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ABSTRACT

Evaluating the scour effects on masonry arch bridges is of utmost importance to ensure the continued operational
safety of those infrastructures. Even if numerical and laboratory studies have demonstrated the possibility of
detecting scour-induced effects by measuring the structural response of masonry bridges, there is a lack of long-
term monitoring applications on real structures. Within this context, the paper presents selected results obtained
during two years of continuous monitoring of a historical masonry arch bridge to evaluate scour-induced effects.
Firstly, on-site inspections of the bridge revealed severe foundation erosion and extensive documentary research
was carried out to identify the depth of the foundation level. Subsequently, a monitoring system was installed in
the bridge, including several MEMS-based tiltmeters, 1 echosounder, 1 hydrometer and 1 weather station. The
correlation between measured rotations and environmental parameters is investigated and a linear regression
model is used to minimize/remove temperature-induced effects. The residual errors between measured and

predicted rotations highlighted the occurrence of various anomalies.

1. Introduction

As highlighted in the scientific literature (see, e.g., [1-3] for the US
context and [4,5] for the EU context), about 50-60% of river bridge
failures are caused by the soil settlements generated by scour or by other
flow-related effects. Notably, the risk of scour-induced collapse is higher
in the case of bridges with shallow foundations, such as historical ma-
sonry arch bridges. Hence, developing specific monitoring strategies for
scour control in masonry bridges is of utmost importance.

Numerical studies have shown that, due to the shallow foundations
in the riverbed, a relatively low level of scour may lead to the collapse of
masonry arch bridges. Zampieri et al. [6] presented a numerical inves-
tigation on a 6-span masonry bridge subjected to incremental scour
settlement levels, identifying thresholds that induced the bridge failure.
Tubaldi et al. [7] investigated the effects of asymmetric (upstream--
downstream) riverbed erosion on a two-span masonry bridge with a
novel numerical modelling procedure. The research highlighted that: (a)
effects of scouring-induced settlements were related to pier-foundation
rotations in the opposite direction of the river flow; (b) the pier dis-
placements started to increase beyond the values induced by vertical
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loads only after the maximum scour depth exceeds the foundation depth.
Invernizzi et al. [8] developed a laboratory-scaled model of a 2-span
masonry bridge and applied differential settlements to simulate the ef-
fect of scour. Different measurements were performed during the tests,
as well as numerical modelling.

Broadly speaking, scour monitoring can be classified into two
groups: (1) direct and (2) indirect techniques.

The objective of direct techniques is to measure riverbed variations
(in terms of elevation) around pier foundations using underwater
sensing devices. Classical direct monitoring techniques include sonars,
magnetic sliding collars, float-out devices, and sounding rods. De Falco
and Mele [9] used sonar installed on the piers of two railway bridges
crossing the Po River (Northern Italy) to measure riverbed variations
during floods. Ballio et al. [10] proposed a real-time monitoring strategy
for bridge management during extreme events. According to this strat-
egy, the riverbed elevation during flood is measured through an
echosounder and a sedimeter (based on fibre optic Bragg gratings),
together with a radar water elevation gauge; moreover, 2 cameras and 1
anemometer are used to collect information on debris accumulation and
wind characteristics, respectively. Larrarte et al. [11] monitored the
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Fig. 1. The Candia Bridge: (a) Plan and elevation from downstream; (b) Aerial view from downstream.

abutment scour of a single-arch bridge using an underwater ultrasonic
transducer measuring velocity profile and water depth. Maroni et al.
[12] performed two years of riverbed monitoring at the A76 200 bridge
over the River Nith, UK - one 3-span stone masonry arch bridge — using
two probes buried into the riverbed and equipped with electromagnetic
sensors. Other promising applications of local riverbed measurements
are illustrated in [13-15].

Indirect monitoring techniques focus on identifying the scour-
induced effects on the structural response, mainly using accelerome-
ters (and modal parameters as a scour-sensitive feature) or tiltmeters
(and pier rotations as a scour-sensitive feature). Scour usually generates
changes in the boundary conditions that might be detected using
vibration-based techniques. Foti and Sabia [16] investigated the dy-
namic response of a multi-span bridge with simply supported girders
before and after the retrofitting of a pier affected by local erosion.
Scozzese et al. [17] studied a multi-span masonry bridge that partially
collapsed due to scour, evaluating the variations of modal parameters
for different erosion levels from a calibrated numerical model. Xiong
et al. [18] investigated the variations of modal parameters with repeated
dynamic testing of the superstructures of a cable-stayed bridge, identi-
fying the scour depth from a calibrated numerical model. Other prom-
ising applications of vibration-based methods are illustrated in [19,20].
The use of tiltmeter-based systems for the scour identification is re-
ported in technical reports [21] as well as in research projects [16,22,
23]: the most common application is the measure of rotations at the top
of the bridges piers.

Overall, the literature review highlighted the presence of numerous
studies on the direct measure of scour, while limited long-term moni-
toring applications have been published on indirect methods. In addi-
tion, numerical/laboratory studies on masonry bridges have
demonstrated the possibility of detecting scour-induced effects on the
structural response. The main aim of the present research is the devel-
opment and implementation of a monitoring system that merges direct

and indirect techniques to highlight the possible effect of scouring on
masonry bridges over an extended period. The long-term evaluation of
scour action is performed on a historical masonry bridge, called Candia
bridge (Fig. 1).

Within a recent research collaboration between Politecnico di
Milano and the Lombardy Region about risk-based classification [24]
and Structural Health Monitoring of road infrastructures [25], nine
bridges were monitored (see, e.g. [26-30]) and the Candia bridge was
one of them. The investigated structure is a 19th-century masonry arch
bridge crossing the Sesia River in the Province of Pavia (north of Italy).
The bridge consists of 16 arches, 15 piers and end abutments. Past in-
spections revealed that piers foundations resting on the riverbed were
subjected to scouring. Subsequently, detailed onsite inspections and
extensive documentary research were performed, and a monitoring
system based on tiltmeters, an echosounder and different environmental
sensors was installed.

The evidence from the first six months of continuous monitoring
revealed that the tiltmeters — that were installed at the arch skewbacks
on the upstream side to guarantee an adequate protection — measured
two different behaviours: the first one associated with global rotations of
the foundation-pier-arch system; the second one associated with local
rotations of the external arch ring. Subsequently, the recorded global
rotations are cleansed from temperature-induced effects, highlighting
the occurrence of some permanent shifts.

2. Description of the Candia bridge and preliminary activities

The Candia bridge (Fig. 1) [26] is a multi-span masonry arch bridge
that crosses the Sesia River between the municipalities of Candia
Lomellina and Casale Monferrato. The structure is 325 m long and is
composed of 16 segmental arches, 15 piers and end abutments. All
structural components are built in brick masonry. The arches have a
span — measured from the arch skewback —of 17.5 m. As shown in Fig. 1,
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Fig. 2. Variations of debris accumulation on piers P04 and P05 before and after the flood of October 2020.

(a) 2002

(b) 2018

Fig. 3. Satellite images of the Sesia River (flow direction from top-left to bottom-right): before (a) and after (b) the rock armour installation around the piers of the

left side channel.

all the piers with the footing resting on the riverbed were subjected to
the strengthening of the foundation, deepening the (shallow) foundation
level of about 8-10 m. The deck width is equal to 10 m and includes a
roadway and a railway track, with the latter being inactive since 2010.

2.1. Hydraulic analysis from available documents

The Candia bridge is located 5 km upstream of the Sesia River and Po
River confluence. The Sesia River has a meandering channel pattern,
which appears planimetrically stable from aerial images observation
since 1954. The flow regime of the Sesia River is highly variable, with
historical flow discharges ranging between 70 m®/s and 5000 m>/s. In
case of a 200-year event, corresponding to a discharge of 5000 m>/s,
water can reach an elevation of about 105 m above sea level (asl) and
1 m above the skewback of the bridge arches.

According to Pizarro et al. [31], scour can be classified as (1) natural
scour, (2) contraction scour, and (3) local scour. In the case of the Candia
bridge, the natural scour is occurring due to a general degradation of the
altimetric profile of the Sesia River: along the period 1960-2000, the

riverbed lowered for about 2-3 m, resulting in the emergence of the
foundation plinths from the riverbed. In addition, scour around the
foundation of the piers may occur due to local flow accelerations
induced by the obstructions in the riverbed (contraction scour) and for
the horseshoe vortices forming at the base of the pier (local scour): the
large concrete plinths reduced the free flow cross-section to 13.5 m and
are susceptible to local scour. The presence of wood debris can further
intensify contraction and local scour processes, and in the case of Candia
bridge, the accumulation debris is well-documented: Fig. 2 shows the
variations of debris accumulation on piers P04 and P05 between the
inspection performed on July 2019 and October 2020. Finally, although
the bridge is perpendicular to the general direction of the river, the flow
at low stage appears to be skewed (see Fig. 3b). Direction of the flow can
change with water stage, and it is presumed to be more perpendicular
with the bridge at higher stages. However, erosion may occur more
intensively on the lateral edge of the piers.

To summarize, contraction and local scour are expected to occur all
around the pier, whenever is not known which of the described phe-
nomena play a major role. Local scour, comprehending local and
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Fig. 4. Historical drawings of different strengthening interventions on the piers: (a) 1955 intervention on piers P09, P10 and P11 (elevation from downstream); (b)

1984 intervention on piers from P04 to P08 (elevation from upstream).

Fig. 5. Foundation scour at pier PO8 (picture from the upstream side).

contraction effects, is at some degree expected at any high stage event;
general degradation or aggradation of the riverbed, which develop
independently of the presence of the bridge, may happen at longer time
scales (typically larger than one single high stage event).

Armouring interventions of the riverbed were performed at different
times in the attempt to stabilise the sediments around the foundations
(Fig. 1). To the authors’ knowledge, the last intervention of riverbed
stabilisation — before the installation of the monitoring system — was
performed in 2003-2004 around the most eroded piers at the left side of
the channel, where flow concentrated in normal conditions. This oper-
ation, however, modified the local morphology of the riverbed by
deviating the main flux from the left-channel (looking downstream) to
the central-channel piers, with consequent migration of the thalweg.
Fig. 3 compares the satellite images of the Candia bridge of 2002 and

2018, showing a representation of this mechanism.

2.2. Historical research

Due to the lack of available documentation, an extensive documen-
tary research was performed to identify the construction period and the
main structural interventions.

The bridge was conceivably built between 1868 and 1870. According
to the original design drawings — found in a Thesis of the Royal Technical
School of Engineering of Turin [32] - the foundations of the piers were
of two types: the piers most exposed to the river flow (at that time), i.e.
those on the river right (P01-P04), were founded at a depth of 2 m below
the riverbed (96 m asl), while the remaining ones (P05-P15) were
founded 1 m below the riverbed (97 m asl). Surprisingly, at the age of
the construction, the main river channel was on the river’s right. The
original shallow foundations were made of concrete and had the
following dimensions: (a) width in elevation equal to 4.2 m for PO1-P04
and 4.5 m for P05-P15; (b) depth from the top of the plinth equal to 4 m
for P01-P04 and 2 m for PO5-P15.

Between 1954 and 1955, the 9th arch — included among P08 and P09
— was reconstructed, and the foundations of piers from P09 to P11 were
strengthened through a deepening of the foundation level (Fig. 4a) up to
12 m. The reason for the heavy damage to the arch is still unknown, but
it was conceivably connected to soil settlements. Subsequently, during
the 1980 s, a similar intervention on the foundations of piers P04-P08
was performed (Fig. 4b), together with the strengthening of arches
from 1 to 5.

According to the results of the documentary research, the foundation
level of piers P04-P11 is equal to approximately 12 m (measured from
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(a) Loss of material due to vegetation growth at arch P10-P11

Fig. 6. Damages at the arch barrel of different spans.

(a) View during the 2020 flood of the Sesia River
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the top of the foundation plinth) while the foundation level of piers PO1-
P03 and P12-P15 is equal to 6 m.

2.3. Onsite visual inspections

The main results of the visual inspections are herein presented. The
description of damages and decay phenomena is performed according to
the UIC (International Union of Railways) catalogue [33].

As known from past inspections, the most critical defect is the
erosion of foundations from pier P09 to pier P04 (Fig. 5) caused by the
sum of natural scour — estimated at approximately 3 m drop of riverbed
level compared to the year of construction — added to contraction and
local scour caused by flow obstruction due to the presence of the piers
themselves.

The arch barrels are generally characterised by superficial damages
that affect the durability such as black crust, differential surface
weathering, efflorescence, and stains near the drainage pipes or near
missing portions of masonry.

The vegetation growth has caused the loss of masonry material from
the arch barrel. The phenomenon is particularly intense in the arches
included between pier P10 and pier P12, where the masonry detachment
reduced the thickness of the arch barrel near the skewback line (Fig. 6a).

The arch barrel between piers P08 and P09 shows a longitudinal
discontinuity on the entire arch length with a thickness of the order of
1-2 cm (Fig. 6¢). This arch was presumably rebuilt in the 1954 inter-
vention, and it is probable that — due to constructive reasons — it was
built in two stages using the same centring. The hypothesis of the
reconstruction is confirmed by the different consistency of the bricks,
lighter and more prone to surface weathering than the original ones.

Another damage affecting durability is the presence of longitudinal
cracks in the intrados of the arch barrel below the external covering
arch. In brick masonry arch bridges, the covering arch is a coating of one
or more layers of bricks covering the arch barrel on the outer vertical
faces. As reported in historical manuals (see, e.g., Curioni [34]), it was
common to use this technique to obtain a better aesthetic result. In the
case of Candia Bridge, the presence of the covering arch is revealed by
the decay of arch P09-P10, in which the vegetation growth caused the
complete detachment of the first layer of bricks (Fig. 6b).

At last, vertical cracks were detected at the centre of some piers.
However, it should be noted that no cracks were identified on the arch
barrels except for the structural discontinuity of arch PO8-P09 and the
longitudinal cracks due to the detachment of external brick layers.

In October 2020, a severe flood of the Sesia River occurred (Fig. 7).
The maximum water level reached during the flood can be estimated
from available photos, and it is almost equal to 105 m asl (i.e., the
elevation of the 200-year flood event). The flood caused severe damage
to streets, railway tracks and buildings in the areas nearby the bridge.
After the event, the bridge remained closed for over a month.

(b) Collapse of the road embankment after the flood

-

Fig. 7. Effects of the 2020 flood.
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Fig. 8. The monitoring system of the Candia bridge: (a) sensors layout (elevation from downstream); (b) mounting of tiltmeter T12; (c) position of the echosounder

on pier PO5.

Visual inspections were performed to check whether the high-stage
flow induced some damage to the bridge, together with field measure-
ments of riverbed elevation around the piers with a stadia rod. No evi-
dence of significant damage was detected on the bridge. Regarding the
riverbed level, the local measures on pier PO5 — taken from the top of the
foundation plinth - resulted in 5.5 m at the upstream and 2.7 m at the
downstream sides: hence, a more intense removal of riverbed sediments
is detected on the upstream side [7]. Note also that the scour depth
during the highest peak of the event was probably deeper since,
generally, the scour holes are partially refilled when the river returns to
its ordinary regime.

3. Monitoring system and data analysis

The monitoring system of the Candia bridge is aimed at detecting and
localising the structural damages induced by scour. The monitoring
system design accounted for both the expected collapse mechanism and
the constraints due to possible debris accumulation on the upstream
side.

As previously pointed out, the onsite measurements of water depth
on pier PO5 highlight that the scour is more intense on the upstream side,
generating a possible differential settlement of the pier footings.
Consequently, the expected collapse mechanism might be induced by
the transverse rotation of the foundation-pier-arch system in the oppo-
site direction of the river flow [7]. The monitoring system was indeed
designed to measure the transverse rotation of the foundation-pier-arch
system using high-sensitivity tiltmeters together with the measure of
main environmental parameters for correlation analysis (i.e., outdoor
temperature, humidity, water level and riverbed variations).

The monitoring system (Fig. 8) includes: (a) 15 uniaxial MEMS tilt-
meters (SISGEO model 0S541MA0202, accuracy + 0.008°) with inte-
grated temperature sensor; (b) 1 weather station measuring

temperature, humidity, rainfall intensity, wind speed and wind direc-
tion; (¢) 1 hydrometer; (d) 1 echosounder and (e) 2 cameras. The sensors
are wired to a data acquisition unit equipped with a modem for data
transmission.

Although the ideal position for the tiltmeter installation was the base
of the piers, that position cannot allow adequate protection of the sen-
sors from debris accumulation (Fig. 2); hence, it was decided to install
the tiltmeters at the arch skewbacks (Fig. 8b). As shown in Fig. 8a, the
tiltmeters were installed only on the piers P02-P11 located in the
riverbed- Furthermore, the piers from P04 to P08 (i.e., the piers being
most affected by the deviation of the river flow from the left- to the
central-channel, Fig. 3) are monitored with two tiltmeters, one for each
skewback.

In addition to the weather station, the outdoor temperatures are also
measured by the internal thermistor of the tiltmeters. The water level is
measured by a hydrometer positioned at the deck level, whereas the
evolution of scouring holes is tracked with an echosounder.

The echosounder has been installed to capture the effects of the
sediment transport processes described in subsection 2.1. Single point
measurements are able to identify aggradation and erosion processes at
a peculiar position of the pier, whilst it cannot distinguish among con-
tributions of the individual processes occurring at the bridge. As shown
in Fig. 8¢, the echosounder is installed on the foundation plinth of pier
P05 on the downstream side, at the right corner (with respect to the
water flow): of course, the ideal position should be on the upstream side
(where the maximum scour depth may occur) but the possible debris
accumulation on that side suggested the installation on the opposite
downstream side. In this position, the flow hydrodynamics is affected by
the wake of the pier itself. Hence, the positioning on the corner was
thought to be able to detect an area where flow velocity is not close to
zero. However, aggradation may occur at the downstream edge of the
pier for the wake effect of the pier. Nonetheless, the measurements



P. Borlenghi et al.

(a) Tiltmeters TO3 and T04

Construction and Building Materials 411 (2024) 134580

0.15 T

T3
TO4

0.10F

@ (%)

0.05F

LA

-0.05 1 1

|

i

™
j e

Jan Feb

Measurement date

(b) Temperatures 01, 62 and 03
50 T

Apr May
2021

01

401 gi A \\\«

30F

Temperature (°C)
(3]
=
]

D

210 1 1

el '|H; 'J'iAI'HhH’“

Eﬁ}'.r'«fwmlf rlr”‘\n f\lh, "”""wﬂf'\ i .,II Hu

i’ ‘IL | 1'!' l I )nu hw “'l | l|
-'HW' \"

Jan Feb Mar

(c) Relative humidity

Measurement date

Apr May
2021

100 m{
80

u :

40F

Relative humidity (%)

20

0
Jan Feb

Measurement date

(d) Water level

Apr May Jun Jul
2021

101 T T T T
=100 -1
4
£ 99} p
o
-
D
= 98 k -
T}
g }‘\“—‘ K\\\ - — k‘J Ny

97 o o - T ‘w’h‘ﬁ\‘ - v \wﬁ\ _,rf"f\j

9 1 1 1 1 1

S’an Feb Mar Apr May Jun Jul
Measurement date 2021

Fig. 9. Time period from 01,/01/2021 to 30/06/2021. Evolution in time of: (a) rotations at pier P04 (tiltmeters TO3 and T04); (b) outdoor temperature at different

locations; (c) relative humidity and (d) water level.

provide valuable information, being able to clarify for which water
levels sediment transport occurs. It is worth mentioning that the
echosounder only measures the riverbed level when underwater. In the
present case, the echosounder at pier PO5 goes underwater only when
the water level exceeds 97.5 m asl, half a meter above the ordinary
regime of the river.

It is further noticed that the debris accumulation at the piers is
detected with 2 cameras taking pictures along the upstream side of the
bridge.

The continuous monitoring system has been active since November
22nd, 2020. The sensor network works at a sampling frequency of 1 Hz,
with the exception of the cameras, that take pictures every 10 min. The
recorded data are collected every hour in 1 binary file that is sent to
Politecnico di Milano for analysis. The processing of structural (rota-
tions) and environmental data includes the following steps: (a) check the
completeness of the hourly files (the monitoring system is restarted
every week to avoid memory issues); (b) average the data to obtain a
single observation per hour. A different approach is adopted for the
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echosounder data: as known from the literature [35], the echoes due to
air bubbles, suspended sediments and turbulences generate fake echoes
that need to be removed. To this purpose, the riverbed level is recon-
structed, removing the "fake echoes": the outliers are defined as mea-
surements with more than three local standard deviations from the local
mean over a window length of 3600 s [36].

The measured rotations are affected by temperature-induced varia-
tions and those variations should be identified and removed to detect the
onset of abnormal variations. To this purpose, a simple linear regression
is adopted and calibrated during a training period of 6 months. As long
as the structure exhibits regular behaviour without any anomalies, the
regression model can predict the evolution of structural rotations. Once
the rotations deviate from the regular behaviour, the residuals between
predicted and measured rotations are used to detect the anomaly.

4. Evidences provided by the first six months of monitoring

Selected results obtained in the first period of continuous monitoring
— namely from January 1st, 2021 to June 30th, 2021 — are herein pre-
sented to highlight some peculiarities of the monitored parameters. It is
worth mentioning that during the monitoring period, a few malfunctions
in the data acquisition system — solved by an automatic reboot every
week — generated the missing values in Fig. 9.

The evolution of structural rotations is exemplified in Fig. 9a by the
measurements of tiltmeters TO3 and TO04. It should be noticed that
positive rotations correspond to transverse rotations of the arch-pier
system towards the downstream. The inspection of Fig. 9a allows to
observe that rotations tend to increase with increased temperature, with
this observation being confirmed by the comparison with the tempera-
ture evolution (Fig. 9b). Figs. 9a and 9b also show the daily fluctuation

(b)
0.15 . . . .
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.10} :
< 0.05¢ :
<
0.00}
-0.05 - . : -
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Water level (m asl)

Correlations between the rotations T03 and T04 and (a) relative humidity and (b) water level.

of rotations and temperatures by zooming one week of data (between
March 28th and April 4th) and again positive correlation is observed
between rotations and temperatures.

Fig. 9b shows the evolution of the outdoor temperature in three
different locations: (a) 01 refers to the external surface of the bridge at
tiltmeter T14; (b) 02 is related to the weather station (i.e., extrados of the
bridge deck) and (c) 03 refers to the closest ARPA (i.e., the Agency for
Environmental Protection of the Lombardy Region) weather station,
about 13 km far from the bridge. The measured temperature fluctua-
tions are —1.2°C <01<439°C, —3.5°C <02<34.2°C and
—5.5°C <03 < 34.8°C: hence, the selected time period includes a
statistically representative sample of the expected environmental
conditions.

Figs. 9c and 9d show the evolution of the relative humidity (weather
station) and water level (hydrometer), respectively. Fig. 9d indicates
that, in the investigated time period, the average water level was about
97.0 m asl (i.e., 8 m lower than the elevation of the 200-year flood
event), with the maximum measured level of 100.6 m asl being reached
on May 12th, 2021. According to a hydrological analysis carried out
after the event, the associated return period for the 100.6 m water level
was less than 2 years. Hence, no relevant events were recorded during
this time period.

Regarding the riverbed elevation, due to the malfunctioning of the
echosounder, the first measurements were performed at the beginning of
June 2021. Consequently, the echosounder measurements are not
addressed in the present section.

Fig. 10 shows the correlation between the rotations measured by
tiltmeters TO3 and T04 and the outdoor temperatures 61, 62 and 63,
highlighting that temperature is a dominant driver of rotation vari-
ability. In addition, the coefficient of determination R? show the best fit
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Statistics of the measured rotations from 01/01/2021 to 30/06/2021 and correlation analysis with different environmental parameters.

Tiltmeter Id. Pave (°) Plmax] () 6, (°) R? (i) () R? (1i02) () R? (1i03) () R? (ririn () R? (riwy ()
Global rotations TO2 0.017 0.090 0.022 0.920 0.872 0.862 0.262 0.065
TO3 0.021 0.080 0.019 0.974 0.953 0.928 0.231 0.108
TO04 0.049 0.132 0.031 0.911 0.893 0.874 0.309 0.056
TO7 0.020 0.084 0.017 0.915 0.856 0.842 0.287 0.079
TO8 0.021 0.070 0.018 0.918 0.892 0.872 0.207 0.080
T12 0.011 0.099 0.022 0.938 0.880 0.883 0.312 0.094
Local rotations TO1 -0.005 0.033 0.007 0.832 0.780 0.796 0.277 0.035
TOS 0.009 0.018 0.007 0.249 0.244 0.241 0.013 0.130
TO6 -0.001 0.030 0.008 0.795 0.759 0.739 0.136 0.149
T09 0.016 0.045 0.008 0.032 0.028 0.034 0.197 0.015
T10 -0.009 0.040 0.008 0.676 0.653 0.620 0.377 0.045
T11 -0.009 0.035 0.006 0.000 0.004 0.002 0.001 0.014
T13 0.002 0.013 0.004 0.653 0.642 0.622 0.089 0.030
T14 -0.011 0.022 0.005 0.725 0.763 0.745 0.215 0.053
T15 -0.010 0.023 0.008 0.436 0.393 0.392 0.020 0.059
Mean 0.014 0.054 0.013 0.665 0.641 0.630 0.196 0.068
01 = temperature measured at tiltmeter T14
02 = temperature measured by the bridge weather station
03 = temperature measured by the ARPA weather station
RH = relative humidity
WL = water level
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Fig. 12. Identification of global and local rotations in the time period January-June 2021 (error bars indicate the standard deviation).

for 61, namely the temperature measured on the bridge surface.
Consequently, only 01 is considered for correlation analysis in the sub-
sequent sections.

Fig. 11 shows the correlation between T03-T04 and relative hu-
midity (Fig. 11a) and water level (Fig. 11b), respectively. The inspection
of Fig. 11 reveals: (a) the absence of a correlation between rotations and
water level (Fig. 11b), despite the relatively important hydraulic event
of May 2021 (43.6 m over the average water level) and (b) the relatively
poor rotation-humidity correlation (Fig. 11a), indicated by R? coeffi-
cient equal to 0.23 for TO3 and 0.31 for TO4. In addition, the rotation-
humidity correlation is conceivably driven by the temperature-
humidity relationship, which is characterized by the R? value of 0.29.

Based on the previous results, the removal/minimization of envi-
ronmental effects, addressed in Section 5, is based only on 61.

Table 1 shows the statistics of the measured rotations for the selected
period in terms of average values (¢aye), absolute maximum values (¢
max|)s standard deviations (c,) and coefficient of determination R
computed with respect to different measured environmental
parameters.

From the statistical analysis, it is possible to identify two main be-
haviours in the rotation data:

(1) rotation-temperature (01) correlation with R? > 0.9 and standard
deviation 6, > 0.01°;

(2) rotation-temperature (01) correlation with R? < 0.9 and standard
deviation 6, < 0.01°.

Lower correlation and lower amplitude variations, as well as lower
average values, can be associated with a local rotation of the external
arch ring, while the other data can be associated with rotations of the
entire foundation-pier-arch system. The variations of outdoor tempera-
tures generate deformations and rotations in the structure. Those de-
formations are expected to be higher in case more material is involved in
the process. Supposing that the external arch ring is entirely detached
from the structure (see, e.g. T13), it can be expected that the mean
rotation values (as well as the standard deviations) are lower than the
rotations of the entire foundation-pier system (see, e.g. T04). In addi-
tion, if the external arch ring is detached from the vault or damaged, a
non-linear behaviour can be expected and, consequently, a poor corre-
lation with temperature.

Consequently, behaviour (1) is associated with global rotations,
while behaviour (2) is associated with local rotations. The identification
of global/local rotations is even more evident in Fig. 12: measured
global rotations are well correlated with temperature and have larger
oscillation (o) and larger values (¢ave), while local rotations exhibit the
opposite behaviour.

The tiltmeters measuring local rotations are not addressed in the
following since the objective is investigating the possible effects of
scour-induced settlements.
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(a) Temperature 01
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Fig. 13. Variation in time of temperature 01 (a) and water level (b) from 01/01/2021 to 31/12/2022.
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Fig. 14. Variation in time of the riverbed elevation during the hydraulic event
of October 2021.

5. Long-term monitoring results and discussion

In the present section the main results of the long-term monitoring
are presented for a period of 2 years, from 01/01/2021 to 31/12/2022.
In more details, the discussion focuses on the measured global rotations
as defined in Section 4. During the investigated 2 years of monitoring,
17520 1-h datasets were collected and processed together with the up-
stream side pictures taken with the permanent cameras in the daylight.

(a) ordinary regime (b) initial phase

(c) increasing phase

5.1. Environmental parameters

The variation in time of temperature 01, turning out to be the main
driver of the rotation changes, is shown in Fig. 13a and ranges between
— 1.2°C and 45.7 °C. Fig. 13b presents the time evolution of the water
level and shows an average level that is practically equal to the one of
the training period (97.0 m, see Fig. 9d). It is further noticed that, during
the first two years of monitoring, two high stage hydraulic events were
observed, in May and October 2021: the corresponding water level
(Fig. 13b) reached 100.6 m asl and 100.1 m asl, respectively. However,
as previously stated, these events had a return period smaller than 2
years. Hence, during the two years of monitoring, the bridge has not
encountered severe events like the one in 2020 mentioned in subsection
2.3.

During the second event, the echosounder was active and Fig. 14
shows the evolution of the riverbed elevation measured by the
echosounder installed in the foundation of pier PO5 on the downstream
side. It should be noticed (Fig. 14) that the riverbed elevation of 96.3 m
asl did not increase during most of the event, whereas an aggradation
process was observed during the descending phase, with an increase of
50 cm of the riverbed elevation. Hence, the measured data suggests that
the downstream side of the bridge foundations is mainly subjected to the
deposition of sediments during major hydraulic events rather than
excavation. Of course, this conclusion should be confirmed by further
measurements.

(d) maximum phase (e) decreasing phase

Fig. 15. Debris accumulation process at pier PO5 on May 12th, 2021.
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Fig. 16. Selected rotation time series collected during the seismic event of December 29th, 2021 (Petrinja earthquake, Croatia, Mw=6.3).

(a) Evolution in time of rotation T12

(b) Rotation T12-temperature correlation
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Fig. 17. Variation in time of rotation and rotation-temperature correlation of selected tiltmeters: (a-b) T12, (c-d) T07, (e-f) TO8.
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(a) Evolution in time of rotation T02
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(b) Rotation T0O2-temperature correlation
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Fig. 18. Variation in time of rotation and rotation-temperature correlation of selected tiltmeters: (a-b) T02, (c-d) T03, (e-f) TO4.
debris accumulation increases the effect of scour around piers because
Table 2 . . . .
e X the occlusion of one or more spans results in an increase of flow velocity
Statistics of the measured rotations from 01/01/2021 to 31/12/2022. .. .
under the remaining free spans. Hence, two cameras were installed on
. o o o 2 . . . . . .
Tiltmeter Id. Pave (°) Qlmax| (1) G4 (°) R™ crion () pier P06 and pier P07, filming the right and left upstream sides of the
T12 0.022 0.116 0.027 0.961 river, respectively. To understand the mechanism of debris accumula-
To7 0.039 0.114 0.022 0.669 tion, the cameras collected pictures every 10 min.
o8 0.050 0.101 0.023 0.366 Accumulation of debris was observed in several events, typically
TO2 0.030 0.101 0.021 0.893 . . .
T03 0.036 0.093 0.020 0.864 when water reached. the upper edg.e of the foundat.lon plinth. Fig. 15
TO4 0.060 0.148 0.030 0.913 shows the accumulation process at pier P05 occurred in May 2021. It can

It is worth mentioning that in January 2022, a new rip-rap protection
was installed around the foundations of pier P04-P07 (white stones in
Fig. 1b); after the intervention, no appreciable changes in the riverbed
elevation were measured. On the other hand and as anticipated in Sec-
tion 4, the measured rotations were not affected by water level or
riverbed elevation during the examined monitoring period.

5.2. Debris accumulation

When arch bridges are characterized by relatively short spans, the
risk of occlusion of some spans becomes not negligible. In addition,

12

be observed the debris mat increases in size, reaching its final configu-
ration during the peak of the event.

The long-term visual monitoring confirmed the importance of the
debris accumulation process in the case of Candia bridge and the process
was observed also during events having relatively low return period,
such as the one recorded in May 2021.

5.3. Monitored (global) rotations

5.3.1. Recorded seismic events
Various far-field earthquakes occurred during the monitoring period.
As an example, Fig. 16 shows selected recorded time series of structural
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Fig. 19. Histograms of the global rotations before and after the removal of environmental effects.

rotations during the Petrinja earthquake in Croatia (Mw=6.3) on
December 29th, 2021. Since the sampling frequency is 1 Hz, the recor-
ded signals are affected by aliasing; however, it is interesting to note that
all tiltmeters recorded similar responses, with no permanent rotation
being observed after the seismic sequence.

5.3.2. Global rotations
As previously pointed out (Fig. 12), tiltmeters T02, T03, T04, T07,

13

TO8 and T12 measure global rotation of the arch-pier system. The
variation in time of the rotations of those tiltmeters, as well as the
rotation-temperature correlation, is summarized in Figs. 17 and 18. As
observed in the first months of monitoring, the structural rotations of the
arch-pier system tend to increase during the summer while decreasing
during the winter, with an approximately linear dependence on tem-
perature 01. The inspection of Fig. 17 and Fig. 18 allows the following
comments.
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Fig. 20. Residuals of rotation T12, T07 and T08 with a & 3c,, confidence interval.

e The expected normal behaviour is represented by tiltmeter T12
(Fig. 17a-b) and the corresponding features are: (a) no accumulation
of rotation between January 2021 and December 2022 and (b)
almost linear correlation between rotation and temperature (R? =
0.96).

On the contrary, the tiltmeters on pier P06 — i.e. T07 (Fig. 17c-d)
and TO8 (Fig. 17e-f) — exhibit a series of anomalies: (a) the measured
rotation reveals clear and increasing permanent rotation (about
+0.05° for TO7 and +0.07° for T08) and (b) the rotation-temperature
correlation exhibits clear changes during the monitoring period.
Behaviour in the middle of the previous two is experienced by T02
(Fig. 18a-b) and the tiltmeters on pier P04, i.e. TO3 (Fig. 18c-d) and
T04 (Fig. 18e-): (a) the time evolution of measured rotations show
an accumulation of rotation of about + 0.02° for T02, + 0.04° for
T03 and + 0.05° for TO4; (b) the rotations are linearly correlated
with the outdoor temperature as shown by R? coefficient of 0.89
(T02), 0.86 (T03) and 0.91 (T04).

Table 2 illustrates the statistics of the measured rotations during the
monitoring period in terms of average values (¢aye), absolute maximum
values (@}max]> standard deviations (o) and coefficient of determination
R? computed with respect to outdoor temperature 01.

5.4. Novelty detection (on global rotations)

The anomaly detection is based on the residual errors between pre-
dicted and measured rotations. The predicted rotations are evaluated by
using a simple linear regression model, with the temperature as its only
input:

Yk = 0o + o O (@)

where yy is the output variable at instant k (i.e. the structural rotation at
a certain location), 0k is the measured temperature at instant k r tem-
perature) and o, o are the regression coefficients. The regression co-
efficients are determined using the rotation-temperature data collected
during the training period represented by the first six months of moni-
toring. As it is usually done for natural frequencies [37], a different
regression model was developed for each measured rotation.

Fig. 19 shows the histogram of measured rotations before and after
removing the temperature effects through the adopted regression model:
as it has to be expected, after applying the regression model, the rota-
tions are concentrated in a narrower range. It is further noticed that
approximately a normal distribution is obtained for rotation T12
(Fig. 19a), TO2 (Fig. 19d) and T04 (Fig. 19f); on the contrary, the dis-
tribution of rotation TO7 (Fig. 19b), TO8 (Fig. 19¢) and T03 (Fig. 19e)
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Fig. 21. Residuals of rotation T02, TO3 and T04 with a + 3¢, confidence interval.

exhibits two or more peaks.

Figs. 20 and 21 show the time evolution of residual errors. The
control limits (i.e., the continuous red lines) were evaluated during the
training period as + 3o, The residuals of T12 (Fig. 20a), T02 (Fig. 21a),
and T04 (Fig. 21c) are generally included in the "safe" region, whereas
the residual of TO7 (Fig. 21b), T0O8 (Fig. 21¢) and T03 (Fig. 21b) clearly
exceeds the upper control limit. It is interesting to observe that the two
tiltmeters TO7 (Fig. 21b) and TO8 (Fig. 21c) — mounted on pier
P06 — exceed the control limits in different periods, suggesting that the
permanent rotations are induced by arch deformations and not by pier
settlements (i.e., not by scour).

According to Tubaldi et al. [7], the effects of scouring-induced set-
tlements are related to pier-foundation rotations in the opposite direc-
tion of the river flow. In addition, the pier displacements start to increase
beyond the values induced by vertical loads only after the maximum
scour depth exceeds the foundation depth.

In the present case, tiltmeters T02, TO3, T04, TO7 and TO8 experi-
enced permanent rotation in the direction of the river flow; therefore,
the phenomenon that caused the residual rotations should not be related
to a soil settlement of the upstream side. It is worth mentioning that the
distribution of vertical loads is not symmetric: the railway track —
decommissioned in 2010 - is on the upstream side while the roadway is

on the downstream side, causing an asymmetric distribution of service
loads. In addition, it is recalled that tiltmeters installed on the same pier
began to exhibit the permanent rotations at different times so that those
rotations are most likely induced by the arch.

6. Conclusions

The paper focuses on the long-term monitoring performed in a his-
torical masonry arch bridge, crossing the Sesia River in Northern Italy.
Onsite inspections of the investigated bridge, called Candia bridge,
revealed the presence of severe foundation erosion, mitigated by
different interventions on the foundations and the riverbed. Further-
more, the documentary research has shown that the foundation level
was deepened up to 12 m (measured from the plinth top), with the
maximum measured depth of a scour hole being equal to 5.5 m.

The main aim of the monitoring system — including 15 tiltmeters and
various sensors to measure the environmental effects, the water level
and the riverbed elevation —is to detect scour-induced pier settlements.
Variations in the structural behaviour of the bridge are measured by a
series of MEMS tiltmeters installed at arch skewbacks, whereas the hy-
draulic actions were monitored through 1 hydrometer, 1 echosounder
and 2 cameras.

15



P. Borlenghi et al.

Based on the results obtained in the first two years of monitoring (i.
e., between 01/01/2020 and 31/12/2022), the following main conclu-
sions can be drawn:

Statistical analysis of the data collected during the first six months of
monitoring revealed that 6 tiltmeters were measuring global rota-
tions while 9 tiltmeters were measuring local rotations.

The outdoor temperature turned out to be the dominant driver of the
variations observed in the tilt measurements. Among the available
temperature measurements, better rotation-temperature correlation
is obtained using the thermistor integrated in tiltmeter T14.

The relative humidity as well as the water elevation does not exhibit
any correlation with the measured rotations. On the other hand, the
maximum variation of water elevation, in the investigated moni-
toring period, ranged up to 3.6 m. Hence, the bridge seems not
affected by relatively limited flood events.

During the event of October 2021, an aggradation process was
observed on the downstream side of pier PO5.

Various anomalies were detected in measured global rotations. The
observed anomalies involves both the rise of increasing permanent
rotations and the corresponding changes of the rotation-temperature
correlation.

As highlighted by the tiltmeters T07 and T8 installed on pier P06, the
non-simultaneous increase of rotation toward the direction of river
flow suggests to exclude that these anomalies are correlated with
scour.

The physical phenomenon that caused the observed permanent shifts
in the rotation-temperature correlation is still unclear and onsite
visual inspections are periodically performed to detect the onset of
possible cracks in the arches.

The presented results highlight the difficulties in detecting scour-
induced effects from the measure of pier rotations on masonry arch
bridges. In more details, two issues can be identified: (1) distinguishing
scour-induced rotations from other sources causing rotation changes; (2)
measuring rotations with a very low amplitude. Regarding the first issue,
a simple statistical analysis (discussed in Section 4) allows to distinguish
the channels of data measuring the local rotations of the external arch
ring and those measuring the rotations associated with the overall
foundation-pier-arch system. Furthermore, tiltmeters should guarantee
adequate accuracy and repeatability over time, and more redundancy in
the measuring system might be desired. Consequently, a future upgrade
in the monitoring system should involve the following improvements:
(1) installing additional tiltmeters on the downstream side to help
distinguish between the anomalies generated by the arches and by the
piers-foundations; (2) installing additional tiltmeters at all the arch
skewbacks; (3) the riverbed monitoring can be integrated with other
buried probes (see, e.g. [12]) to increase the redundancy in the direct
scour measure.
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