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Flash floods are common manifestations of extreme weather events and one of the most severe natural hazards. In
Europe, they have been responsible for 359 fatalities and an economic loss totalling 67million USD in the past decade
(EM-DAT), while their increasing severity is linked to climate change. Nevertheless, flash floods remain a poorly doc-
umented natural phenomenon due to the lack of flow intensity data in many of the affected watersheds. Based on a
thorough field investigation, including UAV-based 3D mapping and material characterization with on-site testing,
we carry out a numerical study of a notable flood that caused the collapse of bridges and buildings in Central
Greece, following a recent Mediterranean hurricane. Focusing on a carefully selected case study, we combine 3D
modelling of flow–structure interaction with detailedmechanical modelling of the nonlinear structural response to re-
produce the flood-induced fracture of a bridge abutment. Back-analysis of this failure responds to the fundamental
problem of estimating the undocumented magnitude of this extreme event. The paper estimates a lower bound
value of theflowvelocity at the studied location. This can be valuable input for the interpretation of the extensive dam-
age that took place downstream and for the re-assessment of flood risk in a regionwhere similar events are expected to
becomemore frequent because of climate change. The approach, where disaster forensics and engineering analysis are
used to fill the gap of missing real-time measurements, can be implemented for the a posteriori estimation of flood
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Fig. 1. A posteriori assessment o
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intensity in similar events. Thewell-documented case study of a bridge failure due to extremeflooding can also be used
for validation of future numerical and experimental methods and motivate investigations of the mechanisms
governing flow–soil–structure interaction in river crossings.
UAV mapping
Scour
Riverbank erosion
Abutment vulnerability
1. Introduction

Urbanization and the increasing degree of interdependence between
economic activities are sufficient conditions to cause rising trends in flood
risk (Kundzewicz et al., 2014; Zischg et al., 2018), let alone climate change
(Kendon et al., 2014). Probabilistic analysis of extreme river discharges in
Europe (Jongman et al., 2014) indicates that catastrophic events are likely
to become twice as frequent and costly, by 2050. The vast scale of destruc-
tion caused by major floods that impacted the western part of Europe in
July 2021, only weeks before the submission of this paper, has stressed in
the most emphatic way the severity of this prediction. Over 180 fatalities
and hundreds of thousands of damaged households, amid the widespread
failure of communication networks and lifelines, are only a first account
of the toll paid mostly by Germany, Belgium, and the Netherlands
(Cornwall, 2021) — a region where investment in early warning and
flood protection has been relatively high in comparison to other parts of
the world.

Flash floods are characterized by short warnings and high discharges, a
combination that amounts to one of themost severe and catastrophic natural
hazards with widespread ramifications. Despite growing research interest in
the characterization of flash floods and efforts to create comprehensive data-
bases of past events (Gaume et al., 2009; Marchi et al., 2010; Llasat et al.,
2010), they remain poorly documented. Asflashfloods often affect ungauged
watersheds, discharge information and data on their hydraulic characteris-
tics is scarce, affecting our ability to accurately assess risk and resilience.
This gap in our understanding of flash flood intensity is, admittedly, one of
the missing pieces in the “jigsaw” (CEH, 1999) that we have to solve to en-
able improved hazard assessment, warning, and emergency management.
What is more, climate adaptation of our critical infrastructure and their
f flood intensity: Method used to
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ecosystems is far from being tangible without accurate data on the intensity
of flash floods.

The primary objective of the forensic investigation presented in this
paper is to provide quantifiable evidence on the intensity of a major
flooding event that severely impactedGreece in September 2020, following
the passage of the Mediterranean hurricane (Medicane) Ianos. A 4-step ap-
proach for a posteriori assessment of flood intensity has been developed
and is summarized in Fig. 1. It integrates field data (Step 2) to create
high-fidelity numerical models (Step 3) that capture the sensitivity of the
simulated damage pattern to the details of loading and the intensity of
the flow. Thereby, the method can distinguish the most probable, among
the investigated loading scenarios, based on the similarity between
modelled and observed responses (Step 4). It relies on the selection of a rep-
resentative, suitable cross-section of the flooded channel, where a signifi-
cantly damaged structure is located (Step 1). The output is an estimate of
flow velocity (a typical measure of flood intensity) and therefore the
method is effective in cases where hydrodynamic loads acting on the struc-
ture are significant inmagnitude (as in flashfloods). Themethod provides a
local estimate of flood intensity. Nevertheless, this can be a useful point for
hydraulic simulations of flood propagation.

In this study, forensic investigations were conducted in conjunction
with UAV surveying and in-situ structural material characterization (Step
2). The reference location is the site of an eye-catching bridge failure that
took place along river Pamissos. It was selected for its proximity to the
town of Mouzaki (Central Greece), which was the hot spot of the event,
and for its characteristic failure mechanism, as detailed in the following.
Given the lack of dischargemeasurements in the area, our results contribute
to the ongoing discussion about the magnitude of one of the most destruc-
tive floods that have affected the country. This becomes particularly
back-calculate flow velocity with respect to observed damage.

Image of Fig. 1
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important given the growing concerns over the potential impact of global
warming on medicane activity. Recent high-resolution climate models
(Tous et al., 2016; González-Alemán et al., 2019) suggest that medicanes
are likely to rise in intensity by the end of the 21st century. A shift towards
more tropical weather systems is expected to be accompanied by projec-
tions of more intense precipitation and an increased likelihood of future
medicanes escalating to hurricane intensity. What is more, a change in
the usual cyclone genesis location and path is predicted, withmedicanes be-
coming more common in the eastern Mediterranean (Ionian Sea, Greece).
This paper is one of the first to analyse the impact of such an event in the
region, where societies and infrastructure operators are unaccustomed to
the associated hazards. Additionally, provided insights on the critical role
of flow blockage and scour in bridge performance can enhance understand-
ing of the vulnerability of river crossings and associated transportation net-
works.

Bridges often fail during major floods, yet the parameters that control
their failure, namely the exact geometry, the materials, design characteris-
tics, the loading conditions, etc., seldombecome available to the level of de-
tail necessary to allow reproduction of the response numerically or
experimentally. Thanks to a rapid damage reconnaissance, enabled by use
of UAVs, and material field testing conducted soon after the event, before
the onset of restoration works, this paper presents the case study in a com-
prehensive manner that allows its use as reference for validation and fur-
ther investigation by future research studies.
Fig. 2. Impact of the medicane: (a) satellite image of Ianos from METEOSAT-11 on 17/
September 19, 2020 (by local media) showing the extent of damage in the town of
washout; and (d) collapsed hospital.
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1.1. Background information: medicane Ianos

Medicanes are intense storms that form over theMediterranean Sea. Re-
sembling tropical cyclones, they develop a warm core, symmetric structure
and concentric convective clouds around a central eye-like feature. On 17
September 2020, the “Ianos” medicane struck Greece (Fig. 2a) causing
heavy precipitation that exceeded in various locations themean annual pre-
cipitation. Ianos was an extremeweather event in terms of intensity and du-
ration (17–19 September 2020) classified as one of the most powerful
Mediterranean Cyclones recorded since 1969 (Zekkos and Zalachoris,
2020), i.e., since the beginning of satellite observations. It affected a rela-
tively wide area, extending from the Ionian islands, in the west, to the east-
ern coast of the mainland. The maximum daily accumulated values, as
measured by the network of automatic meteorological stations of the Na-
tional Observatory of Athens, reached up to 317 mm (peak recorded in
Pertouli, northwest of Karditsa) and were among the highest recorded in
Greece during the past decade.

The severity and spread of destruction were unprecedented. In the
mountainous regions, the catastrophic consequences of flash flooding in-
cluded numerous landslides, debris flows, and erosion, impacting build-
ings, transportation infrastructure, and powerlines. In the low-lying areas
of the Thessaly Plain, large scale flooding with the inundation of over 400
km2 of agricultural and urban land (Zekkos and Zalachoris, 2020), caused
widespread disruptions to communities and severe impact on the economic
09/20 at 14.40 UTC (Zekkos and Zalachoris, 2020); (b) drone footage captured on
Mouzaki and photos of select failures caused by riverbank erosion: (c) roadway

Image of Fig. 2
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activity, especially in the city of Karditsa. Four of the authors of this paper
participated in a field reconnaissance of the affected areas mobilized by the
US GEER Association in October 2020. The relevant report (Zekkos and
Zalachoris, 2020) provided a preliminary, broad assessment of the
medicane impact, based on a systematic collection of field observations
and forensic engineering evidence.

Fig. 2b shows the dramatic condition in which the town of Mouzaki
was found one day after the end of the storm. Flash flooding and
overflowing of Pamissos river led to widespread devastation including
erosion of its gabion-protected riverbanks, sweeping away roadways
(Fig. 2c), cars (causing one fatality), and electricity poles. The area
was left without power soon after the onset of the storm while its only
hospital collapsed due to scour of its foundations, albeit with no fatali-
ties as it was timely evacuated (Fig. 2d).

All five bridges that exist in the area, within a radius of 3 km from the
town's centre, suffered extensive damage or complete failure, resulting in
a widespread loss of serviceability of the local transportation network. Fol-
lowing the labelling of reported damages adopted by Zekkos and Zalachoris
(2020), Fig. 3 shows the location of the bridges in addition to the trace of
flooding along Pamissos river, as estimated by the E.U. Copernicus Emer-
gency Management Service. The photos (Fig. 3b–f) demonstrate the inabil-
ity of most infrastructure assets to withstand this flood, irrespective of the
structural characteristics and construction age. It is worth mentioning
that the latter ranged substantially, from 23 years (Br7, Fig. 3b) to 70
years (Br8, Fig. 3b). Common failure patterns include:
Fig. 3. Impact on bridges: (a) map of flood trace in the area of Mouzaki showing the situa
E.U. Copernicus Emergency Management Service, with locations and photos of sever
secondary streams: (b) Br7; (c) Br8; (d) Br9; (e) Br 11; and (f) Br 10.
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i) Extensive damage of abutments, with partial or complete wash away of
backfill, indicating extreme peak discharges along Pamissos and its sec-
ondary streams.

ii) Substantial scouring of foundations, leading to deformations and col-
lapse of piers of the older structures that were supported on shallow
foundations (Fig. 3c, e).

iii) Significant debris built up contributing to failure especially in the case
of intermediate piers.

Indicative of the extreme magnitude of erosive forces that impacted the
riverbanks of Pamissos is the 2 m deep scour hole that exposed the piled
foundation of the NW abutment of Br7, a relatively modern motorway
bridge. Incidentally, the bridge was inspected only two months before the
event and was found intact (Mitoulis et al., 2021), which suggests that
the massive scour hole was the result of this single flood.

1.2. The Bridge 9 failure

A 12 m long and 8 m wide gap was observed after the flood along the
road that connects Mouzaki to Ellinokastro, because of a bridge failure
(Fig. 4a–b). The structure was constructed in the 1960s and no drawings
or other official information regarding its design are available. Post-flood
visual inspections revealed that the bridge consists of (i) a 20 m long deck
with a continuous reinforced concrete (RC) slab integrally cast in situ
with four precast beams, (ii) three diaphragm beams, one at the mid-span
tion on 24/09/2020 (5 days after the event) as per the post-event assessment by the
ely damaged bridges along Pamissos river (flowing from South to North) and its

Image of Fig. 3


Fig. 4.Bridge 9: (a) 3Dmeshmodel constructed using UAV images; (b) photo of the fractured unreinforced concrete abutment; (c) elevation and (d) plan view; (e) closer view
of the failure pattern at the northern (downstream)wall; and (f) photo of the temporary emergency passage on 14October 2020; and (g) themitigation solution including the
construction of a Bailey bridge on 28 November 2020.
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and two at (iii) the massive abutments. The latter consist of 8 m tall, Π-
shaped gravity wingwalls that retain the backfill (Fig. 4c). The wingwalls
are made of unreinforced concrete.

According to testimonies, a scour hole of substantial size was evident
around the foundation of the western abutment before this flood. As indi-
cated by the following numerical results, this loss of support undermined
the capacity of this abutment, as opposed to the opposite (eastern) struc-
ture, contributing to the rupturing of its concrete walls and the detachment
of the part that collapsed. The remaining part of the walls reveals the shape
of the primary rupture (Fig. 4d), which includes a full-height crack that
propagates on both sides of the abutment (upstream and downstream).
The abutment collapse was accompanied by the complete wash-out of the
backfill carrying away the overlying roadway.

The impact of the above failure was significant on the local communi-
ties. Traffic interruption lasted over 60 days. During this time the com-
muters of nearby villages (in their majority elderly people) did not have
access to essential facilities and services that are available in Mouzaki. In
the first few days after the event, an emergency pedestrian bridge
(Fig. 4f) was installed at the deck, to allow the crossing of the river by pe-
destrians only. However, it was quickly removed due to significant con-
cerns over its safety. The unknown capacity of critical remaining bridge
segments (highlighted in Fig. 4c–e) due to the complete lack of information
regarding their design, was the key concern that led to this decision.

Traffic was restored at the end of November 2020, after the installation
of a Bailey bridge over the old structure. The new bridge support relies on
5

the standing eastern abutment (Fig. 4g). As such, concerns remain regard-
ing the longevity of this mitigation solution.

In response to the urgent need to understand the condition of the asset,
we carried out a comprehensive diagnostic investigation that sheds light on
the safety and flood resilience of the new structure. We place our focus on
Br9 because:

1. It is in a strategic location: at a relatively short distance upstream of
Mouzaki, and with no significant stream junctions in-between. An esti-
mate of flow intensity at this cross-section of the river will provide a
valuable boundary condition for hydraulic (and other) studies dealing
with the assessment/prediction of the flood conditions that caused the
extensive damage of the downstream infrastructure and ecosystem.

2. The failure mechanism is relatively straightforward. Dominated by the
material response of concrete, it can be characterized and simulated
with lower uncertainties in comparison to more complex cases where
less standardized materials are involved.

3. It is representative of a common and highly vulnerable class of the
bridge stock existing in Greece and in the Balkans: single-span bridges
on rigid bank-line (instream) supports. Insights on its vulnerability to
flooding associated hazards will be a useful guide in vulnerability and
risk assessments considering similar bridges.

In-stream abutments induce contraction of the flow triggering a highly
turbulent and complex, 3D flow field (Chrisohoides et al., 2003;

Image of Fig. 4


Table 1
UAV and camera specifications used in this study.

Phantom 4 Professional UAV

Take-off weight 1.38 kg
Diagonal size 35 cm
Maximum velocity 20 m/s
Maximum flight time 25 min

Integrated P4P camera
Sensor size 1 in. (20 M)
Maximum aperture f/2.8
FOV 84°
Maximum photo resolution 5472 × 3648 Pix
Maximum video resolution 4096 × 2160 Pix
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Kara et al., 2015; Vui Chua et al., 2019). The associated bed shear stresses
give rise to local scour mechanisms that have been investigated in several
experimental and numerical studies, e.g.: (Melville, 1992; Sturm and
Janjua, 1994; Oliveto and Hager, 2002; Teruzzi et al., 2009; Yorozuya
and Ettema, 2015; Afzal et al., 2020). However, the focus of this paper is
not on scour evolution directly, but rather on its role as an additional factor
that increasesflood hazard vulnerability. The latter has received little atten-
tion, with the majority of studies considering it as an extension to earth-
quake or multi-hazard vulnerability (e.g. Ahamed et al., 2020; Argyroudis
and Mitoulis, 2021; Argyroudis et al., 2020; Alabbad et al., 2021). While
previous studies place their emphasis on scour development, this study
highlights the need to incorporate the potentially major component of
hydrodynamic actions in sites where high velocity flows are likely to
occur (e.g., due to flash flooding) to achieve a comprehensive description
of bridge vulnerability to flood hazards.

2. Field surveys

2.1. UAV aerial mapping

As per the framework proposed in Fig. 1, Unmanned Aerial Vehicles
(UAVs) are used to develop 3D models of the target infrastructure. Sensor
equipped UAVs are increasingly used in the infrastructure field and their
applications are only expected to increase (Greenwood et al., 2019). Most
commonly optical cameras are used for infrastructure assessment. Thanks
to technology advancements, other sensor payloads, such as Light Detec-
tion and Ranging (LiDAR) (Teng et al., 2017; Bolourian and Hammad,
2020), infrared or hyperspectral cameras (Nishar et al., 2016), sensors for
air quality (e.g., Rossi and Brunelli, 2016), or evenwireless sensor networks
(e.g., Jawhar et al., 2014; Ho et al., 2015) are selectively deployed. UAVs
are becoming particularly valuable tools for post-disaster reconnaissance
and collection of perishable data immediately after a disaster, due to their
ease of use and the ability to collect high-quality data remotely and safely
(Zekkos et al., 2016; Bray et al., 2019; Wartman et al., 2020). Naturally,
the use of UAVs has greatly enhanced the potentials of rapid bridge inspec-
tion and structural health assessment, overcoming the drawbacks of man-
ual visual inspection (Chen et al., 2019; Lei et al., 2018; Chan et al., 2015).

The use of UAV mapping in this study was essential in enabling the
rapid collection of perishable data, necessary for the interpretation of fail-
ure. Crucially, it allowed for a thorough site reconnaissance and mapping
of a complex three-dimensional target, such as a failed bridge, with maxi-
mum safety, while the integrity of structural remains was under investiga-
tion. The produced 3D model was useful for: (i) Measurement of the
geometric features of the structural components, and production of an ide-
alized 3D geometry for use in the numerical analyses; (ii) Measurement of
channel width and depth for use as input in the analysis of water flow;
(iii) Identification of the joints and reproduction of these, as interfaces, in
the mechanical model; (iv) Mapping of the observed rupture path for com-
parison with the numerically computed failure patterns; (v) Confirming
that the eastern, standing, abutment showed no measurable deformation
and damage was concentrated on the failed abutment (West).

For the 3Dmapping of the bridge and the surrounding area, a DJI Phan-
tom 4 Professional (P4P) quadcopter was deployed. The UAV operates with
an integrated optical camera coupled to the UAV through a triaxial gimbal,
serving as a stabilizer for shake-free footage. Some characteristics of the
P4P UAV platform and integrated camera are outlined in Table 1.

2.2. Image collection and processing

The field team carried out aerial and terrestrial mapping works on 14
and 15 October 2020, which included on-site identification of the study
areas, UAV mapping flights, and ground control points topo survey for ver-
ification.

The objective of UAV data collection was the creation of a 3D model
using the Structure-from-Motion (SfM) technique (Snavely et al., 2008;
Zekkos et al., 2018), which involved the collection of overlapping optical
6

imagery data. Still, oblique photos (facing towards the ground, camera
axis 45 degrees from vertical) following a fully autonomous double grid
lawnmower-type pattern and maintaining 80% frontal overlap (with re-
spect to the flight direction) and 80% side overlap (between flying tracks)
were collected as shown in Fig. 5a–b. Due to the complex geometry of the
bridge structure, the autonomously-collected photos were complemented
by additional aerial photos captured while manually operating the UAV.
These were needed to eliminate “shadow” or occluded areas and ensure
the creation of a complete and accurate bridge model.

SfM software, specifically Bentley's Contextcapture, was used to process
the collected imagery and generate a 3D Point Cloud of the bridge. SfM
combines the benefits of photogrammetry and computer vision to recon-
struct a 3D scene by identifyingmatching features inmultiple images. Inter-
nal (camera focal length, image sensor format, principal point) and external
camera parameters (positions and orientations) are automatically calcu-
lated by the software's matching algorithm routine, resulting in an initial
sparse 3D point cloud. Because initial calculated values suffer from lens dis-
tortion faults, ground control points (GCPs) surveyed with centimeter-level
accuracy are implemented in the process to refine internal and external
camera parameters and introduce georeferencing information to the 3D re-
constructed geometry.

A total of 606 images (Fig. 5) were collected at a flight altitude ranging
from 10 to 40 m resulting in a mean ground sampling distance (GSD) of
0.78 cm/pixel. For data quality verification and precise georeferencing of
the collected data and spatial products reconstruction, 13 GCPs and check
points (CPs) were surveyed with a survey-quality GNSS receiver, spatially
covering the areas mapped (Coordinate system used GGRS87/Greek Grid
– EPSG:2100). A selection of the collected points was used as check points
to assess the quality of the 3D model (Fig. 5c). Also, 11 additional manual
tie points were initialized to combine autonomous and manual flights' im-
ages and reconstruct a unified 3D model with detail added in occluded
parts of the bridge. The resulting 3D error estimates ranged between 2.1
and 4.8 cmwith amean reprojection error for the point cloud at 0.53 pixels.

Fig. 5e–f displays views of the 3Dmesh showing the collapsed abut-
ment. A 3D visualization of the bridge model is freely available online
(https://skfb.ly/6VXHW) to facilitate understanding of the failure
pattern.

2.3. Characterization of abutment material and in-situ testing

The failure of the abutment was due to fracture (and then collapse) of its
unreinforced concrete walls. Modelling of the concrete material behaviour,
with as much accuracy as possible, was key in reproducing the observed
failure pattern. Given the age of the structure and the complete lack of de-
sign information, afield investigationwas carried out to characterize the ef-
fective strength of the material following the European standards for in-situ
assessment of concrete (CEN, 2019). A total of six coreswere extracted from
representative locations and heights of the collapsed part of the abutment
(Fig. 6) and tested in compression. Table 2 lists the geometrical character-
istics of the tested cylinder specimens and respective concrete strength pa-
rameters. The measured in-situ compressive strengths (fis) were converted
to characteristic strengths of the standard 150 mm × 300 mm cylinders

http://www.infrastructuresilience.com/


Fig. 5. (a) Schematic of a double-grid lawnmower-type flight pattern, (b) schematic of oblique camera orientation used during data acquisition, (c) top view
orthophoto with GCPs and CPs, (d) 3D point cloud perspective view illustrating GCPs/CPs as points and images' positions/orientations as blue polygons, (e) 3D
mesh NE view, (f) 3D mesh SW view.

Fig. 6. Photos of core extraction locations.
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and 150 mm× 150 mm cubes (fis,cylind and fis,cube, respectively) using the
locally valid size conversion factors (i.e. Greek standards).

The in-situ characteristic strength was estimated as:

f ck,is ¼ min
fm jð Þ,is − k
f lowest,is þ 4

( )
(1)
Table 2
In-situ compression test results.

No. D (mm) H/D fis (MPa) fis,cylind (MPa) fis,cube (MPa)

1 956 0.99 50.4 40.8 46.5
2 956 1.06 44.1 36.4 41.9
3 957 1.04 31.9 26.2 30.9
4 958 1.05 35.0 28.8 33.8
5 957 1.07 27.7 22.9 27.4
6 957 1.06 22.3 18.4 22.7

Image of Fig. 5
Image of Fig. 6


Fig. 7. Assumed stress – strain behaviour of concrete in (a) compression and (b) tension.
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where, fm(j),is and flowest,is are the mean and the lowest values, respectively,
of the estimated in-situ cube strengths, j is the number of cores, and k = 7
(effective for 3 < j ≤ 6).

Nonlinear uniaxial stress – strainmaterial response curves where gener-
ated (Fig. 7) following the closed form solutions proposed by Alfarah et al.
(2017), assuming fcm = fck + 8, εcm = 0.0022, and ftm = 0.3016 fck2/3, ac-
cording to the fib Model Code for Concrete Structures (CEB-FIP, 2010).

3. Numerical methods

This study combines nonlinear structural Finite Element (FE) analysis of
the affected bridge in conjunction with 3D Computational Fluid Dynamics
(CFD) simulation to define the loading conditions that likely caused the fail-
ure of the bridge abutment. The results are then used to determine the min-
imum flow intensity necessary to cause the observed damage.

3.1. FE analysis and structural damage interpretation

3.1.1. Materials and boundaries
Hexahedral, 8-node continuum elements (type: C3D8R) were used to

reproduce the 3D geometry of the bridge and the surrounding ground in
the ABAQUS FE code. Fig. 8a shows details of the FE mesh indicating the
various materials considered:

• The reinforced deck, which after a visual inspection was found to be un-
damaged, was assigned typical elastic properties for reinforced concrete.

• On the contrary, the cracked walls of the abutment were modelled by
nonlinear finite elements using the Concrete Damage Plasticity (CDP)
constitutive model, while considering the presence of construction joints,
as discussed in the following.

• The top segments of the abutment walls (highlighted in Fig. 8a as ques-
tionable sections) were a key safety concern, as discussed previously.
Acting as horizontal beams that connect the remaining deck to the abut-
ments, they became critical for the overall stability when the collapse
left part of them unsupported (Fig. 4c–e). Having no information on
their design, we considered two different scenarios: (i) these sections
are reinforced (assigned the elastic properties of reinforced concrete) or
(ii) they have no reinforcement, similar to the abutments. All the simula-
tions discussed in the following were, in fact, carried out for both scenar-
ios (i) and (ii). However, scenario (ii) proved unrealistic, leading to
damage patterns that were inconsistent with observations. As such, the
following presentation of results is restricted to scenario (i). This investi-
gation could be extended to parametrically consider likely reinforced con-
crete designs (simulating typical reinforcement ratios). However, this
would be a computationally costly endeavour, due to the degree of refine-
ment necessary for rebars to bemodelled. As the exact capacity of the spe-
cific sections does not affect the estimated critical flow velocity, provided
that the presence of reinforcement is enough to keep them intact, a
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detailed investigation of their response was deemed to be out of the
scope of this study.

• In the nonlinear domain, soil response was simulated by the elastoplastic
Mohr–Coulomb constitutive model. A 10 m deep layer of uniform sand
was considered. Material response properties were determined with re-
spect to the geotechnical data available for another bridge, located down-
stream (namely, Br7 (Zekkos and Zalachoris, 2020)). Pre-yield behaviour
is approximated using a secant shear modulus Gs = 45 MPa (assuming
Gs/G0 = 0.5, i.e. medium strain domain); failure is described by the soil
friction angle φ = 37°and the apparent cohesion c = 10 kPa. Although
the soil is presumed to be fully saturated, the effect of pore pressures can-
not be considered explicitly as the analysis is conducted in a total stress
environment. To indirectly alleviate this error, the soil is assigned a re-
duced, effective friction angle (φ’) calculated based on shear strength sim-

ilarity under geostatic conditions: tan φ0ð Þ
tan φð Þ ¼ γs−γw

γs
, where γs is the saturated

soil unit weight and γw is the unit weight of water. This is a rough approx-
imation of soil behaviour, affordable because, according to a sensitivity
analysis discussed in the following, the observed bridge failure mecha-
nism is not sensitive to the deformability of the supporting soil.

• The samematerial modelling strategy was adopted for the simulation of the
backfill, assuming typical properties for gravel (Tito, 2019), namely: Young's
Modulus E=150 MPa; friction angle φ=42°; dilation angle ψ=12°; ap-
parent cohesion c= 40 kPa.

Soil–footing and backfill–abutment wall interfaces are modelled with
contact elements allowing detachment and sliding (with a friction coeffi-
cient μ = 0.5). Displacements (δ) of the bottom boundary (assumed bed-
rock) are restrained in all directions. Symmetry-type boundary conditions
are applied at the sides of the model that are perpendicular to the flow.
On the other hand, the parallel to the flow sides follow different boundary
conditions depending on the computational step: the initial requirement for
zero displacements in the y direction (δy = 0), effective during accommo-
dation of self-weights (gravity loads), is complemented with a requirement
for zero displacements in every direction (fixity) in the subsequent scouring
and hydrodynamic loading steps. The latter is due to the abutment wing-
walls being practically anchored in the riverbank soil, extending for about
15 m beyond the post-flood channel crest.

Fig. 8a also defines the coordinate system adopted, i.e., through the pos-
itive x-axis indicates the direction of the channel flow (streamwise direc-
tion). The y axis aligns with the longitudinal axis of the bridge (spanwise
direction), while the z-axis points to the upward vertical direction.

3.1.2. Concrete damage plasticity (CDP)
The CDP constitutive model (Lubliner et al., 1989; Lee and Fenves,

1998) is readily available within the Abaqus FE code (SIMULIA, 2014). It
is a continuum, plasticity-based, damage model where failure is associated
with two prevailing mechanisms, i.e., tensile cracking and compressive
crushing. It has been effectively adopted in several numerical studies of

Image of Fig. 7


Fig. 8. 3D FEmodel (Model A) used in themechanical analysis of scouring effects: (a) materials, selected dimensions, and boundaries; (b) abutment elevation and closer view
of the scour hole geometry, and (c) 3D model: simulation of backfill loss (showing a quarter of the model).
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the nonlinear response of concrete structures in monotonic, cyclic, and dy-
namic loading (e.g. Antoniou et al., 2020; Agalianos et al., 2020; Krahl
et al., 2018; Behnam et al., 2018).

Post yield behaviour is described with respect to equivalent plastic
strains in tension and compression, εcpl and εtpl, by means of stress – strain
material response curves customised by the user (Fig. 7). The damage var-
iables dc and dt control the unloading – reloading response defined accord-
ing to (Alfarah et al., 2017) as:

dc ¼ 1 −
1

2þ ac
2 1þ acð Þ exp −bcechc

� �
− ac exp −2bcechc

� �� �
(2)

dt ¼ 1−
1

2þ at
2 1þ atð Þ exp −bteckt

� �
− at exp −2bteckt

� �� �
(3)

where ecch and etck are the crushing and cracking strains, respectively, while
coefficients α and b are calculated as follows:

ac ¼ 7:873;at ¼ 1; bc ¼ 1:97f cm
Gch

leq; bt ¼ 0:453f ck
2=3

Gch
leq (4)
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Gf and Gch are the fracture and crashing energies per unit area, defined
as:

Gf ¼ 0:073f cm
0:18 (5)

where fcm is in MPa, and

Gch ¼ f cm
f tm

� �2

Gf (6)

The characteristic element length leq is introduced in the description of
the damage to mitigate mesh dependency effects that typically arise when
strain localization problems associatedwithmaterial softening aremodelled
using finite elements. The adopted mesh regularization technique relies on
the scaling of both fracture and crushing energies in relation to the finite el-
ement size, following the well-established Crack Band Method (Bažant and
Oh, 1983). The main underlying assumption is that damage is localized in a
single row of elements, which is a reasonable assumption in cases where the
response is dominated by fracture, as in the problem investigated herein.
Here, leq has been kept constant and equal to 300 mm, except for the trape-
zoidal section of the wing-walls where it unavoidably varies from 203 mm
to373mm.Nevertheless, the latter is a regionwherewe do not expect strain

Image of Fig. 8
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localization, according tofield observations, and as such, this local deviation
from mesh uniformity is believed to be of reduced importance for the com-
puted failure path.

Additional material constants necessary for the formulation of CDP
have been defined according to typical values suggested by Alfarah et al.
(2017):

• The dilatancy angle: ψ=13o. This is rather a lower bound value for con-
crete, assumed appropriate for the considered weathered material.

• The flow potential eccentricity: ϵ = 0.1.
• The ratio of initial biaxial compressive yield stress to the initial uniaxial
compressive yield stress: σbo/σco = 1.16.

• The ratio of second stress invariants on tensile and compressive merid-
ians: Kc = 2/3.

3.1.3. Response of construction joints
Preliminary simulations revealed that modelling of the “weak”

zones resulting from the existence of smooth construction joints is es-
sential for the reproduction of the failure plane pictured in Fig. 4e.
These construction joints have no reinforcement passing through
them and as a result, their response is one of blocks of concrete seat-
ing upon each other and relying on friction for the transmission of
any lateral loads. Following the model proposed by Clark and Gill
(1985), joint planes were associated with a modified Mohr-Coulomb
failure criterion with zero tensile strength. Consistently with their
recommendation, effective for unreinforced construction joints in
concrete prisms with cube strength 24–66 MPa, the characteristic
shear strength is calculated as

τ ¼ 0:07f cm þ 0:75σ (7)

Indeed, observation of the intact, eastern abutment (Fig. 9) indicates
a response dominated by shear with minimal, yet evident, permanent
sliding displacements accumulated upon its exposed joints.

3.1.4. Progressive scouring
Following the paradigm of recent numerical and experimental studies on

the effect of scouring on the mechanical response of structures (Tubaldi
et al., 2018; Scozzese et al., 2019; Zhang et al., 2019; Ciancimino et al., n.
d.), we approximate scour development by the generation of a hole under
and around the foundation (local scour). The progressive expansion of the
scour hole was implemented in consecutive steps and parameterized with
respect to the penetration parameter s (Fig. 8b). Importantly, when s be-
comes equal to the width of the footing (Bf), the stability of the backfill is
undermined due to erosion, even if the concrete walls remain standing.
Fig. 9. Photo of the standing, east, abutment with evident relative displacements at
the interfaces between concrete blocks, indicating that the joints act as weak zones.
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Therefore, we assume complete loss (removal) of the backfill, when s/Bf >
1, as shown in Fig. 8c.

In reality, scour holes form asymmetrically, along both x and y di-
rections, while their exact morphology is known to depend on the
flow characteristics (depth and velocity), the geometry of the abut-
ment, and the geotechnical properties of the soil (Oliveto and Hager,
2002; Melville, 1997; Zhang et al., 2018). Being unable to inspect the
actual scour hole, as it was covered by debris from the partially col-
lapsed abutment, we assumed an idealized geometry, considering a
symmetric conical trench with slope angles equal to the critical state
friction angle and uniform depth in the streamwise (x) direction
(Fig. 8b). This modelling approach is in agreement with experimental
findings (Ciancimino, 2021) showing that it is essential to model the lo-
calized nature of scour, as opposed to assuming removal (erosion) of
uniform soil layers. Based on results from centrifuge model tests on
scour affected piers (Ciancimino et al., n.d.), we estimate that devia-
tions from the exact slope gradient of the hole will have a minor impact
on the mechanical response of the bridge and the computed failure
mechanism.

Aiming to further boost computational efficiency (useful for the sub-
sequent analysis of hydrodynamic loads) we investigate the effective-
ness of a simplified model in reproducing scour-induced damage.
Taking advantage of the fact that the studied failure is governed by
the response of concrete, and soil plays only a secondary role, the re-
duced model (Model B) reproduces the structural parts of the original
model (Model A) while accounting for soil resistance by means of trans-
lational and rotational springs, as shown in Fig. 10a–b. Elastic, effective
stiffness coefficients (k’) for movement in every direction are computed
based on the expressions developed by Gazetas (Gazetas, 1983) consid-
ering the effective (i.e. supported) area of the foundation and Gs =
0.5G0.

Fig. 10c plots the evolution of foundation settlements with increas-
ing s/Bf (with reference to the top, centre point of the footing). Model B
underestimates displacements in comparison to Model A, owing to its
linear-elastic formulation. Nevertheless, both models predict relatively
low displacements without any signal of collapse being imminent, even
when s = 2Bf. Comparison in terms of structural damage due to scour-
ing (when s = 2Bf), as reflected in the contours of maximum principal
strain shown in Fig. 11, shows that Model B adequately captures the
structural deformation pattern. Although it predicts somewhat lower
deformations at the joints of the abutment (i.e. openings), the response
of the concrete blocks remains elastic in both Models (with εt < εtel, see
Fig. 7b).

Importantly, Fig. 11 demonstrates that the concrete walls of the
abutment can safely bear the weight of the structure even when they
are extremely exposed, under the assumption of a massive scour hole
(s/Bf ≈ 2). As such, we may conclude that scouring, alone, could not
have caused the dramatic failure of Br9. This led us to seek and investi-
gate new mechanisms of this bridge failure considering scouring in con-
junction with hydrodynamic loads. These mechanisms were sought
based on the compatibility of the observed failure with the river channel
geometry, the flow intensity, and the parts of the bridge that were found
to have been detached. To this end, we used FEModel B paired with CFD
modelling.

3.1.5. Hydrodynamic loading of the deck
Field inspections showed that the deck of the bridge was fully sub-

merged during the peak of the flood, in agreement with testimonies.
The surrounding fields were covered by approximately 1.5 m of water,
yet there is no measure of the water table level at the location of the
deck.

When submerged, decks are subjected to dynamic actions that can lead
to failure (Chen et al., 2009; Oudenbroek et al., 2018; Greco et al., 2020).
The quantification of these actions for riverine bridges has been the pur-
pose of several studies (Jempson, 2000; Malavasi and Guadagnini, 2003;
Malavasi and Guadagnini, 2007; Kerenyi et al., 2009). Drag, lift, and

Image of Fig. 9


Fig. 10.Modelling of scour hole evolution: (a) plan and (b) side view of simplifiedmodel B; (c) comparisonwith settlements predicted byModel A with reference to themid-
point of the abutment footing.
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moment loads (FD, FL, and FM, as defined in Fig. 12a) are typically presented
in non-dimensional forms in terms of the respective coefficients:

CD ¼

FD

1
2
ρV2Ld

, if h∗ ≥ 1

FD

1
2
ρV2L hu − hdð Þ

, if h∗ < 1

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;

(8)

CL ¼ FL
1
2 ρV

2LW
(9)

CM ¼ FM
1
2 ρV

2L
(10)

where CD, CL, and CM are the drag, lift, and moment coefficients, respec-
tively. V is the mean upstream flow velocity; ρ is the water density; L, W,
and d are the length, the width, and the total height of the deck, respec-
tively; hu is the total water depth upstream of the bridge and hd is the height
Fig. 11. Plastic strains developed at the concretewalls of the abutment for s/Bf=1.94 in
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of the deck from the bottom channel boundary; while h* is a dimensionless
inundation index defined as:

h∗ ¼ hu − hb
d

(11)

The inundation index is a key parameter due to the asymmetry of flow
around decks, as local, wave-type distortions of the freewater surface occur
in the proximity of the structure (Malavasi and Guadagnini, 2007). Deck
load coefficients depend also on various other parameters, notably the
shape of the submerged structure (W/d); its proximity to the bottom bound-
ary (hd/d); and the characteristics of the flow, typically accounted for by
means of the Froude number (Fr):

Fr ¼ Vffiffiffiffiffiffiffiffi
ghu

p (12)

where g is the gravitational acceleration.
Available in the literature are charts that parameterize the average

value of CD, CL, and CM as a function of h* and can be used for calculation
of the respective loads acting on decks, assuming steady-state flow. This
study has adopted the relationships proposed by Kerenyi et al. (2009)
who carried out experiments and numerical simulations considering
(a) the fullmodel (model A), compared to (b) the bridge-on-springsmodel (model B).

Image of Fig. 10
Image of Fig. 11


Fig. 12. Average (steady-state) hydrodynamic loads on girder decks: (a) nomenclature; and coefficients of (b) drag; (c) lift; and (d) moment, measured on model decks
submerged in flows characterized by Fr = 0.16–0.32 for varying inundation heights (h*).
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model decks that quite resemble the slab-on-girders configuration of our
structure. Fig. 12 summarizes experimental results for three- girder
(n = 3) and six- girder (n = 6) decks submerged in flows with Fr = 0.32,
themaximum Fr considered in (Kerenyi et al., 2009). Also shown in thefigure
are envelopes around results for various flow regimes and for Fr ranging from
0.16–0.32. This corresponds to water velocities in the range of 1.5–3.9 m/s.
We should note that the flow velocity upstream of Br9 probably exceeded
this range. Yet, we consider the above as a representative flow intensity
field and use the envelopes of Fig. 12 to estimate deck load coefficients for
two probable levels of water height:

• Level 1: Moderate inundation (0.5 < h* ≤ 1.3)
CD
(1) = 1.2; CL

(1) = −1.5 (signifying downward push); and CM
(1) = 0.3.

• Level 2: Heavy inundation (h* > 1.3)
CD
(2) = 2.2; CL

(2) = −0.5; and CM
(2) = −0.06.

3.2. Abutment–flow interaction

3.2.1. CFD modelling
Flow around the abutment is modelled in three dimensions. The geome-

try of the abutment is reproduced, based on the 3Dmodel. The river channel
is modelled in a simplified manner considering a rectangular cross-section
(Fig. 13). Reynolds averaged Navier-Stokes (RANS) analysis is carried out
using the finite volumemethod in the general-purpose CFD code ANSYS Flu-
ent. Boundary conditions include a unidirectional inletflowand a zero-gauge
pressure outlet. They are imposed at a distance of 5 W and 10 W upstream
and downstream of the abutment, respectively, where W is the total abut-
ment width, to model a total channel length of 224 m (Fig. 13b) and mini-
mise the effect of boundaries.
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The mid-stream symmetry plane allows modelling of half of the
channel width. No-slip boundary conditions are assigned to the walls
of the abutment. Likewise, the channel bottom and its sidewalls are
treated as stationary wall boundaries. Employing single-phase model-
ling, we adopt the “rigid lid” boundary condition for modelling the in-
terface between water and air (i.e. the water surface, denoted as “sky”
in Fig. 13a). This implies a von-Neuman slip condition for the tangen-
tial to the surface direction and a zero-velocity requirement in the di-
rection normal to the water surface. Despite being the most common
treatment of the water surface in CFD studies of open channels
(Chrisohoides et al., 2003; Teruzzi et al., 2009), this approximation
has known limitations as it cannot reproduce local flow accelerations
and water surface deformations, particularly near the edges of the abut-
ment (Kara et al., 2015).

Due to the geometry of the problem and the anticipated level of flow
velocity, we have considered a highly turbulent flow field, represented
by blockage Reynolds numbers in the range 1 × 106 < Re ≤ 1 × 10
(Marchi et al., 2010). The blockage Reynolds number, Re ¼ VBf=ν

(where ν is the kinematic viscosity), hereinafter simply called Reynolds
number Re, refers to the width of the abutment that blocks the flow (Bf).
The realizable k-ε eddy-viscosity model (Shih et al., 1995) is used to
simulate turbulent flow. The wall function method (Launder and
Spalding, 1983) is employed to account for near-wall response, where
the viscous effects dominate over turbulence. After a preliminary sensi-
tivity study considering the four different wall function models avail-
able in Fluent (Fluent Theory Guide, 2013), we selected the scalable
wall function as the most suitable for the highly non-uniform grid of tet-
rahedral elements that we use to discretize the fluid domain (Fig. 14).
The validity of this modelling approach was subsequently judged

Image of Fig. 12


Fig. 13. (a) 3D and (b) plan view of the CFD model indicating boundary conditions.
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based on its effectiveness in reproducing the experimentally measured
dependence of CD on blockage ratio, as discussed in the following.

Application of wall functions requires sufficient discretization of the near-
wall region (Fig. 14c). This is quantifiable through the non-dimensional wall
distance y+ given in Eq. (13) below:

yþ ¼
ffiffiffiffiffiffiffiffi
τωρ

p
y1

ν
(13)

where τω, ρ, y1 denote thewall shear stress, thefluid density, and the distance
from the centre of thefirst cell to thewall, respectively. To satisfy the require-
ment for 30 < y+ < 300 as per (Fluent Theory Guide, 2013), we sufficiently
refined the grid, prior to every one of the CFD analyses presented in the fol-
lowing, to achieve minimum y+ > 30 and average y+ ≈ 100. As a result,
the size of the mesh grows with increasing Re, reaching up to 11 million
cells, when Re= 1× 10 (Marchi et al., 2010).
Fig. 14. (a) Plan and (b) longitudinal section snapshots of the fluid d
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3.2.2. Channel widening and blockage effects
The magnitude of drag and lift forces acting on the abutment depends

on the extent of flow obstruction caused by its impermeable, submerged
body. In their study of a benchmark problem where a rectangular cylinder
isfixed in themiddle of awall-confinedflow (Fig. 15a), Sharify et al. (2013)
and Qi et al. (2014) demonstrate that the drag coefficient is an increasing
function of the blockage ratioB/L (Fig. 15b), whereB is thewidth of the cyl-
inder and L is thewidth of the channel. By analogy, the drag experienced by
an abutment (a sidewall obstruction, as shown in Fig. 15c), can be corre-
lated with an equivalent blockage ratio BR

BR ¼ Bf

L=2
(14)

Unlike the mid-stream obstacle of Fig. 15a, a sidewall obstruction pro-
duces a non-zero average lift force, FL y, acting on the spanwise direction
omain discretization, and (c) detail of mesh at wall boundaries.

Image of Fig. 14
Image of Fig. 13


Fig. 15. Blockage effects on open channel flow: (a) the benchmark problem of a mid-stream obstacle (plan view) (b) CD as a function of blockage ratio BR; (c) sidewall
obstacle, i.e. abutment, where (d) BR is affected by lateral channel expansion e.
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(Fig. 15c) due to the lack of symmetry. Furthermore, a non-zero lift compo-
nent acts in the z direction (FL z), due to the trapezoidal shape of the abut-
ment (i.e. variation of cross-section with depth).

Importantly, BR is not constant. As the abutment wing walls comprise a
continuous, solid form that extends into the banks, lateral widening (e) of
the channel results in increased blockage. In the absence of information
about the original width of the riverbank upstream of Br9 and bound by
the adopted simplification of a uniform rectangular channel, here we as-
sume that L = 20 m, i.e. the original channel width was equal to the span
of the deck. This yields an initial blockage ratio BR0 = 0.3. It follows that
BR increases with increasing e according to the graph of Fig. 15d. Taking
into account the prominent widening of Pamissos riverbank in this event,
we also consider increased levels of blockage, namely BR = 0.4 and BR
= 0.5, corresponding to scenarios of lateral expansion of the channel: by
15% and 35% of the initial span, respectively. A correlation has been as-
sumed between e and the scour penetration parameter s, such that the effec-
tive submersion width Bfe (see Fig. 15c) is equal to s.

To verify that our CFD modelling methodology can reproduce the
crucial dependence of CD on BR, we first simulated the experimentally
studied mid-stream blockage problem (Fig. 15a–b). We reproduced
the geometry and flow conditions tested by Sharify et al. (2013), who
consider rectangular cylinders submerged in a 4250 mm long and
200 mm wide tank with constant Re = 1000. Following the approach
described previously regarding modelling of turbulent flow, treatment
of near-wall response, and discretization, we also took advantage of
the reduced size of the model to carry out both steady (RANS) and un-
steady (URANS) computations. The latter was carried out according to
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(Catalano et al., 2003) for a total time equal to 300 B/V with a time-
step of Δt = 0.01 B/V. Both types of analysis show good agreement
with the experimental results, as shown in Fig. 15b. As RANS can rea-
sonably capture the effect of blockage on average flow characteristics,
it is preferable to the computationally exhaustive URANS for the analy-
sis of the large-scale 3D problem.

The surface velocity contour plots of Fig. 16a–c show how flow around
the abutment is influenced by BR, and hence by e. As the abutment blocks a
significant part of the channel area, the flow separates, at some distance
ahead of it, and accelerates towards the centreline. Contraction leads to
substantially amplified streamwise velocities at the bridge opening, from
1.4 V, when BR= 0.3, to as much as 2.5 V when BR= 0.5. The structure
of the flow downstream of the abutment is also affected. Flow separation
becomes significant, as evidenced by the zero velocity zones. A massive
wake develops for BR > 3, extending over 3 abutment widths (W) down-
stream.

The pressure on the upstream face of the abutment rises accordingly.
For an inlet velocity of V= 0.6 m/s and BR= 0.3, the computed pressure
field (Fig. 16d) displays an almost linear distributionwith depth, reaching a
maximum of 156 kPa. Pressures become more uniform and 2–3 times
higher in magnitude for BR=0.4–0.5 (Fig. 16e–f). As a result, the drag co-
efficient (CD) shows a strong dependence on BR. Table 3 lists drag and lift
coefficients for the three levels of BR. Although our analysis considered a
range of inlet velocities (1 × 106 < Re ≤ 1 × 10 (Marchi et al., 2010)),
drag and lift coefficients showed little variation with respect to Re, as com-
monly found in RANS simulations (Catalano et al., 2003; Benim et al.,
2007). Lift coefficients seem unaffected by BR. However, this is not the

Image of Fig. 15


Fig. 16. Effect of increasing blockage due to lateral channel expansion on (a)–(c) streamwise flow velocities and (d) – (f) pressure at the upstream wall of the abutment, for
constant inlet V = 0.6 m/s.

M. Loli et al. Science of the Total Environment 822 (2022) 153661
case for the respective loads which, as per the definition of the coefficients,
are proportionally related to the area of the obstacle:

FD=L ¼ 1
2
CD=LρV2As (15)

where As is the area of the abutment that obstructs the flow.
Hence, hydrodynamic loading increases in all three directions with in-

creasing BR. This is evident in Fig. 17a which plots the total force with re-
spect to V. Interestingly, increasing BR also leads to a drastic drop of the
gradient of the loading path FYL=FD

(Fig. 17b), implying a tendency of the
drag component to predominate over lift.

3.3. The combined effect of scouring and hydrodynamic actions

A forensic investigation of the flow conditions that led to the collapse of
the western abutment of Br9 is based on the previously discussed evidence
that the BR has a strong influence on the FD – FL loading path (Fig. 17b).
Table 3
Abutment drag and lift coefficients.

BR As (m2) CD CL
Y CL

Z

0.3 16.5 0.92 4.78 1.31
0.4 35.4 2.41 5.15 1.39
0.5 61 4.53 4.97 1.26
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Hence, we presume it to be reflected in the resulting deformations, i.e. in
the rupture pattern. Most importantly, using the CFD-deduced correlation
between loads and inlet velocity (V), we can estimate theminimum flow in-
tensity required to cause the observed failure.

In our analysis, we make use of the simplified mechanical model B
(Fig. 10a–b) to investigate a number of key parameters, as listed in
Table 4. FE simulations include a total of four steps, static and dynamic,
namely:

1. Static step: application of self-weights;
2. Static step: scour penetration (Fig. 10b);
3. Static step: buoyancy, implemented as surface pressure at the deck (=

ρgd) and at the exposed, i.e. wet, part of the abutment (ρgh);
4. Dynamic step: Progressively increasing, monotonic hydrodynamic loads

applied quasi-statically at the centre ofmass of the deck and at the centre
ofmass of the instream part of the abutment. A set of load protocolswere
devised, following the FD, FL vs. V relationships produced by the CFD
analysis, assuming that V could range from 0.1 m/s to 10 m/s (extreme
lower and upper values, respectively).

Figs. 18 and 19 summarize selected results from the parametric investi-
gation of the combined scour–flow blockage effects. The onset of failure is
easily recognisable in the plots of Fig. 18a, where the spanwise displace-
ment of the abutment δy (with reference to the mid-point of its footing) is
shown as a function of V. As expected, scour penetration, associated with
increased BR, reduces substantially the tolerance for high flow velocities.

Image of Fig. 16


Fig. 17. Steady-state hydrodynamic loading of the abutment: (a) total force with respect to inlet velocity and (b) drag – (spanwise) lift loading paths for the different blockage
ratios considered.

Table 4
Variables considered in the parametric investigation.

Parameter Investigated values

Scour (s/Bf) 0, 1, 1.3, 1.7
Flow blockage (BR) 0, 0.3, 0.4, 0.5
Inundation (h*) Moderate (0.5 > h* ≤ 1.3), Heavy (h* > 1.3)
Deck – abutment connection Reinforced/unreinforced
Joints With/without tension cut-off
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Rather unrealistic velocity magnitudes (exceeding 16 m/s) would be re-
quired to cause failure with BR ≤ 0.3. By contrast, higher blockage due
to lateral (westward) expansion of the stream lowers the safety margin to
12 m/s and 7 m/s for BR= 0.4 and BR= 0.5, respectively.

Interestingly, the role of deck inundation (h*) appears less significant, es-
pecially at high levels of s and BR. In fact, results from simulations with BR=
0 indicate that the observed failure pattern cannot be reproduced if the effect
of the deck–flow interaction is considered in isolation, i.e., assuming no scour
or blockage.

In the snapshots of Fig. 19, concrete damage is visualized through plastic
strain contours. Planes of strain localization (implying crack propagation) are
compared to the observed rupture pattern. Apart from Fig. 19a–b (BR=0.3),
Fig. 18. Spanwise horizontal displacements computed at the mid-point of the collapse
combined scour – deck inundation – lateral flow constrictions scenarios, and (b) variou
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all snapshots indicate incipient collapse of the abutment. A striking resem-
blance is achieved in Fig. 19e between the numerically computed failure
mechanism and the actual damage. This model captures the pattern of the
main rupture, developed along the wing walls (upstream U and downstream
D), as well as the secondary rupture plane that was observed at the remaining
part of the face (Fig. 4b) – (spanwise S). It suggests that the simulated loading
combination (s/Bf=1.7, BR=0.5, h*≤ 1.3) is a reasonable approximation
of the actual conditions that caused the failure of the abutment of Br9. Impor-
tantly, this is one of the least favourable scenarios that we investigated, en-
abling failure for V ≈ 7 m/s. Notably, the estimation of this critical flow
velocity value is not sensitive to the assumed value of secant soil stiffness
Gsec, as indicated in Fig. 18b.

The estimated critical flow velocity can be used as input in 1-D or 2-D
hydraulic models of the Pamissos catchment for further analysis of the im-
pact of this flood and re-assessment of flood vulnerability for infrastructure
in the river environment.

4. Concluding remarks

The paper has documented a novel approach to the characterization of
flood intensity based on field evidence and numerical modelling of a struc-
tural failure. This can be particularly useful for the analysis of extreme
d footing with respect to inlet flow velocity for (a) all the investigated scenarios of
s assumptions for the secant soil stiffness Gsec/G0 = 0.33–1.

Image of Fig. 17
Image of Fig. 18


Fig. 19. Comparison of observed rupture pattern with predicted plastic strain localizations for: (a) V = 16 m/s, BR= 0.3, h*≤ 1.3; (b) V = 16 m/s, BR= 0.3, h* > 1.3;
(c) V = 14 m/s, BR= 0.4, h*≤ 1.3; (d) V = 13 m/s, BR= 0.3, h* > 1.3; (e) V = 8 m/s, BR = 0.5, h*≤ 1.3; (f) V = 8 m/s, BR= 0.5, h* > 1.3.
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flood events occurring in ungauged watersheds, especially in view of the
prospected climate-exacerbated floods which, like the very recent ones in
Germany, can cause disruption and damage to the built environment. Incor-
porating the effect of hydrodynamic loads, in addition to scouring, the meth-
odology captures failure mechanisms that are controlled by flow–structure
interaction. Such mechanisms may be prevailing in high velocity flows, as
is the case in flash floods.

Insights on the role of scour penetration and flow blockage are dis-
cussed in detail to enhance understanding of riverine bridge vulnerability
17
and highlight the need to incorporate such dynamic parameters in the as-
sessment of risk. As flash floods often cause bank erosion and lateral expan-
sion of the channel, assessment of asset risk and resilience should consider
the potential of increased blockage ratios occurring when bridges are sup-
ported by continuous solid structures.

The Structure-from-Motion method was used to produce a high-fidelity
3D model of the case-study bridge based on UAV enabled imagery using
survey-grade GCPs and CPs. The geometry was reproduced numerically in
mechanical and CFD analyses to resolve several engineering disputes

Image of Fig. 19
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regarding the failure mechanism and the safety of the new bridge con-
structed on top (mitigation solution). More specifically, the analysis indi-
cates that:

1. Despite the lack of reinforcement, the concrete wingwalls of the abut-
ment can safely sustain the weight of the structure, even when they
are exposed by a large scour hole. Scour, alone, could not have caused
this catastrophic failure, had it not been combined with hydrodynamic
loads of sufficient magnitude. This finding led to the need for a CFD
analysis.

2. Failure of the abutment occurs when the mean flow velocity upstream
exceeds 7m/s.We believe this to be a lower bound estimate of the inten-
sity of this flood.

3. The eastern (currently standing) abutment did not fail thanks to its intact
foundation. We suggest that it can safely survive a similar flood, as long
as it is not compromised by scour.

4. The remaining parts of the failed abutment (characterized as sections of
questionable stability) are reinforced with steel rebars, unlike the
wingwalls. As such, they can safely carry the dead weight of the old
deck (which has not been demolished) and they are unlikely to compro-
mise the safety of the new bridge.

5. Limitations

Several assumptions have been the basis of our numerical method, as
discussed throughout the text. Moreover, the reader should bear in mind
that the presented study has not accounted for the following, potentially
important, factors:

• High concentration of sediments in the flow (mudflow).
• Additional actions due to debris accumulation or impact forces due to
floating debris.

• The curved shape of the river (meander), which is the reason why the
scour hole developed only on the western support of the bridge.

• The effect of the presence of the deck on the hydrodynamic loads im-
posed on the abutment, and vice-versa, i.e., abutment–deck interac-
tion, has not been considered as this would require CFD modelling
of the entire bridge.
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