Fig. 13a, b) and Video-YZ (Fig. 13c, d)
showed the presence of two dominant frequencies, at about
4 Hz (visible only through grey intensity variation analyses)
and at about 6 Hz (clearly detectable also in pixel position
tracking analyses).

The first peak (at about 4 Hz) was representative of the
same first torsional mode of vibration, detected from the
two different perspectives. First, this was deduced from
numerical simulations. Second, it was inferred observing
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that the accelerometer in the y direction installed on the
structure did not provide any results related to this mode,
whose motion components are paralleled to the short side
of the cross-section of each column.

The second peak detected at about 6 Hz in both videos
and through both analysis approaches was associated to
flexural modes of vibration. Both videos were likely to
show the two flexural modes, along x and y directions,
whose vibration frequencies are similar (5.9 Hz in x and
6.1 +6.2 Hz in y) due to the symmetry of the structure.
Finally, a peak at about 14 Hz was detected in Video-XZ
(Fig. 13a, b), which was associated with the same higher
mode of vibration along x indicated also by accelerometric
measurements.

The mismatch between natural frequencies detected from
accelerometric measurements and from video processing
resulted less than 10% and was likely related to environ-
mental conditions such as light variations and motion of the
camera, which, in real field applications, are to some extent
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unavoidable and are expected to affect the results much more
than in laboratory tests.

6.2.2 Vibration modes

To confirm the torsional nature of the first vibration mode
emerging from the NPSD plots, accelerometric measure-
ments and numerical simulations, additional analyses were
performed, driven by the considerations that, in a torsional
vibration mode, the horizontal movements are tangent to
the structure, and, when frames are processed, displacement
vectors belong to the plane of the analysis in the central
portion of the structure whilst being orthogonal to the plane
of the analysis in the lateral portions. Therefore, since the
projections of displacement vectors on the plane of the video
frames are considered, the resulting displacement magnitude
in the centre would result larger than those on the sides,
which, however, should not be expected to be exactly null

due to both possible coupled flexural vibration modes and
unavoidable misalignments.

Two advantageous features of the proposed computer
vision-based technique were exploited, such as the possibil-
ity to perform selective magnification to inspect the struc-
tural response within a specific frequency range, and the
opportunity to isolate a particular portion of the structure to
monitor, through a convenient choice of the pixels to track
in the post-processing phase. Furthermore, position tracking
analyses were performed to derive information on the direc-
tion of motion, which is unavailable if pixel grey-intensity
variation is analysed.

First, videos taken from the two abovementioned view-
points (planes XZ and YZ) were amplified with a magnifi-
cation factor =40 in the 3 +5 Hz frequency range, which
includes only the first frequency (3.6+4.1 Hz), tentatively
attributed to the torsional vibration mode, leaving out the
second one (5.9+6.2 Hz), arguably associated with a flex-
ural mode. Specific markers were selected on different areas
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of the water tower, namely on the left, on the centre, and
on the right, and both on the columns and on the tank, and
video frames were processed following the same procedure
described above, to extract the time-histories of horizontal
displacements shown in Fig. 14 a,c.e for the XZ plane and
in Fig. 15a, c, for the YZ plane. From both viewpoints, the
magnitude of displacements exhibited by the central por-
tion of the water tower (Figs. 14c and 15c¢) resulted one
order of magnitude larger than those calculated for its sides
(Figs. 14a, e and 15a, e), confirming the torsional nature
of the structural vibrations in the isolated and magnified
frequency range.

Second, the same two videos were pre-processed again,
but this time motion magnification (o« =40) was performed
in the 5.5+ 6.5 Hz frequency range, to include the second
peak, tentatively associated with a flexural vibration mode.
The resulting time histories of the horizontal displacement
of pixels selected on the left, on the central, and on the right
portions of the elevated water tank showed a similar ampli-
tude (Figs. 14b, d, f and 15b, d, f). This was considered
the conclusive proof of the inferred dynamic identifica-
tion and, therefore, the first frequency identified in Fig. 13
(3.6 +4.1 Hz) can be confidently attributed to a torsional
vibration mode and the second one to a flexural one, as pre-
dicted by numerical simulations.

7 Conclusions

The dynamic behaviour of a reinforced concrete elevated
water tank was investigated through a computer vision-
based method. Digital videos were recorded by a commer-
cial reflex camera, post-processed and filtered, which also
included motion magnification to improve accuracy, given
the small vibrations exhibited by the structure under envi-
ronmental noise. Videos were analyzed both by monitoring
pixel grey-intensity variation and by tracking pixel position.
When the variation of the grey-intensity was monitored, pix-
els were selected within a region of interest defined in the
area of the frame images with high entropy. In both cases,
principal component analysis was applied to reduce com-
putational costs while keeping only the signals carrying the
most meaningful information on the dynamic behaviour of
the water tower.

Following previous laboratory studies, which pro-
vided first validations and suggested useful calibration
parameters, in the present research the proposed meth-
odology resulted reliable also in real field applications
at the scale of engineering structures, in which stability
and light conditions could not be strictly controlled. The
two approaches (grey-intensity variation and displace-
ment tracking analyses) provided consistent outcomes,
which also agreed with the frequencies detected by two
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accelerometers placed on the tank and with those esti-
mated by analytical and numerical simulations.

These latter ones were based on information detected
by digital survey for geometric detection and by field tests
for material characterization but needed some assumptions
on the modulus of elasticity of concrete (which could not
be determined experimentally), on the actual state of the
water tank (it was assumed to be empty), and even on
some dimensions which could not be surveyed. There-
fore, they could only provide a preliminary estimate of
the frequency, but helpfully suggested the parameters for
motion magnification (the frequency window in which
motion was amplified) and highlighted the possible acti-
vation of a torsional mode, which was not recognizable
with accelerometers.

In the structure under investigation, two frequency peaks
were identified at 3.6+4.1 Hz and at 5.9+6.2 Hz that were
tentatively attributed to a torsional and to a flexural vibra-
tion mode, respectively. To develop a deeper insight on the
dynamic behaviour of the water tower, videos were re-pro-
cessed specifically to confirm the torsional nature of the first
vibration mode and the flexural nature of the second one,
greatly benefitting from the possibility of the proposed com-
puter vision-based method of recording videos from several
positions on the ground, of selecting measurement points in
the post-processing phase, of performing selective magni-
fication to inspect the structural response within a specific
frequency range, and, finally, of deriving information on
the direction of motion through position tracking analyses.
The proposed methodology is cheap (relatively inexpensive
hardware is needed), totally non-invasive, and versatile.
Results were derived from short videos (30 s), allowing for
fast field operations and time-saving post-processing, and
agreed with the ones obtained from 30 min accelerometric
recordings. This indicates that the method is suitable for
SHM applications in everyday engineering practice and can
be confidently used with accessible equipment and compu-
tational tools.

Additionally, computer vision-based analyses provided
useful outcomes, unavailable otherwise, which integrated
information obtained through routine approaches (namely
numerical and analytical previsions, and accelerometric
measurements, to date used almost exclusively in engineer-
ing practice), and significantly enriched the description of
the dynamic properties of the structure under investigation,
with a completely marker-free approach.

Computer-vision technologies in real applications require
that vibration of the sensor, light and wind conditions in
the monitoring area, type of camera and shutter mode, and
frequency of acquisition are considered. In this work, draw-
backs related to the nature of the shutter were irrelevant,
time aliasing was excluded, and results were considered
marginally affected by support vibrations, but good practice
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would entail the installation of an additional sensor on the
camera support to filter undesired vibrations and noise.

Motion magnification still requires some engineering
judgment to set the frequency range, but results show that,
if appropriately selected, this can effectively serve the inves-
tigation of the structural behaviour in a targeted way. Direc-
tional features of the motion were not extracted but would,
in principle, complement the analyses with information on
mode-shapes and amplitude. To do so, however, image blur,
skewing and distortion would need to be mitigated resort-
ing to expensive acquisition equipment (global shutter cam-
eras, possibly in stereo mode, with larger sensors and higher
resolution).

Although more research is still needed to promote the
affordable use of computer-vision-based methodologies in
everyday engineering practice, scientific outcomes indicate
that they have huge potential for structural health monitor-
ing. At the present state of knowledge, their application
is feasible in combination with traditional measurement
approaches, whereas complete replacement appears still
far-fetched.
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