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Abstract

A visual inspection, which entails field surveying, such as photodocumentation and footage, is the first step of a multi-level
approach to bridge health assessment. Furthermore, the use of surface models, CAD drawings, and orthophotos, guarantees
complete and accurate documentation, thus allowing for a better understanding of the environment, the anthropic structures, and
their relationships. All the georeferenced surveys’ outputs are especially advisable within a prespective of periodical monitoring,
as forseen by national legislation. The work is aimed to study two adjacent bridges over the Arno River in Lastra a Signa, Italy.
One of the bridges, Ponte nuovo sull’Arno, is an overpass for motor vehicles. The other one, which is called Passarella sull’Arno,
is a pedestrian viaduct. A topographic reference network has been settled using the GNSS survey technique. 3D point clouds of
the bridges have been acquired by performing a Laser Scanning survey. A bathymetric survey has been carried out to acquire
a 3D point cloud of submerged bridges’ parts and the riverbed. Through a Photogrammetric survey from RPAS, an orthophoto
of the area has been built. Finally, evidence of historical submerged bridge structures has been identified thanks to the multi
beam survey. The work’s objective is to integrate surveying geomatics techniques to create a reliable survey of the bridges, the

surrounding area, and the riverbed, as support to the most common structural health assessment methods.

Keywords Bridge health monitoring - Bathymetric survey - Point clouds - Integrated survey

Introduction

Civil infrastructure networks in Western Europe and the USA
were primarily built in the post-World War II era, most nota-
bly in the 1960s and 1970s; some of them could have reached
the end of their designed service life (Skokandi¢ et al., 2022).
Structural health and strength of structures are influenced by
various factors, such as the material production stage, transpor-
tation, placement, workmanship, formwork removal, and con-
crete curing (Mishra et al., 2022). Surveying of infrastructures
(Banfi et al., 2022) and surveying data integration (Lo Brutto
et al., 2021; Corongiu et al., 2018), are key topics and there is
a dense scientific literature that deeply describes several meth-
ods (Fan & Saadeghvaziri, 2019; Tang et al., 2020), tools, and
approaches (Noardo, 2022) that serve the various purposes of
building management (Korumaz et al., 2017; Oreni et al., 2017;
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Previtali et al., 2020). Since several recent failures have hap-
pened in the last few years, bridges stability assessment is now-
adays a crucial subject (Enright & Frangopol, 2000; Rehman
etal.,, 2016; Rizzo & Enshaeian, 2021). In Italy, the “Polcevera”
bridge collapsed in 2018 (Bazzucchi et al., 2018), and several
cases around the world, report severe safety issues on bridges
structures (Corr et al., 2010; Jiménez-Jiménez et al., 2021; San-
tarsiero et al., 2021). Therefore, improving the management of
existing bridges has become urgent to guarantee their safety
and preservation, and avoid other disasters. The need for sound,
practical and cost-affordable methods is increasingly attract-
ing the attention of researchers (Khedmatgozar Dolati et al.,
2021; Li & Ou, 2016; Pucci et al., 2019). Since reliable metric
documentation of structures is the basis for any consideration
of structural aspects, many examples of geomatics techniques,
such as Laser Scanning, GNSS, and Photogrammetry, can be
frequently founded in scientific bibliography (Barrile et al.,
2019; Riveiro et al., 2013; Valenga et al., 2017). In addition
to knowing the structure's main dimensions and features, it is
necessary to assess any damage that may have occurred due to
different types of decay and deformation through periodical
or continuous monitoring operations. Many authors show the
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effectiveness of using radar interferometry, both airborne and
ground-based configuration (Gagliardi et al., 2020), to detect
structural damages (Kuras et al., 2012; Maizuar et al., 2017) and
assess dynamic deformations. More often, RADAR techniques
are integrated with sensor networks, even wireless (L. He et al.,
2020), mainly composed of MEMS sensors as accelerometers,
gyroscopes and strain gauges (Gu et al., 2012; Pieraccini et al.,
2019), to carry out long-lasting monitoring. Since systems for
making high-resolution point models appeared on the market,
various experimental works have tried to compare the perfor-
mance of Laser Scanning and image-based systems for cap-
turing 3D data of terrestrial, industrial, or heritage objects.
Generally, the results were strongly influenced by the opera-
tional context: from time to time, one of the solutions has more
marked advantages (Baltsavias, 1999). Geomatic techniques
can profitably integrate, and sometimes substitute, classical and
more common surveying and monitoring approach for Bridge
Health Monitoring (BHM) (Bao et al., 2021; Catbas & Avci,
2022; Gaspari et al., 2022; Mugnai F. et al., 2019a; Yu et al.,
2016). Performing the assessment and analysis of all existing
bridges to evaluate their safety levels and plan the needed meas-
ures would require high technical, temporal and financial efforts
(Buratti et al., 2021).

Despite the lack of authoritative international legislative
guidance, various countries adopted their regulations, often
harmonising regional legislation (Wynne et al., 2022).

The Italian Ministry of Infrastructures and Transport (MIT)
published the “Guidelines for the classification and the risk
management, safety evaluation and monitoring of existing
bridges” (Ministry of Infrastructures and Transports, 2020).
The document provides indications, approaches, and meth-
ods for managing existing bridges. The Italian new regulation
focuses on a multi-level approach, as described in the “Ital-
ian guidelines for the structural health assessment of bridges”
section. In this framework, the state of preservation of bridges
(Beltrami et al., 2021; Zambon et al., 2017), which can be
inspected directly or through optical cameras, also mounted on
remotely piloted aerial systems (RPASs), as well as in situ and
remotely performed accelerometric sensors analysis (Sekiya
et al., 2016), are crucial tasks to define performance param-
eters. Both measures and expert opinions are therefore collected
using: visual inspections, off-site tests on materials (destruc-
tive tests, DT), on-site investigation using the non-destructive
tests (NDT), or structural health monitoring (SHM) systems
(Dabous & Feroz, 2020; Limongelli et al., 2018), e.g., corrosion
in metallic parts such as cables, reinforcements, connections,
or girders, that may degrade bridge performance. Integration
of different surveying techniques and data (Adamopoulos
& Rinaudo, 2021; Alani et al., 2020; Brumana et al., 2014,
Fawzy, 2019) is also a crucial approach that often enhances
the effectiveness of the structural health assessment procedures
(Beshr, 2015; Z. He et al., 2022). A close relationship between
technologies and their application context continues to be
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illustrated in more recent works, testifying how the improved
instrumental performance only partially counterbalances the
constraints of each method (Mohammadi et al., 2021). TLS
and Photogrammetry allow for documenting out-of-the-water
structures sampled in dense point clouds (DPC); resolution and
completeness are the main parameters characterising their qual-
ity. Submerged structures can be digitised by multibeam map-
ping systems (MBMS), producing outputs like those obtained
for out-of-water structures.

In the literature, various documentation projects propose
considering also the contributions offered by thermographic
surveys (Alba et al., 2011) to develop BIM models or HBIM,
associating semantic content, for instance, related to materi-
als, degradation and conservation interventions (Conti et al.,
2020). Others study how to turn BIM into finite elements
supporting structural analysis (Barazzetti et al., 2015).

This work aims to describe the integrated application of
the various geomatics techniques, that have been used to
perform the survey of the two bridges and the surrounding
areas, riverbed included, hereafter briefly listed.

In identifying the most appropriate measurement tech-
niques for the metric documentation of the structures studied
in this work, it was essential to consider the conformation
of the bridges and the morphology of the surrounding land
and, obviously, the presence of the Arno River. More spe-
cifically, the aspects that guided the design of the detailed
survey were:

— the need to document, with a high level of detail, structures
of considerable and preponderant size according to length;

— the presence of weeds along all the riverbanks and its
consequence in performing an effective survey;

— difficult access to the central piers of the bridge and walk-
way and limited visibility of the intrados of the spans;

— the complexity of the bridge structure, consisting of par-
allel beams and transoms;

— the presence of an antenna of significant height (Lastra a
Signa side) conditioning low-altitude drone flight paths.

Laser scanning was considered the most appropriate tech-
nique to survey the two structures, while photogrammetry
by drone was more suitable to describe the overall area of
interest.

Italian guidelines for the structural health
assessment of bridges

The Italian Ministry of Infrastructures and Transport pub-
lished unified guidelines for the safety evaluation and moni-
toring of bridges, the most recent update was issued by the
ministerial decree 1% July 2022 (Ministero delle Infrastrutture
e della Mobilita, 2022). The guidelines describe a multi-level
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Fig. 1 Scheme of analysis levels.

It describes the multi-level GEOLOCALIZATION /CENSUS LEVELO
approach adopted by the MIT

guidelines. Summarized from VISUAL INSPECTIONS LEVEL1
Ministero delle Infrastrutture e

della Mobilita, 2022 WARNING CLASSES CLASSIFICATIONS LEVEL 2

T s 3

HIGH ‘ MEDIUM-H ‘ MEDIUM MEDIUM-L : Low

3 3 3 3y 3

Periodical Inspections

¥ ¥

Continous Exceptional
monitoring Inspections
____________________________ |
PRELIMINARY SAFETY ASSESSMENT LEVEL 3
ACCURATE SAFETY ASSESSMENT LEVEL 4
RESILIENCE OF THE ROAD NETWORK LEVEL 5

Bridges inspection sheet: Reinforced Concrete
Span Ccé
Beam Tb
Extension K1 Intensity K2 N°
N° Description of defects G K1l K2 PS | NA | NR | NP
0.2]|0.5( 1 0.2|0.5 1 Photo
1 |Passive Dump 1 X 0.2 X 1 40
2 |Active Dump 3 X 0.5 X 1 40
3 |Dreinage 3 0 0 X
4 |Concrete Spalling 3 X 0:2 X 1 39
5 |Concrete Spalling (Headed) 4 X 1 X 1 39
6 |Warter stagnation 2 0 0 X
7 |Caissons water stagnation 4 0 0 X
8 |Concrete honeycombs 2 0 0 X
9 |Concrete detachment 2 X 0.2 X AL 35
10|Reinforcement corrosion 5 X 0:.52 X 0::5
11|Cracks in correspondence of brackets 2 X 0.2 X 0.5
12|Spider Web Cracks 1 0 0 X
13|Diagonal cracks 5 0 0 X
14|Transversal Cracks 5 0 0 X
15|Longitudinal Cracks 2 s 0.2 X 0.2 40
16|Cracks / beam detachments 3 0 0 X
17|Uncov-ered stirrups 3 X 0.2 X 0.5 12
18|Broken brackets 4 0 0 X
19|Degraded recovery 1 0 0 X
20|Impact damages 4 0 0 X
21|Deformed Longidudinal reinforcement 5 X 1 X 0.2 24
22|Defects on the Gerber joints 5 0 0 X
Detected degradation index: 15%
Potential degradation Index 18%
(undetectable aspects) :

Fig.2 Defect sheet for reinforced concrete beams
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Fig.3 Satellite map of the study
area. Red star = Walkway and
Road Bridge. Coordinates unit
= meters

1 y
666002

approach to knowledge of the structures and aspects influ-
encing possible risk sources (Buratti et al., 2021), aiming to
highlight which bridges require urgent interventions, detailed
assessments, and rehabilitation. Obviously, the higher the
inspection level, the higher the commitment needed in both
economic and technical terms.

Multi-level approach

The multi-level approach allows to define a priority for mon-
itoring and maintenance activities and to select the bridges

672002

4854000

4842000

678002 684002

that need more detailed analyses foreseen by the other levels.
(Beltrami et al., 2021; Buratti et al., 2021; Zambon et al.,
2017). Applying the first three levels (Fig. 1), the whole
infrastructural asset can be quickly screened.

The approach consists of six levels of analysis:

e Level 0, constructing a database, collecting information
about all the bridges.

e Level 1, performing visual inspections to verify and
update the database with information about geometrical
and structural features of bridges.

Fig.4 Orthophoto of the study
area. Bridges linking Lastra a
Signa and Signa municipalities.
Coordinates unit = meters
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Fig.5 Walkway, upstream view

e Level 2 allows the classification of the bridges inspected
in the previous level in terms of the “warning class.”

e Level 3 performs a preliminary safety assessment, thus
getting a quick evaluation of the bridge’s safety.

e In level 4, the analyses become more complex and
detailed. This level foresees the performing of an accu-
rate safety level evaluation.

e Level 5 requires a resilience analysis of the road network;
it is reserved to high importance bridges.

Levels 0, 1, and 2 must be applied on all the bridges;
the evaluations are, therefore, on a territorial macro-scale.
Level 2 analysis defines a class of attention (CoA) for each
bridge: it is a function of hazard, vulnerability, and expo-
sure factors, and it is classified as high, medium-high,
medium, medium-low and low.

Each CoA corresponds to certain consequent actions,
in terms of investigations, monitoring, assessments.
Applying the other three levels (levels 3, 4, and 5)
depends on the classification results; subsequent analyses
can be planned according to practical necessities.

Fig.6 Walkway, detail of
concrete corrosion

As can be seen from Fig. 1, periodical inspections and
continuous monitoring are requested for level 2 warning
class classification.

Level 3 and level 4 preliminary and accurate safety
assessments may require continuous monitoring. In general,
monitoring, inspections and geo-localisation are tasks that
geomatic techniques and instruments can profitably support.

Defect sheet

Visual inspection is a traditional method of collecting
information about the bridge’s condition. During the
bridge service, the inspections are performed by quali-
fied inspectors, who formulate judgments based on direct
observation of the structure.

The subjectivity of expert opinions, however, influences
this activity. Moreover, the frequency and accuracy of bridge
inspections may influence future maintenance activities.

Some defects that can be perceived through visual
inspection are reinforcement corrosion, uncovered stir-
rups, damp spots, and concrete cover spalling. Fig. 2
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Fig.7 Walkway, diffuse concrete corrosion

shows a defect sheet extensively used to perform visual
inspections.

The defects description is linked to various photos tech-
nicians take during field surveys. A coefficient value is
assigned to the identified defects, and a detected degrada-
tion index is calculated.

Case study

The case study here reported concerns the two structures
which cross the Arno River between the municipalities
of Lastra a Signa and Signa (Italy): a road bridge and a
pedestrian walkway (Figs. 3 and 4).

Both were realized with reinforced concrete struc-
tures after World War II. The pedestrian walkway
(Fig. 5) was built on the preexisting masonry bridge

Fig.8 Ponte sull’Arno—view
from downstream

blown up by the Germans in 1944, of which, in some
points, some witnesses remain. The walkway consists
of a single reinforced concrete beam supported by five
piles, two founded on the ground and three in the water.
Despite its length of over 120 m, it has a width of less
than 2 m, which is relatively narrow. The structure
is accessed via two flights of stairs from roads along
the river, Via dello Stadio (Municipality of Signa) e
piazza Guido Andrei (Municipality of Lastra a Signa).
The walkway structure presents various deteriorations,
such as reinforcement corrosion and uncovered stirrups
(Figs. 6 and 7). The extrados has bitumen flooring and
parapets with metal structures.

The “Ponte Nuovo sull’Arno” (Fig. 8) was blown up by
the retreating Germans in 1944 and then rebuilt in 1948 near
the original location of a medieval bridge (1120 AD). It has
a reinforced cement concrete structure with the largest span
of Gerber type; it is carried by five piles, different in shape
and size, of which two (P1, P2) are entirely in the water,
two on the ground (P4, P5) and one (P3) right on the river-
bank. The bridge piles, like the walkway, rest on foundation
plinths.

The structure consists of parallel beams with exposed
crosspieces. The first three spans, crossing the river, are sup-
ported by Gerber beams. Near the side wall on the Lastra a
Signa side, there is a sewer pipe. The bridge structure has
various deteriorations and, over time (Figs. 9 and 10), has
been reinforced with two series of bolted steel ties longitudi-
nally and transversely. The extrados of the bridge has a bitu-
men flooring, with two central lanes reserved for cars flanked
respectively by sidewalks, with a similar finish and parapets
with a metal structure. The riverbanks are shaped in steps.

Surveying activities
Georeferencing and control network
The surveyed subjects are within a rather extended area.

The reference system of such a sized survey is supposed
to be:
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Fig.9 Ponte sull’Arno, series of bolted steel ties

— unambiguous, to coherently georeferencing the sur-
veyed data;

— stable over time to enable periodical monitoring;

— adequately accurate to ensure the reliability of data
analysis results;

— well documented to allow for switching amongst dif-
ferent reference systems.

To this purpose, a control network (Fig. 11) has been
designed to cover the entire study area. It is composed of 12
vertexes, each one firmly materialized.

The network vertexes were materialized on the bridges’
shoulders and in correspondence with the piles; a forced-
centering system was used to ensure the instruments’ best
stability and avoid errors deriving from the measurement of

Fig. 10 Longitudinal and transversal bolted steel ties

instrumental heights. Satellite receivers (GNSS) and Total
Stations (TS) conducted an integrated topographic survey.

A vertex was fixed in a barycentric position within the
survey area, and its coordinates were adjusted considering
the baselines (acquired for 2 h and 25 min each) of three
GNSS permanent stations (IGM2, CALA, EMNS), with a
maximum length of about 13 km (Fig. 12).

To assess the results, 3D RMS on baselines can be con-
sidered (their values range from + 1 to & 1.4 cm). Using two
GNSS Trimble R10-2 receivers with a rover acquisition time
of 8 minutes, the coordinates of all the network vertices were
post-processed. The acquisition time was set considering the
limited lengths of baselines between the network points and
the barycenter vertex (Fig. 13).

The acquisition time was set based on previous experiences;
the results obtained by the independent measurements by total
station confirm the effectiveness of the approach adopted.

The geographical coordinates of the network vertices
have been calculated in the Geodetic Reference System
ETRS89-ETRF2000 (epoch 2008.0), which is materialized
in Italy through the national dynamic network Rete Dinam-
ica Nazionale (RDN).

In producing large-scale (or high accuracy) technical car-
tography both the deformations produced by the adopted
map projection (my) and the effect produced by the distance
of the measurements on the ground with respect to the ref-
erence surface (k, commonly referred to as “height defor-
mation”’) must be taken into account, in order to define an
optimal cartographic representation, i.e., to maximize con-
gruence between distances measured in the field and the
corresponding cartographic distances.

Therefore, “rectilinear” or “isometric”’ coordinates were
determined based on an ad hoc defined Gauss projection,
with the central meridian at longitude of 11° 5’ 40" (passing
through the barycentric vertex 8500); false easting and false
northing values are applied to ensure X- and Y-values posi-
tives and to reduce the range of X- and Y-coordinate values;
no scale factor has been applied (scale factor = 1).

Deformations affecting maps are related to the projection
itself and to the ellipsoidal height of the site. The carto-
graphic deformation is expressed by (1).

my;=1+ % - AA? cos’g D

A) = difference in longitude respect to the central
meridian

@ = latitude

Considering the map projection adopted, since the cen-
tral meridian is passing through the barycenter of the site
(where AL = 0), cartographic deformation can be neglected
(my=1).

Considering the deformation due to the ellipsoidal height
of the site, it is expressed by (2).

@ Springer
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Fig. 11 Orthophoto with control
network’s vertexes

h

k=1+ i 2)

h = ellipsoidal height

R = radius of curvature

The survey area has an ellipsoidal height of about 80 m;
therefore, the deformation is about 12 ppm, also correspond-
ing to the total deformation expected in the map projection.

Considering this value to be acceptable with respect to
the objectives of the survey, it was deemed appropriate not to
introduce a scale factor to counterbalance the deformations.

To validate the results, they were compared with the
coordinates obtained from the least-squares adjustment
of the same control network measured by a TS Leica
TCRA1202 (Fig. 14) with angular accuracy lo = + 0.6

Fig. 12 View of the baselines

AEMPOLI

2000m

@ Springer

668535

Lo}
[V}
0
0
<
[eo]
<

4848735

668735

mgon, and the accuracy of distances measured with a
reflecting prism + 2 mm + 2 ppm. The least square adjust-
ment provides error ellipses for all the vertices with a sem-
imajor axis lower than 7 mm.

Considering the most distant vertex pair measured by
the two independent processes, the maximum planimetric
distance was 5 mm, becoming lower when approaching
the center of the area.

The Verto software, developed by the Italian Geographic
Military Institute (Istituto Geografico Militare Italiano,
IGMI), was used to transform ellipsoidal heights into ortho-
metric heights. The heights were then calculated for all ver-
texes based on trigonometric levelling. The obtained results
allow for considering the control network as a reliable refer-
ence for future surveys and monitoring operations in the area.

ACALENZANO
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Fig. 13 GNSS measurements

The control points for the laser scanner and photogram-
metric survey were then determined by topographic measure-
ments starting from the control network vertexes (Fig. 15);
since some targets were visible from more than one topo-
graphic vertex, they were measured independently from each
of them, and the coordinates obtained subsequently compared,
therefore confirming the accuracy expected for control points.

Photogrammetry—planimetry and orthophoto
of the study area

The resolution of a photogrammetric survey depends on the
distance from the camera to the object, given a specific camera
model, and neglecting some project parameters such as over-
lapping, flight plan, and control points distribution. The avail-
ability of RPAS with a high-resolution optical camera allows

Fig. 14 TS control network
measurements

for maintaining almost constant distance with respect to the
object and therefore investigating hardly accessible structures
by flying. Performing regular flight paths, and parallels to the
main surfaces, allows for obtaining almost complete documen-
tation of the structures (Lo Brutto et al., 2014) and detecting
construction materials through elaborating images (DeGol
et al., 2018).

A photogrammetric survey of the area between the two
bridges was performed with a DJI Phantom 4 drone. The flight
plan (Fig. 16) was constrained by a tall building with a mobile
phone antenna on a roof near the road bridge on the Lastra a
Signa side. For this reason, it was necessary to fly at an altitude
of about 35 m AGL, which corresponds to a GSD of about half
a centimeter, making 13 strips in the north-south direction with
80% forward overlap and 60% side overlap. The survey was
carried out with a nadir camera, taking 308 photos.

Before processing images according to the photogram-
metric workflow, all the photos were edited to enhance
them. The photogrammetric workflow involves inserting
control points to orient and scale the model through the
bundle block adjustment. For this, 29 ground control points
(GCP) and 21 check points (CP) were used, considering
both the targets arranged on the ground and some targets
positioned on the bridges for the alignment of the scans but
also clearly visible in the aerial photos. The 3D RMS error
is 1.2cm (1.1 cm on XY and 0.5 on Z) on the GCPs and 1.8
cm (1.2 cm on XY and 1.3 cm on Z) on the CPs.

Images framing only the river have a uniform texture,
thus avoiding features and tie point recognition; therefore,
their orientation failed.

Laser scanning—bridge survey: 3D models and 2D
drawings

For DPC obtained by laser scanning, resolution mainly
depends on settings, being in any case limited by the tech-
nical characteristics of the instrument itself; the range also
depends on it, with significant differences according to the
technology adopted for distance measurement (time of flight

@ Springer
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Fig. 15 Scheme of the topographic measures carried out for determining the targets used for the control and referencing of laser scanning and
photogrammetric surveys

Fig. 16 Flight plan of the photogrammetric survey (UGCS software interface)
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Fig. 17 Profiles from the differ-

the span shows a misalignment
of about 30 cm

or phase shift). Working with TLS, it is often possible to
acquire geometric information and photographs from which
to derive the RGB values associated with the points, even if
this significantly increases the field’s operating time.
However, when obtaining chromatic information of
relevant quality, it is essential to pay close attention
to the lighting conditions—a challenging aspect when
operating outdoors, acquiring data in all directions (and
therefore always facing the sun, unless there are lucky
overcast days). Depending on the scene to be scanned,
the geometric resolution achievable by the scanner may
be higher than the corresponding photographic one
(Tucci et al. 2017), thus suggesting adopting non-RGB
visualizations to support, for example, decay interpreta-
tion and crack pattern reading. A relevant parameter to
characterize a laser scanner survey, although difficult to
quantify, is the completeness of the documented surfaces

ent acquisitions: the section on m‘l"\\\‘

of interest, which is related to the morphometric com-
plexity of the object to be surveyed, the number of scans
performed, and the choice of scan position. The river
constitutes a critical element for the need to position
the laser scanner near the central spans of the structure
to obtain a complete 3D model with uniform resolution.

The laser scanner survey was performed using a Z+F
5010C scanner. 65 scans were acquired, with a resolu-
tion of 3 mm at 10 m. The scans of the bridge were made
along the two sides: one set at less than 10 m and one
at less than 2 m from the projection of the bridge to the
ground; this made it possible to acquire the undercut
elements of the crowning frames hidden by the existing
plants. Further scans were made under the spans with a
regular pattern to detect the beams’ and transoms’ hori-
zontal and vertical faces. At the time of the survey, the
water level was low enough to leave the foundation of the

Fig. 18 Raw orthophoto of the surveyed area (300 m in length and 170 m in width)
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Fig. 19 Mesh models elabora-
tion

SEGMENTATION
DECIMATION

Mid Res.Mesh Model

piles partially out of water, thus allowing the scanner to
be positioned on them. Thanks to an inflatable boat, it
was also possible to reach the central pile, thus homoge-
neously completing the bridge documentation. All scans
were carried out in full-dome mode; this enabled good
coverage on both banks, except for the central area, which
is almost equidistant from the two bridges. The scans
were registered thanks to 27 targets on the walkway and
53 targets on the bridge curbs and pillars; all the targets
were measured by a total station from the control network
vertexes (when it was possible from more than one). The
scan registration process requires roto-translation of each
scan based on target correspondence, and a further ICP
optimization. The software used is Cyclone by Leica Geo-
systems, which does not provide relevant statistics. Scan
alignment can be therefore assessed by considering the

Fig.20 Mesh model of the
walkway
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residual distances between corresponding targets (in the
case study always lower than a cm) and the mean error
after ICP between overlapping scans (lower than 3 cm).

A model of 5.5 billion points with an average resolution
of about half a centimeter was obtained.

Riverbed bathymetric survey

In Bridges Health Assessment, and more in general for struc-
tural and archaeological inspections, bathymetric survey can
play a crucial role, especially in such contexts where erosion
on the abutments is acting, e.g., scour (Larrarte et al., 2020;
Zheng et al., 2018), or in case the presence of historical foun-
dations somehow drives the bridge’s stability (Bento et al.,
2020; Chen et al., 2021; Zheng et al., 2020). Several bathy-
metric survey systems and techniques are currently available

.
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Fig. 21 Bridge longitudinal section (top) and aerial walkway Est elevation

for deep (Purser et al., 2018) and shallow waters (Suhari et al.,
2017), marine (Mugnai et al., 2019b) and river applications
(Huizinga, 2010; Legleiter & Harrison, 2019), autonomous
(Gelli et al., 2018) and manned vehicles (Terracciano et al.,
2020), remote (Mandlburger, 2020; Salameh et al., 2019), and
proximal sensing (Amoroso & Parente, 2021; Giordano et al.,
2015). In the present case study, the riverbed and underwa-
ter structures were mapped with an MBMS, which emits a
multidirectional radial beam to obtain information within a
fan-shaped swath. A MBMS integrates several components:
a multibeam emitter system (MBES), an inertial navigation
system (INS) and a computer for data collection and process-
ing. GNSS antennae and INS provide positioning and measure
the vessel’s sway, pitch, roll and heading (and thus the MBES).

The presence of a bathimetric survey, which has been
integrated with GNSS, Photogrammetry and Laser Scannier
surveys, can also be considered as a state of the art advance-
ment (Rizzo & Enshaeian, 2021).

Fig. 22 Detail of riverbanks

section profiles: the upper pro-
file, acquired in October 2019
and the lower in January 2020

(down), original drawings in 1:100 scale

To perform the riverbed and underwater structures docu-
mentation in the study area, the MBMS has been installed on
an inflatable boat, able to operate with a limited draft. A laser
scanner (HDS 7000, by Leica Geosystems) was also installed
on the boat as a profilometer. The processing of the detected
data was entrusted to a private company, which delivered one
DPC relating to the bathymetric survey and one relating to
the out-of-the-water made with the profilometer.

The referencing was carried out by applying the ICP
algorithm between point clouds, considering the TLS sur-
vey of the bridges as a reference. Validation of the obtained
results was planned by determining a series of large format
targets along the banks, but the resolution of the out of the
water data does not allow for adequate recognition.

The overlap of data acquired in various acquisitions
highlights critical misalignments between the different pro-
files (on average of the order of 15-20 cm, but with maxi-
mum values up to about 50 cm), which are negligible in
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Fig.23 TLS survey

the modelling of the banks, but which prevent the correct
analysis of bridge structures (Fig. 17).

The acquisition resolution has been appropriately
increased in the areas of most significant interest mapping
the riverbed, up to a few centimeters away amongst various
profiles, and even lower between the points of the same pro-
file. In the other areas, the resolution is about 25 cm.

Discussion

Thanks to the adequate control network, described in the
previous section, the comparability over time of the results
obtained through the survey campaigns is guaranteed. Even
if the GNSS measurements release the reference system

Fig. 24 Survey with profilometer mounted on the boat
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definition from its materialization on the ground or artefacts,
the detailed survey or the observation collected to monitor
the structures are, in any case, carried out with classic topo-
graphic systems or that rely on them through control points.

The availability, around the structures to be monitored,
of an adequate number of vertexes, stably materialized and
determined with adequate accuracy, therefore constitutes a
good investment, with evident returns over time in terms of
efficiency and effectiveness.

Each of the performed surveying activities, namely, laser
scanning, GNSS, photogrammetry, and bathymetry, allow
for producing a specific output that cooperates in building a
complete and reliable documentation of the surveyed area,
namely the orthophoto with 10 mm GSD (Fig. 18), the 3D
point clouds and the related elaborations such as surface
models, and 2D CAD drawings.

On the laser scanning survey

Once obtained the 5.5 billion points model, several sub-
sequent steps were required to process point clouds and
to obtain surface models (meshes) (Fig. 19). Point cloud
segmentation and cleaning, filtering, and noise reduction,
unnecessary mesh portions removal, and progressive dec-
imation. Further elaboration of the bridges’ DPCs led to
mesh with different resolutions; particular attention has
been paid to the meshing process (made with the Surface
Reconstruction Poisson algorithm (Kazhdan et al., 2006)),
to preserve a high level of detail and to ensure the excellent
manageability of the models simultaneously.

As the walkway is small, only one mesh model of the entire
structure was created (Fig. 20). The mesh models obtained
have sufficient resolution to read details such as the footprint of
the formwork, the degradation of the surfaces and the beam’s
reinforcement ties. They can therefore be considered as digital
references of the actual artefacts, on which it is possible to
read highly detailed information (as in on-site visual or photo-
graphic inspections), having at the same time an overall view
of the bridge structure. Several systems have been developed
over time, albeit only as prototypes, allowing specialists to
interact with a 3D model and annotate vector and raster infor-
mation directly on the model surface, especially for managing
restoration projects (Apollonio et al., 2018; Soler et al., 2017).

3D models offer the advantage of realistic visualization
and permit interactive exploration, with pan and zoom on the
details. However, design processes related to built heritage
are generally still based on 2D drawings, which, although
synthesizing some information, have the advantage of offer-
ing an overview and, above all, of quickly providing the
necessary size information. For the bridge and the walkway,
several 2D CAD drawings were plotted: a floor plan, a view
of the deck from the bottom up, a plan of the pylons, eleva-
tions, and some longitudinal and cross sections (Fig. 21).



Applied Geomatics

Fig. 25 Multibeam scanning

of the riverbed with increased
resolution in correspondence
with elements of interest (from a
minimum resolution of about 25
cm to a maximum of a few cm)

The processes measurements aimed at BHM accord-
ing to the highest safety assessments established by Ital-
ian law require highly accurate observations to recognize
even minor effects of structural stresses. However, in a
dynamic situation, such as a riverbed, even macroscopic
variations are evident due to phenomena of no exceptional
nature. For example, a new, partial laser scanner survey
campaign detects, on the banks, the erosive effects of the
intervening flood (Fig. 22).

On the profilometer survey

As mentioned above, only qualitative assessments are pos-
sible on the data collected by the rubber dinghy in this case
study, for which descriptive reports of the processes per-
formed are unavailable. It is evident that a mobile mapping
system allows significant speed up the acquisition in the
field, albeit with limited accuracy and resolution, when com-
paring these characteristics with those of static systems. In
the case study presented, two situations can be distinguished:

— A survey of the riverbanks and the area immediately fac-
ing the river
— A survey of structures such as bridges and walls

In the first case, the resolution can be considered adequate
for simplified modelling and helpful in supporting hydrau-
lic engineering studies, for example. As for the complete-
ness of the model, it is very good along the banks, in the
sloped areas immediately adjacent to the river, where, on
the contrary, the TLS survey is lacking. On the other hand,
the effect of the point of view slightly raised on the water
surface must be considered, since it defines extensive lack
of data on the higher pseudo-horizontal surfaces. Misalign-
ments between profiles recorded in consecutive passages

and the poor resolution on targets can be optimized by fol-
lowing more suitable data acquisition and post-processing
procedures. Regarding the bridges’ 3D documentation, the
resolution of scans acquired by the profilometer is too poor
to identify the bridges’ main structural elements and does
not allow for measuring their size on the 3D model: on the
bridge main girders the profilometer resolution is about 2 cm
along the profile, with profiles spaced about 6 cm. Figs. 23
and 24 show acquisitions made by TLS and profilometer,
respectively, of the shoulder of the bridge towards Lastra a
Signa, where the sewer pipe is also visible.

On the bathymetric survey

The bathymetric survey made it possible to document the
course of the riverbed and the submerged structures (Fig. 25).

It allowed the assessment of the undermining that
occurred at the piers’ foundations (more relevant in the cen-
tral pier of the bridge) and the possibility of recognizing the
presence of stranded trunks on the riverbed, which are not
visible from out of the water. The transport of significant
vegetation constitutes a critical element in major floods, as
it can obstruct the river's course.

At the walkway piers, the shallow water level, and the
presence of currents, limited the boat’s maneuverability
and prevented it from crossing the structure, also due to
the remains of partially emerged structures relating to the
ancient bridge.

Conclusion
Resolution and completeness of the produced models, both

concerning the structures and their surrounding context,
allows them to be considered good support for assessing
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the conservation status of the artefacts. They allow to know
the size of the structures and their elements, identify the
damaged parts, and quantify the extent and severity of decay
effects. Moreover, they play a crucial role in analyzing the
current state and the damage that occurred in the past; they
can also support planning, monitoring and interventions.

The paper illustrates the articulated workflow adopted for
the metric documentation of the various elements relevant
to the study: the structures of the bridges, the riverbanks and
the artifacts that stand on them, the riverbed, and the sub-
merged structures. Only the integration of different survey
techniques (photogrammetry, laser scanning, bathymetric sur-
vey) allowed to balance the strengths and weaknesses of each.

The role of the topographical control network is essential
and twofold, both to consistently align all recorded data and
to ensure the comparability of data collected in subsequent
survey campaigns, i.e., supporting monitoring activities.
Therefore, the models produced with geomatic techniques
constitute the geometric support capable of evolving for
informative and interdisciplinary annotations and consid-
erations and for sharing in an interdisciplinary project. Other
than for measuring and documenting dimensions and shapes,
geomatics contributes to crucial data for characterizing and
monitoring, over time, the risk associated with structure deg-
radation. The ongoing studies envisage interesting possibili-
ties for the development of automatic methods, allowing to
design the quality of recorded data before their collection,
e.g., systems supporting image acquisition path from hand-
held, UAV-mounted, and crane cameras (Tuttas et al., 2016),
to optimize TLS survey by defining the best sensor configu-
rations to improve the density and accuracy of DPC (Zhang
et al., 2016), mobile mapping with ground rovers systems
(Wetzel et al., 2022).

The awareness of guidelines for safety evaluation (Santarsiero
et al., 2021), which allow for more concious choices in terms
of survey planning and data analysis, is a noticeable add value.

A future development could assess the effectiveness and
the advantage of integrating such surveying techniques with
the most common structural health assessment methods.
Such a synergy could enhance performances, in terms of
time and accuracy, of assessing bridges' stability.
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