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Abstract

The roads and motorways bridge inspection program which is undergoing in Italy is revealing the high number of infrastructures
interacting with landslide phenomena. It cannot be otherwise in a country characterized by such a complex morphology. A peculiar
example of such soil-structure interaction is that represented by the Rio Bavera bridge in Triora whose abutment is affected by a
large landslide. The paper describes this interaction from the phenomenological point of view. The geological and geotechnical
investigation carried out to characterize the behavior of the soil and rock formations constituting the large landslide will be
illustrated together with the monitoring activities undertaken to understand the mutual interaction between the landslide and the
bridge.
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1. Introduction

More than 75% of the territory of Italy is occupied by reliefs, i.e., hills and mountains. This articulated morphology,
along with the complex geological, lithological, and structural characteristics induces a very high landslide
susceptibility. In the Italian National Landslide Inventory, an area of almost 20,500 km? was classified as unstable,
equivalent to 6.8% of the Italian territory (Trigila & Tadanza, 2008). The potential interactions between landslides and
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linear infrastructures such as roads, motorways, tunnels, and bridges are therefore quite common in areas prone to
ground instabilities and they are not only limited in time to the construction phase but can affect the infrastructure
during its whole service life. Moreover, due to aging the intrinsic vulnerability of every infrastructure experiences a
progressive increase in time. In general terms, the higher the linear extension of the infrastructures, the higher the
maximum magnitude of the landslide, in terms of the areal extension and the volume of the unstable ground, that can
interact with the infrastructure.

In the short to medium term from the onset or the reactivation of slope instability, structural approaches (i.e. the
design and the installation of active or passive structural stabilization measures) can sometimes be difficult to be
adopted due to the high costs and/or the very large rock/soil volumes involved. In these cases, non-structural measures
such as integrated monitoring both of the unstable slope and of the infrastructure coupled with Early Warning Systems
(EWS:s), capable of mitigating the risk by decreasing the exposure of the elements, are therefore an option at least until
the completion of the possible slope stabilization works.

In this paper the example of the Rio Bavera bridge in Triora, whose abutment is affected by a large landslide, will
be described. After a brief description of the setting and the instability affecting one of the abutments of the bridge, a
description of the geological and geotechnical characterization of the site and the monitoring plan to control the
infrastructure are given. Then the monitoring data interpretation and some final considerations about the possible
management of the bridge in safe conditions are discussed.

2. The Landslide affecting the bridge abutment
2.1. The setting

The road viaduct called “Ponte Bavera” which connects the Monesi di Triora village in the municipality of Triora
(IM) and the Piaggia village in the municipality of Briga Alta (CN) was built in 1978. The bridge has a curvilinear
axis with an overall length of 66 m and three spans of 15, 36, and 15 m and its static layout consists of a simple beam
laying on top of two thin wall piers (Fig. 1). The wall piers are connected to the base of the foundation and the bridge
deck through hinges. The ground conditions on the two different valley sides were completely different: on the Monesi
side, the presence of thick debris cover required the construction of a shaft foundation while on the Piaggia side the
pier foundation was directly built on the bedrock. Since its construction, the abutment and the pier foundation shaft
on the Monesi side have been affected by anomalous displacements caused by the instability of the slope. Over time
the activity of the landslide has determined a progressive tilting of the wall piers and the complete closure of the joint
between the bridge deck and the abutment.

Fig. 1. Views of the Ponte Bavera bridge: (a) abutment and wall pier on Monesi side, (b) abutment and wall pier on Piaggia side.
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In 2017 due to the progressive rotation of the piers and the displacement of the deck towards the Piaggia side, the
safety conditions of the bridge were judged as insufficient (Blengino, 2017; Collu, 2017) and the infrastructure was
closed to traffic. Subsequently from 2018 to 2019, the bridge was subjected to partial retrofitting works consisting of
the renewal of the expansion joints with the complete release of the bridge deck from the bearings and the
reinforcement of the abutment on the Piaggia side.

2.2. Geological and geotechnical characterization

Over the years, the area has been subjected to various investigation campaigns aimed both at the general study of
the numerous landslides in the Monesi di Triora area and the more detailed studies of the area close to the Ponte
Bavera bridge. In 1995, the first geological and geotechnical survey campaign was carried out (Mascia, 1998) with
the execution of the S5 continuous core drilling borehole located on the circular foundation shaft on the Monesi side.

From 2017 to 2019, following a large flooding event that caused the activation/reactivation of numerous landslides
and the occurrence of a large debris flow along the Rio Bavera with significant damages to buildings and
infrastructures (Zerbato, 2017), the Municipality of Triora has carried out an extended survey campaign of the whole
slope close to Monesi di Triora village. In particular, near the Ponte Bavera, which was closed to traffic after the flood
event, four boreholes equipped with inclinometer casing (SMT06, SMTO08, SMT11, and SMT12), three open standpipe
piezometers (SMTO07, SMT09, and SMT10), two seismic and geoelectrical tomographic profiles and a detailed
topographic survey of the slope, the river bed and the bridge were completed. The location of the described surveys
is shown in Fig. 2. During the borehole execution, in situ and laboratory tests were carried out on samples recovered
from drilling to determine the geotechnical characteristics of the rocks and soils involved in the instability.

e

SMTO06 - SMTO7

C1 TE/TS1

Boreholes

@ Equipped with
active inclinometers

@ Equipped with
inactive inclinometers

SMT08 - SMT09

A Equipped with piezometer
GPS survey

@ GPS benchmark
g Geophysical surveys

—— Seismic/geoelectrical
tomography profiles

| Geological Cross Section
B-B'
) Landslide boundary
N

0 50 100 m

Fig. 2. Plan view of the Ponte Bavera bridge area showing the location of the boreholes, the geophysical survey profiles, the GPS benchmarks, and
the boundary of the landslide affecting the right abutment of the bridge (Monesi side).
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The interpretation of the data retrieved from all the surveys carried out allowed to identify the possible boundary
of the landslide affecting the right abutment of the bridge which extends upslope for 500 m from the river bed of the
Rio Bavera to the main scarp located at about 1450 m a.s.l. This landslide is superimposed over a very large Deep-
Seated Gravitation Slope Deformation (DSGSD) which affects the whole NE side of the Saccarello Mount (Zerbato,
2017).

Fig. 3 illustrates the geological longitudinal section of the unstable slope. The landslide affects the whole superficial
debris cover, up to 40 m thick and made of boulders, blocks, cobbles, and gravels in a sandy-silty matrix, that lies
above the bedrock (Helminthoid Flysch). The sliding surface, identified by the inclinometric profiles, is located at the
contact between the bedrock and the debris cover or within the most superficial and weathered bedrock layers.
Moreover, by analyzing the SMTO06 inclinometric profile it is worth noting that the sliding surface is located at the
base of the foundation shaft of the wall pier on the Monesi side. The piezometric levels in the standpipe piezometers
indicated that the groundwater table is mainly located close to the contact between the debris and the bedrock and has
a marked gradient towards the river bed. The movement along the sliding surface could be further promoted by the
orientation of the Flysch layers dipping out of the slope and by the infiltration of water along it, particularly during
rainfalls and the snow-melting period.
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Fig. 3. Geological cross-section along the right shoulder (Monesi side) of the Ponte Bavera bridge with indication of the inclinometric profiles and
the position of the groundwater table.

2.3. The monitoring system

After the closure of the bridge in 2017, a specific monitoring system was installed to verify the performance and
the behavior of the structure. The system consists of 11 electrical joint meters (F1-F11) located on the abutments and
wall piers of the bridge and 2 temperature sensors connected to a control unit for the collection and data transmission
(Fig. 4). Further manual measurements of the displacement of the expansion joint on the Monesi side are also
periodically carried out.

In addition to the bridge, the slope is also monitored through:
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e 3 water level sensors placed inside SMT07, SMT09, and SMT10 piezometers; the sensor in SMTO07 was
connected to an automatic data acquisition and transmission control unit while the sensors in SMT09 and SMT10
were connected only to data loggers whose data are downloaded manually;

e Manual inclinometric measurements on SMTO08 and SMT11;

¢ Automatic inclinometric measurements with three fixed probes on SMTO06 connected to an automatic data
acquisition and transmission control unit (manual measurements were also carried out after extracting the probes
from the borehole);

e A GPS survey benchmark (C1) managed by ARPA Piemonte.

The location of all the instruments installed along the slope is shown in Fig. 2.
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Fig. 4. (a) Schematic view of the location of the crack meters and temperature sensors on the bridge; (b) Detail of the F6 and F7 joint meters
installed at the base of the wall pier on Piaggia side; (c) Detail of the F9 and F10 joint meters installed between the bridge deck and the abutment
on Piaggia side.

2.4. Data interpretation

To understand the possible interaction between the slope movements and the response of the bridge it is necessary
to compare the data acquired along the slope with those measured on the structure and the main meteorological
parameters such as rainfalls and snowfalls.

The time series of the monitoring data measured by the sensors installed both on the bridge and along the slope
starting from 2017 are shown in Fig. 5 which illustrates in detail the temporal trend of the monitoring data starting
from October 2019 to January 2021. The rainfall and snow data recorded by the Arpa Piemonte Piaggia - Pian del
Guso weather station, located approximately 1.5 km SW of the bridge and at an altitude of 1645 m above sea level,
are also reported.

It is of particular interest to analyze the trend of the data following the completion of the retrofitting works that
occurred in September 2019. After an initial phase of readjustment of the structure according to the new static scheme,
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the joint meters F1 and F2, located at the base of the pier on the Monesi side, showed a substantial slowdown of the
movements. The joint meter F1, which previously showed a closing trend, was now essentially stationary while F2,
which showed an opening trend, mostly seems to oscillate together with seasonal temperature variations. The F6 and
F7 joint meters, located at the base of the pier on the Piaggia side, respectively show a general trend in opening and
closing and also seem to be influenced by seasonal temperature variations.
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Fig. 5. Measurements of the joint meters and the temperature sensors installed on the bridge, of the automatic inclinometer SMT06 and the
piezometric level SMTO7 along the slope compared to daily rainfalls and the height of the snow cover from 2017 to 2021.

The result of the manual measurements of the expansion joint on the Monesi side highlighted a marked movement
of the shoulder towards the valley, with joint closure equal to 50 mm between September 2019 and February 2021
(average velocity of 2.9 mm/month). These data can be compared with those of the topographic survey campaign
carried out in the past by the Technical Division of the Province of Imperia, which recorded a horizontal displacement
of 190 mm of the abutment and 208 mm at the head of the wall pier on Monesi side between March 1995 and
September 1998 (Mascia, 1998) (average velocity of 4.8 mm/month). The F11 crack meter, active since July 2020
and located right across the joint, began to record a closing trend starting in January 2021.

The most relevant monitoring data along the slope is the SMT06 automatic inclinometer, which detects an almost
continuous movement of the landslide, in accordance with the manual measurements taken along the same vertical.
The graph in Fig. 5 shows the time series of the displacement resultant at a depth from 24 to 27 m from the ground
surface where the 3 fixed inclinometric probes were positioned.

Between 2 and 3 October 2020, Piedmont was affected by exceptionally intense rainfall which affected in particular
the areas of the upper Tanaro valley and the areas close to the border with Liguria and France. On October 3, the
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Piaggia — Pian del Guso weather station recorded an exceptional cumulative precipitation value of 327 mm. Following
this event, a marked increase in the displacement velocity of the three fixed inclinometric probes within the SMT06
vertical from approximately 20 mm/year to over 50 mm/year was measured. Approximately 7 months after the event
(May 2021), a displacement velocity value of approximately 50 mm/year was still recorded.

The correlation between rainfalls, the increase of groundwater levels in the SMTO07 and SMT 10 piezometers, and
the acceleration of the inclinometers are also evident not only for the October 2020 event but also for previous rainfall
events (in particular in November 2019, December 2019, and May 2020). Nevertheless, the velocity was characterized
by a quick return to pre-event values (around 20 mm/year) for these less intense events.

3. Discussion and final considerations

The bridge displacements and rotations are caused by an active landslide which interacts in a complex way with
the structure. The landslide, as it was possible to reconstruct, involves the whole debris cover for a thickness of up to
40 m and it has an approximate extension of 500 m x 260 m at the toe and an estimated volume of approximately
1.2 Mm?. Near the bridge, the sliding surface is located at the base of the foundation shaft of the wall pier on the
Monesi side. Moreover, the slope instability is located inside the Deep-Seated Gravitational Slope Deformation which
affects the whole NE side of the Saccarello Mount (Zerbato, 2017). The slope movement seems to be favoured by the
intrinsic mechanical contrast between the debris and the underlying bedrock, by the rock bedding planes dipping
towards the riverbed, and by the water infiltration and flow along the debris/bedrock contact. The monitoring
measurements carried out show that the landslide moves at an almost constant velocity and accelerates during intense
rainfalls and the snow melting period.

The bridge retrofitting works completed in September 2019 through the reopening of the expansion joint allowed
to temporarily lower the pressure thrust exerted on the bridge by the landslide on the Monesi side. However, the slope
inclinometric measures continue to show a progressive sliding of the landslide body towards the Rio Bavera riverbed
which, and, from the flood event of 3 October 2020, has also undergone a marked acceleration which is still ongoing
today. The effect of the landslide on the bridge causes a progressive closure of the expansion joints and the progressive
translation of the foundation shaft of the wall-pier on the Monesi side. In turn, the pier connected to the foundation
shaft and the deck through hinges reacts to the downstream movement of the base of the well by behaving like a
connecting rod and progressively tilting towards the upstream. As long as the joints remain open, the bridge deck
undergoes very limited displacements. Fig. 6 shows a two-dimensional simplified schematization of the kinematics
of the interaction between the slope and the bridge. The scheme shown is purely indicative as the curvature of the
deck and the geometry of the phenomenon also involve out-of-plane displacements and rotations, as documented by
the monitoring data.

Monesi side

Piaggia side

Fig. 6. Diagram of the possible kinematic interaction between the slope instability and the Ponte Bavera bridge.
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The approach adopted based on the in-depth analysis of the geological and geotechnical context as well as the
monitoring data allowed therefore for the realistic reconstruction of the kinematic of the mutual interaction between
the landslide and the Ponte Bavera bridge.
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