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Abstract

In the last decades, several flood-induced bridge collapses have been registered all over the world, in particular related to local
scour phenomenon. Masonry bridges, which constitute the most of the existing infrastructure heritage worldwide, are
significantly sensitive to this problem because of their high stiffness and typically shallow foundations. With the aim of helping
to understand the response of masonry arch bridges under scour actions, this paper proposes a numerical study on a real case
study. A 3D finite element model of the bridge is developed in Abaqus accounting for both mechanical and geometrical
nonlinearities, then two possible scour scenarios are simulated by following a consolidated procedure proposed in previous works
and the damage mechanisms activated at different scour levels are analyzed and discussed.
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1. Introduction

Scour represents one of the main causes of bridge collapse all over the world (Pizarro et al. 2020; Tubaldi et al.
2022a; Eidsvig et al. 2021; Malena 2021; Tubaldi et al. 2020). Masonry arch bridges are a widespread typology
characterizing a large part of the existing infrastructural networks (Borlenghi et al. 2021a; Leoni et al. 2021;
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Zampieri et al. 2021; De Matteis et al. 2021) and they have proved to be very vulnerable to flood-induced scour
actions, due to their high stiff-ness and the usually shallow foundations (Zampieri et al. 2017; Ragni et al. 2019;
Solan et al. 2020).

The relevance of the problem is substantiated by the large number of scour-induced collapses registered in the last
decades, as well as by the always increasing number of scientific studies on the topic. Indeed, according to the most
recent scientific literature in the field, several works have been dedicated to the development of numerical modelling
strategies able to describe the evolution of damage (Tubaldi et al. 2020; Panto et al. 2022; Cannizzaro et al. 2018;
Pepi et al. 2021). Numerical analysis have been performed on masonry arche bridges subjected to scour (Cabanzo et
al. 2022; Tecchio et al. 2022; Scozzese et al. 2021, Scozzese et al. 2023).

Other studies have been oriented towards the assessment and development of techniques for scour detection,
based for instance on dynamic identification via operational modal analysis or similar continuous monitoring
strategies (Scozzese et al. 2023; Civera et al. 2022; Borlenghi et al. 2021b; Scozzese et al. 2021; Rainieri et al. 2020;
Malekjafarian et al. 2020; Scozzese et al. 2019); some authors (Zhang et al. 2022) have investigated scour detection
methods exploiting the input provided by passing vehicles; experimental and full-scale studies have also been
conducted on scoured bridge piers (Hamidifar et al. 2022; Tubaldi et al. 2022b).

In general, while the scientific literature is rich of studies on the bridges response under seismic hazard (e.g.,
Zampieri et al. 2021, Minnucci et al. 2022, Scozzese & Minnucci 2024), there is still work to do in the context of
flood hazard, where proper performance-based flood engineering methods needs to be defined.

As a first step towards this direction, in this paper, the scour problem is examined from the point of view of the
bridge response and relevant potential structural damage. To this aim, a multi-span masonry arch bridge,
representative of many bridges built in Europe, is considered as case study, and the failure mechanisms and damage
states developed during the scour process evolution are analyzed by considering two scour scenarios: 1) involving a
single pier, and 2) involving two adjacent piers simultaneously.

2. Case study

A real case study is considered as benchmark, being a bridge typology widely representative of the existing
bridge stock in Europe and also worldwide. It is a seven spans masonry arch bridge, 130 m long, with segmental
brick vaults and shallow foundations of height h = 4.17 m. Further bridge structural details and material properties
can be found in previous works by the authors, e.g. Ragni et al. (2019) and Scozzese et al. (2019).

A 3D model is developed in ABAQUS 2017 (Figure 1-a) following the strategy adopted by Scozzese et al.
(2019) which exploits continuum solid elements with cohesive interfaces between the various components, and
accounts for both geometrical and mechanical nonlinearities. The soil-foundation interaction is modelled through
three sets of springs (oriented along the three spatial directions X, Y and Z) with equivalent soil stiffness constants.
However, it is worth to note that more refined impedances formulations might also be used (e.g., Morici et al. 2019;
Minnucci et al. 2022). Scour is simulated following the procedure outlined in previous works by the same authors of
this study (Scozzese et al. (2019); Scozzese et al. (2023)), i.e., by considering increasing values of the scour depth
ys and by removing the springs (simulating the soil-foundation interaction) located into the scour hole (see the
explicative scheme in Figure 1-b).

Two parameters can be adopted to quantify the evolution of the process: the ratio ys/A (h being the height of the
foundation, which coincides with the embedment level) and the ratio Bs/B (i.e., the ratio between the scoured width
B; and the total width B of the foundation).

3. Numerical analysis

Two alternative scour scenarios are considered: the first one (denoted as “1-Pier” scour scenario) represents the
case of a flow impinging on one pier only, producing a localized scour. The second scenario (denoted as “2-Piers”
scour scenario) represents the case a flow impinging with the same conditions two adjacent piers, thus simulating a
more diffused erosion which might be seen as a combination of global, contraction and local scour. The piers
involved by the two scenarios are highlighted in Figure 1-a.
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The damage states identified for both the scour scenarios are described in the following Table 1, where the levels
of scour (in terms of the ratio B¢/B) at which these are attained are also provided. It can be observed how the effects
of the scour start to become noticeable only for By/B > 0, i.e., when the base of the foundation starts to loose support,
and this result is in agreement with previous studies available in the scientific literature, e.g. Maroni et al. (2023),
Scozzese et al. (2023). It is also worth to note how the damage evolution is faster in the case of “2-Piers” scour
scenario; the limit states, indeed, are attained for levels of excavation slightly lower than those corresponding to the

local scour scenario.

Backfill

Spandrels

“2-Piers”
scour scenario

“1-Pier”
scour scenario

Fig. 1. (a) Abaqus 3D model with highlighted the Piers interested by the scour according to the two analyzed scenarios; (b) schematic
representation of the scour hole and related parameters.

Plots of the bridge model with highlighted the elements experiencing a yielding state at the step of analysis
corresponding to the three damage states are provided in Figure 2. It can also be observed how the simulated failure
mechanisms are consistent with those observed on real bridges, see for instance the case of Samone Bridge on
Panaro River (Italy) shown in Figure 3, reporting foundation pseudo-vertical crack and diagonal cracks on the
arches (note that this condition is representative of a localized scour acting on a single pier).

Table 1. Damage states and levels of scour (Bs/B) at which they are attained.

Damage States

Local scour

Global scour

DS1 - Slight damage

DS2 - Severe damage

DS3 — Near collapse

By/B =0.30.

First plastic strains on spandrel walls and beginning of a
kinematic mechanism; tension cracks of negligible
amplitude.

B/B=047.

Piers start developing slight pseudo-vertical cracks of
width of about 2-3 mm and increment of spandrel walls
damage (crack width higher than 3 mm).

By/B=0.63.

Damage spreading all over the structural elements,
diagonal cracks of few millimetres appear on arches.
Immediately after this condition the values of the
response parameters start to increase in an uncontrolled
manner for small increases of the scour depth (see
Scozzese et al. 2023).

BJ/B=0.27.

First plastic strains on piers and spandrel walls, and
beginning of a kinematic mechanism; tension cracks of
negligible amplitude.

By/B=0.40.

Widespread damage in piers and spandrel walls and first
diagonal cracks (amplitude lower than 1 mm) developing
on the side arches.

By/B=0.50.

Damage spreading all over the structural elements with
estimated crack widths exceeding 10 mm; horizontal arch
mechanism developing within the central arch. Immediately
after this condition the values of the response parameters
start to increase in an uncontrolled manner for small
increases of the scour depth (see Scozzese et al. 2023).




Fabrizio Scozzese et al. / Procedia Structural Integrity 62 (2024) 424429

“1-Pier” scour scenario

“2-Piers” scour scenario

DS1 - Slight Damage

(/h=1.26)
(BJB=0.30)

(/h=1.22)
(BJ/B=0.27)

DS2 — Severe Damage

(/h=1.38)
(BJB=0.47)

(/h=1.34)
(BJB=0.40)

DS3 — Near Collapse

(/h=1.52)
(BJB=0.63)

(/h=1.41)
(BJB=0.50)

Fig. 2. Damage states identified for the model, with solid elements currently yielding highlighted in red.

Fig. 3. Samone Bridge on Panaro River, Italy (photo courtesy of lapressa.it).
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4. Conclusions

In this paper, the impact of scour on masonry arch bridges has been investigated. Extensive numerical analyses
have been performed on a refined 3D model of a real multi-span masonry arch bridge, which is also representative of
many bridges built in Europe.

Two scour scenario have been considered, a local one, involving a single pier, and a wider one, involving two
piers simultaneously.

According to the outcomes presented for both the scour scenarios, it can be observed that a slight damage
mechanism is triggered for values of Bs/B of around 30%, while the system failure is attained for levels of Bs/B
around 50% or 60% for the “1-Pier” and “2-Piers” scour scenarios, respectively. Such high levels of scour required
to lead the bridge to the collapse can be explained by the remarkable robustness characterizing this structural
typology. Indeed, in witness of this, there are cases of real bridge failures with the pier base excavated up to the 80%
of its width.

Furter details on the topic treated in this paper can be found in the work of Scozzese et. al (2023), where the
interested reader can find insights on the most sensitive (both kinematic and modal) response parameters and
suggestion about optimal sensor placements for bridge structural monitoring.
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