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Mirko Kosič, Andrej Anžlin and Valentina Bau’ *

Slovenian National Building and Civil Engineering Institute (ZAG), Dimičeva ulica 12, 1000 Ljubljana, Slovenia
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Abstract: The increased occurrence and intensity of flooding events have represented a real threat
to bridge reliability and end-user safety. As flood vulnerability assessment is a valuable tool for
enhancing the resilience of bridges to climate change, it is of interest to push the development of such
methods. To this end, a computationally efficient methodology to assess the flood vulnerability of a
bridge was developed and implemented in a case study. A particular focus was devoted to modelling
wood debris loads on the bridge pier, for which two different approaches were implemented. The
first is a standards-based approach, whereas the second is based on up-to-date research data. The
results indicate that the second approach is less conservative as it leads up to a 40% higher exceedance
probability for the considered limit states. The interaction between wood debris loads and local
scour was also examined and proved to have a relevant impact on the vulnerability of the bridge.
These results highlight the shortcomings of the existing standards in providing accurate results. It is
perceived that not only will the new quantitative tool be valuable in ensuring optimal bridge design,
but it will also be beneficial for assessing bridge risk mitigation measures.

Keywords: flooding; vulnerability; wood debris; local scour; hydrodynamic load; stochastic
approach; bridges

1. Introduction

Bridges have a fundamental role in transportation infrastructure and the overall
world economy; as such, their targeted performance must be met. Complying with the
requirements for modern bridge design requires accurate modelling and a careful analysis
of the vulnerability to natural hazards. Local scour and other hydraulic-related processes
(e.g., channel migration, flood-associated loads, and wood debris accumulation) have been
proven to be the main reasons for bridge collapse [1], thus affecting the functionality of
the transport system. Evidence of such a pivotal danger is the scientific literature, which
has reported several failures of infrastructures triggered by flooding events in the USA,
the United Kingdom, and Europe [2–6]. In this last decade, scientists and practitioners
have put considerable effort into focusing on the vulnerability of riverine bridges to natural
hazards, particularly flooding and local scouring events [7].

The structural integrity of bridges that cross rivers can be compromised by hydrody-
namic forces as well as by the loading effect caused by the accumulation of floating wood
debris at the piers. Most commonly, the type of debris that endangers bridge safety consists
of waterborne debris (e.g., tree trunks and limbs) that are transported by the water current
during flooding events [8]. The presence of debris jams at the piers of bridges may cause
an increase in the upstream water levels (afflux) and a backwater effect, thus posing an
additional flood hazard for the nearby areas [9]. Wood debris, once stranded at the piers,
can also lead to an increase in the hydrodynamic actions and trigger an exacerbation of the
local scour [10]. Local scour is an equally threatening process that can lead to uncovering
the piers’ foundations and reducing their lateral stiffness and load-bearing capacity [11].
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Local scour at bridges results from the removal of sediment from around the base of the
pier caused by the onset of horseshoe vortices [12]. The action exerted by local scour has
been responsible for 60% of bridge failures in the United States, according to [13]. Despite
a variety of failure modes associated with local scour, vertical and lateral modes were most
frequently observed [14]. Therefore, it is evident that flood-induced hydrodynamic and
debris impact can undermine the structural safety of bridges and lead to severe structural
damage and consequent economic losses [15].

In order to assess the vulnerability of bridges to floods and develop resilient coun-
termeasure strategies, the implementation of fragility curves represents a reliable and
consolidated methodology [16]. Unlike deterministic approaches, vulnerability analysis
consists of computing the conditional probability of exceedance of a defined damage state
for a considered hazard or a combination of them. While the vulnerability of bridges
to seismic performance has been widely investigated [17–21], little is known about how
flooding events and related processes can simultaneously affect the structural vulnerability
of a bridge. Moreover, although the flood-related risk was included in seismic vulnerability
analysis, its contributions were not considered the main cause of bridge failure [22,23].
Nevertheless, due to the incumbency of changes in global climate, recent studies have
started to implement a more accurate vulnerability analysis of bridges against floods. For
instance, the authors of [24] carried out a flood vulnerability analysis by taking into account
the simultaneous contribution of bridge scour, structural deterioration of the steel rein-
forcements and piles, and the increased water pressure due to debris accumulation around
bridge piers. Another approach was presented by [25], who included the geotechnical
uncertainties provided by the foundation design in the vulnerability analysis. Additionally,
the authors of [26] presented a holistic approach where the fragility curves were imple-
mented examining different combinations of scouring conditions and earthquake loadings
for a reinforced concrete bridge with shallow foundations. Another efficient framework
has been introduced by [27], who identified the possible modes to bridge failure caused by
scour-related processes. An interesting perspective is also offered by [28], who provides a
performance-based engineering framework on a flood fragility analysis of a bridge sub-
jected to various loading scenarios and local scour. Fragility curves were also employed
to illustrate the exceedance probability of the limit states of a masonry bridge exposed
to scour-induced support rotation [29]. In spite of the lack of a classic fragility analysis
approach, the authors of [30] offer a comprehensive and innovative analysis of local scour.
Using artificial intelligence techniques, the authors implement a probabilistic methodol-
ogy that can predict scour depths created by regular waves on groups of piles. It is also
discussed that probabilistic approaches should be able to incorporate uncertainties for the
most critical parameters that influence local scour depths (e.g., pile diameter, average flow
velocity) [31].

Driven by these emerging research perspectives, the presented framework refers
to a vulnerability analysis methodology that aims at using a probabilistic approach to
grasp some of the uncertain variables that affect bridge resilience to floods. Particular
focus is placed on the procedure for modelling wood debris accumulation on the bridge
piers. The vulnerability analysis of this study is implemented for both the serviceability
and ultimate limit state to provide an overall view of the structure’s performance. The
variability of material and geotechnical properties, hydrodynamic loading, wood debris size
accumulation, and scour magnitude is taken into account to illustrate different scenarios
through the analytical implementation of vulnerability surfaces and two failure modes. The
process of a random sampling of the variables is performed with a very efficient stratified
sampling approach (i.e., Latin Hypercube Sampling (LHS)), thus abandoning the typical
Monte Carlo simulation.

The strength and stiffness of the construction materials (e.g., concrete and reinforcing
steel) are some of the major sources of uncertainties in civil engineering structures. Their
assigned values are critical determinants of the behavior of a structure [32]. Thorough
studies have been undertaken to assess the statistical parameters and models of materials
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properties [33,34], thus providing solid support when considering such uncertainties in
vulnerability analysis. Similarly, the natural variability of soil properties and especially
the influence of soil spatial variability on structural performance have also been widely
investigated [35,36]. The same cannot be said when considering the uncertainties provided
by the actions of flood and wood debris loading and local scouring. The gap in information
and criteria to incorporate flood-related processes into the vulnerability analysis of bridges,
as opposed to earthquakes, may be due to the difficulties related to monitoring such
processes. The complexity of hydraulic data, the high cost of monitoring techniques,
and the stochasticity inherent in flood-related processes may discourage researchers and
practitioners from exploring such crucial conditions for bridge vulnerability evaluation [37].

This work aims to implement the aforementioned methodology and create a reliability
analysis framework to investigate flood vulnerability through a real-bridge case study.
The originality of this paper stands in offering an analysis framework that considers the
addition of both hydraulics and geotechnical model uncertainties to the ones that are
commonly established in the vulnerability analysis of bridges (e.g., material uncertainties).
The novelty of this paper also relies upon the way the vulnerability analysis is addressed.
The largest part of the existing studies on bridge vulnerability analysis has often modelled
the hydrodynamic and wood debris loads by referring to government guidelines or bridge
design specifications (e.g., AASHTO LRFD Bridge Design Specification [25]). However,
such references are rather simplistic and differ widely due to a lack of consistency in
cross-countries methodology comparisons [13,38]. Furthermore, the use of regulations
and standard specifications can lead to an inherent conservatism that is not beneficial for
vulnerability analysis since it overestimates the probability of reaching the considered
damage limit state analysis. For this reason, the goal of this study is to utilize the latest
research outputs to provide a different perspective and a source of comparison to the most
relevant existing guidelines.

2. Materials and Methods
2.1. Material Properties and Input Data
2.1.1. Geometry and Materials

The case study is a historic roadway riverine steel bridge located in central Croatia.
The bridge has two main spans, a total length of approximately 97 m and a total width of
12.4 m. It supports two traffic lanes and a pedestrian zone. Information on the geometry
and materials of the bridge was retrieved from relevant as-built construction informa-
tion, a recent retrofitting project, and a drone survey. The overview and the geometrical
characteristics of the bridge are illustrated in Figures 1 and 2, respectively.

The two main girders have riveted I-shape cross-sections with flanges whose thickness
variation follows the bending moment line. The main girders are joined together every
4.05 m by riveted transverse beams that are connected with seven I-shaped stringers that,
in turn, support the reinforced concrete (RC) slab of the deck (Figure 1c).

At the abutments, the bridge is supported by longitudinal roller bearings with a
diameter of 20 cm (Figure 1d). The transverse displacement of each bearing is restrained
with shear keys of size 0.03 × 0.06 m. At the pier, the translation of the deck is restrained
in all directions by the presence of shear pins with a diameter of 0.05 m. The pier and the
abutments are made of reinforced concrete and are covered with 15 cm stone cladding. The
middle pier has a rectangular section with rounded ends (see Figure 2b) and is founded
on two large well foundations of 6.5 m diameter (D). Due to the unavailability of as-built
construction plans, the depth of each foundation is assumed to be equal to that used in
the pre-existing bridge from 1889 (L = 5.8 m), for which partial historic construction plans
were obtained.
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Figure 1. Overview of the case-study bridge: (a) side view, (b) detailed view of the middle pier
and well foundations, (c) view below the bridge deck, and (d) detailed view of the roller bearing at
the abutment.

The mechanical characteristics of the superstructure were gained through the de-
structive testing performed within the retrofitting project. The steel grade used for the
superstructure is estimated to be equivalent to S235 according to EN-1993 [39], whereas the
grade of concrete of the deck is assigned a grade of C25/30 according to EN-1992-1 [40]. In
the absence of the material characteristics used for the bridge piers and foundations, the
grade of the concrete is assumed to be the same as for the bridge deck (C25/30).

2.1.2. Geotechnical Data

The input data for the modelling of the soil–structure interaction (SSI) at the bridge’s
central foundation were obtained from a Cone Penetration Test investigation (CPT) and a
borehole performed near the bridge’s abutment. The soil profile consists of a top 6 m of
clay layer with an underlying medium-dense sand layer. Investigations conducted directly
near the foundation of the central pier are not available. However, geophysical profiling
indicated that the stratigraphy occurring near the bridge’s abutment also occurs near the
foundation. Hence, the foundation is assumed to be located in the medium-dense sand
layer. The estimated soil characteristics for modelling the soil–structure interaction at the
central pier are summarized in Table 1.
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Figure 2. (a) Cross-section of the case-study bridge; (b) cross-section A-A at the base of the pier.

Table 1. Soil characteristics used for modelling the soil–structure interaction at the central pier of
the bridge.

Parameters Value

Effective shear angle (ϕ′ ) 40◦

Effective cohesion (c′ ) 0 kPa
Soil unit weight (γ ) 19.8 kN/m3

Poisson′s ratio (ν ) 0.30
Elastic modulus (E ) 50 Mpa
Shear modulus (G ) 19 Mpa

Equivalent SPT blows (N60 ) 19

2.1.3. Hydraulic Data

The hydraulic data was retrieved based on existing numerical simulation results. In
particular, the data from the simulations refer to the maximum daily values computed for
extreme past flooding events that occurred in 2014 and 2015, respectively. In Figure 3a,b, the
relationships between the water height (H) and water discharge (Q), and between the water
height (H) and flow velocities (v), respectively, illustrate the complex hydraulic conditions
encountered at the location. The data dispersion suggest that the hydraulic conditions are
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strongly affected by the variable backwater effect of the tributary river located downstream
from the bridge.
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Figure 3. Results obtained from the numerical simulations of two flooding events. (a) Relation
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Furthermore, the limited amount of data makes it hard to detect a particular hysteretic
pattern or any particular trend in the data. Given the circumstances, the vulnerability
analysis cannot rely on a unique H − v relationship and is therefore implemented for
unsteady flow conditions (i.e., with consideration of both flow velocities and water heights
as input parameters).

The vulnerability assessment is performed within the bounds marked by the 95%
prediction intervals (PI) obtained from the regression of the data with the steady-flow
Manning’s equation [41]. Knowing the intervals within which new observations are likely
to fall makes it possible to explore flooding scenarios that are also more severe than the
ones registered in 2014 and 2015, providing an idea of the limit states that the structure
may encounter if certain water heights and flow velocities were reached.

Note that the computations are carried out considering a limit for the water heights
of 10.8 m, which corresponds to the full submergence of the deck of the bridge, and a
minimum flow velocity of 0.1 m/s, as velocities below this value, are irrelevant for the
purpose of this study.

2.2. Methodology and Modelling Approach
2.2.1. Overview

The complete flowchart of the proposed framework is presented in Figure 4. As can
be seen in the flowchart, both deterministic and stochastic modelling approaches are used.

The vulnerability analysis begins with determining the external forces acting on the
bridge (e.g., hydrodynamic forces, gravity forces, and loads resulting from wood debris
accumulation) that, along with other data inputs (geotechnical data, bridge geometry, and
local scour assessment), are necessary to implement the structural finite-element modelling
and the soil–structure interaction. These parameters combined represent the deterministic
model of the bridge, which specifies the computation of the structural behavior of the
bridge based on a particular set of input information. Details regarding the structural
finite-element, the soil–structure interaction, load and local scour modelling are presented
in Sections 2.2.2–2.2.5, respectively.
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The deterministic model is converted into stochastic in the second step. In this way,
it becomes possible to include in the model the variability of the input parameters that
defines the probabilistic distribution of the loading actions and resistance of the bridge. In
this study, it is assumed that the probabilistic distribution of the limit states of the bridge
is related to the variability of the material characteristics (concrete strength, steel yield
strength and elastic modulus), geotechnical properties of the soil (soil shear modulus,
effective shear angle, and unit weight), hydrodynamic forces, local scour depths, and size
of wood debris accumulation. The details regarding the considered uncertainty parameters
are provided in Section 2.2.6.

As part of the next step, the propagation of the uncertainty of the model’s inputs is
implemented through the use of Latin Hypercube Sampling (LHS), which is described in
Section 2.2.7. The advantage of this method is that it reduces the number of simulations
significantly, which makes it more computationally efficient than Monte Carlo approach.

After the model uncertainties are propagated, it is possible to generate the fragility sur-
faces of the bridge. The fragility surfaces indicate the probability of reaching or exceeding a
designated limit state (LS) for a given level of flood intensity (Intensity Measure, IM). Gen-
erally, the exceedance probability of a designated LS is represented by the so-called fragility
curve. However, in this study, due to the lack of a univocal H − v relationship, the IM is
defined based on both parameters (i.e., H and v). Therefore, the probability of exceeding a
designated LS is expressed as P(LS| H, v) and is represented by a fragility surface.

In this study, the serviceability limit state (SLS) as well as the ultimate limit state (ULS)
are analyzed. The first is assumed to be related to the operability of the bridge during
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flooding, whereas the latter is related to the capacity of the bridge to withstand flooding
events without collapsing.

2.2.2. Structural Finite-Element Modelling

A 3D numerical model of the bridge is generated in the OpenSeesPy Library [42],
an open-source Python3 interpreter for OpenSees [43]. The modelling approach relies
on linear elastic beam elements and zeros length-elements soil springs for modelling the
soil–structure interaction. A user-defined toolbox is developed in the Python environment
in order to carry out a fully parameterized analysis for bridges subjected to hydrodynamic
and wood debris loads in combination with the scouring action on the piers.

A schematic representation of the model is presented in Figure 5. Each bridge member
is modelled with linear elastic Timoshenko beam-column elements. The load transfer
between individual beam elements is achieved by the definition of fictitious infinitely stiff
and weightless elements (stiff elements), which are used to connect the centroid lines of
the elements. A more precise distribution of the forces in the bearing at the abutments and
the middle pier is gained by positioning the bearing at their actual location in plan and
elevation using rigid elements (see Figure 5). The deck of the bridge is modelled with an
equivalent beam element. The boundary conditions at the abutments simulate the roller
bearings’ behavior (i.e., free translation in the longitudinal direction and free rotations).
The bearings at the pier are modelled as pinned.
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2.2.3. Soil–Structure Interaction Modelling

The soil–structure interaction at the well foundations is modelled with a lumped-
spring approach. Due to the small ratio between the depths and their diameters
( L

D = 5.8
6.5 = 0.90), the wells are modelled as embedded shallow foundations. In such

a case, the SSI is modelled with six mutually independent springs located at the base of
each well. Figure 5 shows only a scheme of springs with a unique definition, i.e., two hori-
zontal and two rotational springs have the same characteristics in two different directions.
The springs are aggregated into a single zero-length element, which connects the base
of the well with a fully restrained node. The static stiffness of the foundation springs is
calculated following the solution found for embedded cylindrical foundations by Pais and
Kausel [44]. The solution considers soil as a linear-elastic material and the foundation as a
rigid body, with the presence of a non-slip interface between the foundation and the soil.
The influence of the foundation embedment is taken into account through amplification
factors, which are applied to the solution obtained for surface foundations. The vertical
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(Ke
V), horizontal (Ke

H), rocking (Ke
R), and torsional (Ke

T), stiffness of the (embedded) well
foundation are computed as follows:

Ke
V = K0

V

(
1 + 0.54 DE/R f

)
=

4 G R f

1− ν

(
1 + 0.54 DE/R f

)
(1)

Ke
H = K0

H

(
1 + DE/R f

)
=

8 G R f

2− ν

(
1 + DE/R f

)
(2)

Ke
R = K0

R

(
1 + DE/R f

)
=

8 G R f
3

3 (1− ν)

(
1 + 2.3 DE/R f + 0.58

(
DE/R f

)3
)

(3)

Ke
T = K0

T

(
1 + DE/R f

)
=

16 G R f
3

3

(
1 + 2.67 DE/R f

)
(4)

where R f is the radius, DE is the embedment depth of the foundation, and G and ν are the
shear modulus and Poisson’s ratio of the soil, respectively. The superscript e denotes the
stiffness of the embedded foundation, whereas the stiffness of the surface foundation is
denoted by the 0 superscript.

2.2.4. Loads Modelling

Loads on the structure come from gravity (self-weight and permanent loads), hydro-
dynamic forces (drag Fd and lift forces Fl), buoyancy forces, and wood debris accumulation.
In the numerical model, each load is computed per unit length and is applied uniformly.

The loads are combined to produce the maximum possible overturning action on the
bridge, which occurs when horizontal hydrodynamic and wood debris loads are combined
with an uplift action on the deck. In such a case, the hydrodynamic uplift of the deck is
combined with the buoyancy. For this reason, the simultaneous presence of traffic loads is
not considered, as this would result in a stabilizing action on the bridge.

The hydrodynamic loads are only applied to the areas of the bridge that are not
affected by debris loads to avoid the duplication of hydrodynamic actions.

Hydrodynamic Forces

The hydrodynamic forces are computed according to the Australian standard AS5100.2-
2004 [45]. Due to its comprehensive approach, the Australian standard is chosen over the
ASSHTO standard, since it provides additional guidelines for quantifying the hydrody-
namic loading on the bridge’s deck. The drag force in the direction of the flow (in kN) is
defined as follows:

Fd = 0.5 Cd v2 Ad (5)

where Cd is the drag coefficient, v is the average water velocity and Ad is projected wetted
area in the direction of the flow. According to the Australian standard, for piers with
semi-circular nosing such as the case study bridge’s pier, the coefficient Cd equals 0.7. For
the deck of the bridge, the coefficient Cd is instead computed as a function of the relative
submergence of the deck (Sr) and proximity ratio (Pr), which are, respectively, defined as:

Sr =
dwgs

dsp
and Pr =

ygs

dss
(6)

where dwgs is the distance from the girder soffit to flood water surface, dsp is the wetted
depth of the deck (including any railing and parapets), ygs is the average vertical distance
from the girder soffit to the riverbed, and dss is the wetted depth of the solid superstructure
(excluding railing but including parapets).

The lift force on the bridge pier and deck (in kN) is computed with the following
equation:

Fl = 0.5 Cl v2 Al (7)

where Cl is the lift coefficient, and Al is the wetted area perpendicular to the flow.
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In this study, the lift force is only computed in relation to the deck in the cases when it
is submerged. The lift force on the pier is neglected as the pier is oriented in the direction
of the flow. The coefficient Cl for the bridge deck depends on its relative submergence (Sr).

As indicated in the literature ([24,25,46,47]), the distribution of the hydrodynamic
forces over the water height can be well approximated by a triangular shape. The triangular
distribution of the forces yields a lower safety margin than a uniform distribution because
it results in a larger overturning moment above the base of the foundation.

The buoyancy force is computed as the weight of the displaced water and is applied
concurrently with the upward lift force on the bridge’s deck. The magnitude of the buoy-
ancy force varies according to the level of submergence of the deck. The buoyancy force
increases with the level of submergence of the deck and reaches its maximum value when
the deck is fully submerged.

Wood Debris Forces

Wood debris load is modelled with two different approaches to benchmark its impact
on the flood vulnerability of the bridge. The first approach is based on the guidelines
provided by the Australian standard (AS5100.2-2004), whereas the second one refers to a
recent model drawn from the scientific literature that is herein introduced as Panici and
Almeida’s model [48]. For the sake of simplicity, henceforth, the word wood debris will be
simply referred to as debris.

As per Australian standard, the debris mat has a rectangular shape, with height and
width indicated. In the absence of more accurate estimates, the minimum height of the
wood debris mat (Hd) is set to be between 1.2 and 3 m. Depending on whether the debris
accumulation is acting on the bridge deck or the pier, the width of the debris mat changes
(Wd). In the case of debris acting on the bridge’s piers, the width of the debris mat is
assumed to be the smallest value between one-half of the sum of the adjacent spans’ length
(SL) and 20 m. In the case of debris acting on the bridge deck, the projected width of the
debris mat is equal to the projected length of the deck (DL). For the purpose of this study,
the height of the debris is set at 2.1 m, which is the mean value of the suggested range.

It should be noted that AS5100.2-2004 [45] does not provide the length of the debris
mat in the flow direction (Ld).

For the second approach [48], the debris modelling has been implemented by referring
to the regression curves obtained when experimenting on the jam formation of debris with
no uniform length on bridges with a single pier. The debris width, height and length are
calculated considering the following relationships:

Wd =
(

0.77 + 0.94 e−6.14 FrL
)

LL (8)

Hd =
(

0.39− 0.46 e−5.77 FrL
)

LL (9)

Ld =
(

0.25 + 1.18 e−15.04 FrL
)

LL (10)

for 0.10 < FrL < 0.40.
Wd, Hd, and Ld are the width, height, and length of the debris accumulations, respec-

tively (see Figure 6). FrL = v/
√

gLL is the debris Froude number, g is the gravitational
acceleration, and LL is the so-called key log length. The key log is the key element that
triggers the accumulation of debris on the pier of the bridge and is represented by the
longest wood debris that can be encountered in the upstream reach of the river [48]. In
contrast to the recommendation of the Australian standard, the shape of the debris mat is
not rectangular but resembles a half-cone pointing downward (see Figure 6). In addition,
the size of the debris accumulation depends on the flow velocity.
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Figure 6. Idealized sketch of a debris accumulation at the bridge pier according to Panici and
Almeida’s model [48]. Figure adapted from the same source [48].

Equations (8)–(11) can only be solved after inputting the values of flow velocities
and assigning an appropriate key log length LL. The assessment of LL is not trivial, as
this would require persistent monitoring campaigns (i.e., aerial imagery) of the river and
riparian areas. As data on wood debris dynamics are missing, LL has to be selected from
one of the few datasets available in the literature. In particular, LL is selected as the 95%
percentile of the probability density function representing the datasets of debris lengths
observed in the South River (Virginia, United States) by [49]. The probability density
function that best fits the data is a log-normal distribution, which was also used by [48]
to reproduce the length distribution of the logs in the experiments. It is interesting to see
that the dataset published by [49] is somehow representative of the range of wood length
frequencies found in many rivers throughout the world (e.g., Chile, North Germany, Italy,
and New Zealand) [50]. Based on the above observation, the employed dataset is deemed to
be a good representative of the length of wood debris in general and can hence be used also
for the subject river. The value found for LL is 16 m, which complies well with the highest
range of heights of willow trees recorded in the basin to which the river belongs [51].

For the sake of clarity, Table 2 is introduced to outline the comparison between the
two debris modelling approaches. It is clear that, while for the first approach the debris
accumulation size is constant regardless of the hydraulic conditions, for the second ap-
proach, Wd, Ld, Hd vary with bulk flow characteristics and the length of the key log. Hence,
it is clear that the AS5100.2-2004 standard provides a more rigid and simplistic approach
compared to what is proposed by [48].

Table 2. Properties assigned to wood debris accumulation according to the two modelling approaches.

Wood Debris Accumulation Properties

shape Hd Wd Ld

AS5100.2-2004 rectangular 1.2–3 m

Pier:
Wd =

min
{

20 m
1
2 ∑ SL

Deck : Wd = DL

not specified

Panici and Almeida’s
model [48] half conical f (v, g, H, LL) f (v, g, H, LL) f (v, g, H, LL)

The magnitude of the drag force exerted by the debris jam is primarily a function of
the geometry of the debris accumulation and can be assessed through the empirical drag
equation (see Equation (5)). The drag force acting on the area of the pier underneath the
debris accumulation is also considered.
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2.2.5. Local Scour Modelling

The depth of the local scour is computed according to the HEC-18 equation [52]:

ys =

[
2.0 K1 K2 K3

(
H
a

)0.35
Fr0.43

]
a (11)

where K1, K2, and K3 are the correction factors for the pier nose shape, the angle of attack of
flow (θ), and riverbed conditions, respectively. a is the pier width, whereas Fr is the Froude
number and is defined as:

Fr =
v

(g H)1/2 (12)

where v is the mean flow velocity upstream of the pier, g is the acceleration of gravity, and
H is the water height upstream of the pier. For round-nose piers with an angle of attack of
flow (θ) equal to zero, the coefficients K1 and K2 both amount to 1.0. For clear-water scour,
K3 is equal to 1.1.

There is also value in considering the impact of debris on the local scour. The effect
of debris on the local scour of the pier is computed following the approach proposed by
Lagasse et al. [53]. The approach relies on the quantification of the equivalent pier width
(a∗d), which is then used in Equation (11) instead of a to quantify the scour depth when
considering a debris jam. The equivalent pier width is defined as:

a∗d =
Kd1(Hd Wd) (Ld/H)Kd2 + (H − Kd1 Hd) a

H
for Ld/H > 1.0 (13)

a∗d =
Kd1(Hd Wd) + (H − Kd1 Hd) a

H
for Ld/H ≤ 1.0 (14)

where Kd1 and Kd2 are factors depending on the shape of the debris raft (Kd1 = 0.79 and
Kd2 = −0.79 for rectangular debris raft; Kd1 = 0.21 and Kd2 = −0.17 for triangular debris
raft), and H is the depth of the approaching flow. Due to the lack of recommendations
in the Australian standard [45], Ld is set to be equal to H. This condition, according to
Equations (13) and (14) [53], allows the reproduction of the largest amplification of the
scour for each H − v considered.

Effect of Local Scour on SSI and Flood Loading

The action of the local scour on SSI and flood loading is modelled by reducing the
foundation embedded length (DE) in Equations (1)–(4). Reducing DE leads to a lower
vertical, horizontal, rotational, and torsional stiffness of the foundation, which, in turn,
results in the higher flexibility of the pier of the bridge. As a result, a redistribution of the
flooding action between the central pier and the embankments and an additional settlement
of the central pier is ascertained.

In addition to the above-mentioned consequence, local scour may cause the exposure
of the foundation, thus leading to additional hydrodynamic loading. This effect is included
by assigning additional drag forces on the part of the foundation that is exposed due
to scour.

2.2.6. Parameters’ Uncertainty

The present study considers uncertainties in the bridge’s materials, geotechnical
parameters, hydrodynamic loads, local scour depths, and sizes of debris accumulation. The
variability of the model’s input parameters is introduced by multiplying the parameters
of the deterministic model by appropriately distributed random variables with a median
value of 1.0.

The statistical distributions of the random variables and their correlations are estab-
lished and computed based on the recommendations found in the literature (Table 3). Most
of the random variables are considered uncorrelated, except for the geotechnical character-
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istics for which the correlation matrix shown in Table 4 is considered [54]. The concrete
elastic modulus is computed according to EN 1992-1-1 [40], and is therefore considered
to be fully correlated with the concrete strength. Similarly, the G of the soil is computed
considering a fixed Poisson’s ratio of 0.3. This results in a full correlation between G and E.

Table 3. Random variables used in the flood vulnerability analysis.

Parameters Probabilistic Distributions References

Concrete compressive strength ( f cm ) Normal (µ = 1, COV = 0.20) [55]

Steel yield strength ( f sy ) Log− normal (m̃ = 1, COV = 0.07 ) [56]

Steel elastic modulus (Es ) Log− normal (m̃ = 1, COV = 0.03 ) [56]

Soil shear modulus (G ) Log− normal (m̃ = 1, COV = 0.30 ) [54,57]

Soil effective shear angle (ϕ′ ) Normal (µ = 1, COV = 0.12) [54,57]

Soil unit weight (γ) Normal (µ = 1, COV = 0.10) [54]

Hydrodynamic drag forces (Fd ) Normal (µ = 1, COV = 0.10) [24]

Local scour depth (ys ) Log− normal (m̃ = 0.68, COV = 0.16 ) [58]

Debris width (Wd ) Normal (µ = 1, COV = 0.10) [48]

Debris height (Hd ) Normal (µ = 1, COV = 0.25) [48]

Debris length (Ld ) Normal (µ = 1, COV = 0.25) [48]

Table 4. Correlation matrix implemented for the soil characteristics taken from [54].

G ϕ′ γ

G 1.0 0.35 0.45

ϕ′ 0.35 1.0 0.30

γ 0.45 0.30 1.0

2.2.7. Latin Hypercube Sampling

In this study, the Latin Hypercube Sampling (LHS) is operated following [59], whose
methodology is well known to be used for uncertainty analysis in seismic engineering
(e.g., [60–62]).

The output obtained from the LHS is a set of input model parameters, which defines a
set of deterministic numerical models. The set of models is assumed to fully describe the
statistical characteristics of the stochastic model. Thus, the propagation of the uncertainty
of the model’s inputs is achieved by analyzing the models within a set of deterministic
numerical analyses. The number of analyses equals the performed number of LHS sim-
ulations (Nsim). Within each analysis j (j = {1 . . . Nsim}), a flood analysis is performed to
assert whether a designated LS is exceeded or not. For this purpose, an index vector is
introduced for each LS and for each pair of H − v values:

indLS

(
j |H, v) =

{
0 i f LS is not exceed
1 i f LS is exceed

(15)

The probability of exceeding a designated LS, P(LS| H, v), is computed as the ratio
between the number of simulations that leads to the exceedance of the designated LS
(NLS(H, v)) and the total number of simulations Nsim:

P(LS| H, v) =
NLS(H, v)

Nsim
(16)
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where NLS(H, v) is calculated as the sum of the index vector as follows:

NLS(H, v) = ∑Nsim
j=1 indLS(j | H, v) (17)

Selecting the optimal number of simulations (Nsim) is a fundamental step. The required
number of simulations depends on the number of random input variables (Nvar) and the
precision that is aimed to be achieved. Sensitivity analyses can help to obtain the optimal
number of simulations for the examined problem. An indication of the required Nsim can
be found based on the recommendation provided by [60], who suggests that, for practical
engineering applications, Nsim should be approximately 3timeslarger than the number of
input variables (Nvar). In this study, Nsim is set to 40, which is 3.6-times larger than Nvar
(Nvar = 11). The selected Nsim produces a tolerance in the estimated LS’s probability of
1/40 = 0.025 = 2.5 %, which is considered to be sufficient for practical purposes.

3. Results
3.1. Model Validation

The performance of the proposed model was validated against measured modal peri-
ods from a modal survey. The modal survey involved an ambient vibration measurement
campaign with 12 tri-axial accelerometers placed on the bridge to measure its response to
vibrations from the environment. The results of the measurements were analyzed using
operational modal analysis, which allowed the identification of four translational modes of
the bridge’s deck. However, based on this campaign, it was not possible to obtain the global
translational modes of the bridge that would allow for more comprehensive validation of
the SSI modelling. An attempt was made to perform a lateral modal analysis with the use of
two long-stroke shakers exciting the bridge in the horizontal direction. Unfortunately, this
modal survey proved unsuccessful, as it was not possible to excite the bridge sufficiently to
obtain a reliable prediction of the bridge’s horizontal modes. The validation of the model
was thus based on best-available data, although further refinement/calibration could be
made if information on horizontal modes would be available.

The comparison of the calculated modal periods with the measured data is presented
in Table 5. Results indicated an excellent match between the calculated and measured
modal periods from the ambient vibration campaign.

Table 5. Comparison of the calculated and measured modal periods.

No. Description Period
(s)—Calculated

Period
(s)—Measured

1 1st vertical mode of the deck 0.67 0.68
2 Global longitudinal mode 0.58 ND
3 2nd vertical mode of the deck 0.41 0.43
4 Global transverse mode 0.36 ND
5 Global vertical mode 0.21 ND
6 1st transverse mode of the deck 0.21 0.21
7 3rd vertical mode of the deck 0.18 0.19

Comparing mode shapes also indicates good agreement with on-site measurements,
though not presented for brevity.

3.2. Vulnerability Analysis

The vulnerability analysis is performed considering both Serviceability and Ultimate
limit states for three different scenarios. As an initial scenario, gravity, hydrodynamic,
buoyant loading, and local scour are taken into account. As part of the second and
third scenarios, debris loading is also included and modelled based on the AS5100.2-2004
standard and Panici and Almeida’s model [48], respectively.
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3.2.1. Debris Accumulation Sizes

Figure 7 explores the information from Table 2 in more detail. The three panels in
Figure 7 display, respectively, the debris accumulation width, height and length as functions
of water height for the two different modelling approaches considered herein. With the
intention of representing the most significant outcomes, the results obtained with Panici and
Almeida’s approach [48] are plotted for values of water heights that represent the steady-
flow condition and the upper prediction bound. It can be seen that the two modelling
approaches diverge the most in the assessment of Wd. Specifically, Wd remains constant with
H in the Australian standard, whereas, for Panici and Almeida’s approach, Wd decreases
and it is also the parameter that is affected the most by the hydraulic conditions. A
similar outcome is found for Hd (Figure 7b). However, unlike Wd, Hd increases with
the water height when implementing Panici and Almeida’s approach. In Figure 7c it is
interesting to notice that the implementation of the two different approaches leads to
opposite trends in Ld. This is mainly due to the fact that when representing the AS5100.2-
2004 guidelines the value of Ld is assumed. Overall, it can be observed that, in steady-flow
conditions, Equations (8)–(10) lead to debris accumulations more extended in width and
length compared to the ones recommended in the Australian standard. The opposite can
be said when considering the case of Hd, where, for higher values of H and v (i.e., upper
prediction bound) and most of the H examined, the height of the debris accumulation
envisioned in [48] overtakes the one proposed by [36].
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3.2.2. Limit State Definition

The conditions for which serviceability and ultimate limit states apply are set based
on threshold conditions. The SLS is attained when the percentage of the foundation depth
uncovered by the local scour exceeds 50% (0.5L = 2.8 m), or when the water level reaches
the top part of the pier (H = 7.5 m). Due to the loading actions and potential accumulation
of debris, it is deemed to be too risky to define the SLS at a water height reaching the deck.
Hence, to ensure the operability of the bridge, routine inspections are expected to be carried
out to monitor the depth of the scour and the water heights. The ULS are met as soon as a
single component of the bridge fails. The following failure mechanisms are examined:

• Bending and shear failure at the base of the piers;
• Shear failure of the bearing above the pier and the abutments;
• Bending failure of the deck around the weak axis at the section above the piers and

the midspan of the bridge;
• Bearing failure of the foundation (vertical and bending capacity at the base);
• Failure due to local scour reaching the base of the foundation.

The calculation of the ultimate capacity of the structure (ULS) is defined based on the
unfactored capacity of the members. The bending capacity of the pier is conservatively
defined by the section modulus of the pier and the mean tensile strength of the concrete.
Note that the contribution of the reinforcement is neglected, as it is assumed that the amount
of reinforcement is below the minimum standard’s requirements [40]. The shear strength
of the pier is calculated according to equation 6.2a found in [40], which is applicable for
members without shear reinforcement. The shear capacities of the shear pin at the middle
bearing and the shear keys at the abutment bearing are computed considering the elastic
shear resistance indicated in EN-1993-1-1 [39]. The bending capacity of the deck is defined
based on the section modulus of the deck in the transverse direction (direction of the flow).
The failure of the foundation is assessed with the Meyerhof method [63]. The failure due to
local scour is conservatively assumed to be attained when the scour hole reaches the base
of the foundation, despite the fact that some capacity is likely to be maintained.

3.2.3. Results for Serviceability Limit State

Figures 8–10 illustrate the vulnerability surfaces obtained for the SLS and the three
scenarios (i.e., no debris load, debris load modelled based on AS5100.2-2004, and debris
load modelled according to Panici and Almeida’s model [48]). As can be seen from figures,
the vulnerability surfaces show two distinct regions: one below and one above the pier
height (H = 7.5 m). These regions arise as a result of the criteria that have been used for
the definition of the SLS. The region below H = 7.5 m represents the SLS of the bridge in
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relation to the threshold value set for the scour depths (see Section 3.2.2). On the other
hand, the region above H = 7.5 m is the part of the surface for which the SLS of the bridge
applies in relation to the threshold value set for the water heights.
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When comparing Figures 8–10, it is clear that, for high water levels (H > 7.5 m), the
probability of exceeding the SLS is equal to 1.0 regardless of the scenario considered. On
the other hand, for values of H < 7.5 m, it is evident that the contributions of the local scour
and the mutual interaction between the local scour and debris increase the likelihood of
reaching the SLS. In contrast to the first scenario, where local scour has minimal impact on
the results, the second scenario has the highest probability of exceeding the SLS. In this case,
the SLS is very likely to be exceeded for water heights as low as 3 m (not nearly half of the
pier’s height) and flow velocities as low as 0.50 m/s. In the third scenario, the vulnerability
surface indicates a lower probability of exceeding the SLS compared to the second one
and it is mainly occurring in the area located in the upper bound of the H − v relationship.
This discrepancy between the results of the second and third scenarios results from the
different extent of local scour and, additionally, from adopting different approaches for
modelling the shape of the wood accumulation. Indeed, when assessing the vulnerability of
the bridge, the shape of the wood accumulation may become more significant than its size.
Despite the fact that, for some hydraulic conditions, wood debris sizes may be comparably
larger than what is recommended in the AS5100.2-2004 standard (see Figure 7), Panici
and Almeida’s method [48] provides less unfavorable results. Therefore, it is clear that, in
certain circumstances, the bridge is more vulnerable based on the shape of the wood debris
loading rather than its size.

3.2.4. Results for Ultimate Limit State

Figures 11–13 represent the vulnerability surfaces obtained for the ULS and the three
scenarios. When comparing Figure 11 with Figure 12, and Figure 11 with Figure 13, it is
clear that the debris accumulation increases the ULS exceedance probability significantly
compared to the scenario without debris. In this latter case, a moderate percentage of failure
is expected to occur within the upper bound of the H− v relationship and only for extreme
floods (i.e., when the deck is fully submerged) (Figure 11). The use of the standard’s
modelling approach results in the largest ULS exceedance probabilities (Figure 12), while
the results obtained when implementing Panici and Almeida’s approach [48] show that the
bridge failure is only expected to occur within the upper prediction bound of the H − v
relationship (Figure 13).
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state (ULS) for the first scenario (no debris).

Water 2023, 15, x FOR PEER REVIEW 20 of 30 
 

 

  
(a) (b) 

Figure 11. (a) Contour and (b) 3-D surface plot of the flood fragility surface for the ultimate limit 

state (ULS) for the first scenario (no debris). 

  
(a) (b) 

Figure 12. (a) Contour and (b) 3-D surface plot of the flood fragility surface for the ultimate limit 

state (ULS) for the second scenario (AS5100.2-2004 standard). 
Figure 12. (a) Contour and (b) 3-D surface plot of the flood fragility surface for the ultimate limit
state (ULS) for the second scenario (AS5100.2-2004 standard).



Water 2023, 15, 129 20 of 29Water 2023, 15, x FOR PEER REVIEW 21 of 30 
 

 

  
(a) (b) 

Figure 13. (a) Contour and (b) 3-D surface plot of the flood fragility surface for the ultimate limit 

state (ULS) for the third scenario (Panici and Almeida’s model [48]). 

3.3. Sensitivity Analysis 

This section examines the extent to which the scour depth is affected by implement-

ing the three scenarios (Section 3.3.1). The bridge’s failure utilization ratios are also ex-

plored (Section 3.3.2). Note that all the analyses are only implemented for the upper per-

centile bound (95th percentile) of the 𝐻 − 𝑣 relationship, for which the chance of bridge 

failure is the most pronounced. 

3.3.1. Scour Depths 

In Figure 14, the 5th, 50th and 95th percentiles of the scour depths are plotted against 

the water heights for the three scenarios. The values of the scour depths are computed by 

implementing 40 LHS simulations at each water height, considering the upper bound 𝐻 −

𝑣 relationship. The scour depths at which the SLS and ULS are reached are also repre-

sented with horizontal dotted lines. As can be noticed, regardless of the percentile exam-

ined, the largest scour depths are obtained for the second scenario, whereas the lowest 

values are attributed to the first scenario. The results obtained with Panici and Almeida’s 

model [48] mediate the extreme values of scours obtained for the aforementioned cases. 

When debris accumulation is modelled according to the AS5100.2-2004 standard, the 

higher amplification of the scour occurs at lower water heights. This phenomenon is less 

pronounced when implementing the other debris model, for which the amplification of 

the scour is more uniform over different water heights. As mentioned, this is likely a con-

sequence of a more favorable shape of the debris accumulation (i.e., triangular) that also 

results in smaller scour depths [56]. 

For the first scenario, the SLS limit state is expected to be exceeded only for a few of 

the most unfavorable LHS simulations with the largest scour depths (95th percentile). This 

offers an explanation of the low SLS exceedance probabilities shown in Figure 8 for water 

height below 𝐻 = 7.5 m. On the other hand, the high SLS exceedance probability obtained 

for the second scenario (Figure 9) can be explained by SLS scour depth limit being ex-

ceeded even for LHS simulations with the lowest scour predictions (5th percentile). For 

the third scenario, the high SLS exceedance probabilities occurring for water heights 

above 3 m (Figure 10) are consistent with the results illustrated in Figure 14b,c, which 
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state (ULS) for the third scenario (Panici and Almeida’s model [48]).

A detailed examination of Figures 12 and 13 suggests that both debris models yield the
largest ULS exceedance probability when the water heights reach the deck (i.e., probability
values of approximately 80% for H > 8.15). In such a condition, the debris loading is
assumed to act over the entire length of the deck, and therefore the hydrodynamic loading
on the bridge reaches its maximum value. For water heights lower than the bridge deck, the
failure of the bridge appears as an unlikely event when considering the third scenario. On
the other hand, for the second scenario, a non-negligible failure probability occurs for water
heights approximately equal to 4 m. This is owing to the scour reaching the bottom of the
foundation by triggering the failure of the bridge. Such a failure mechanism is not observed
when considering the results obtained with Panici and Almeida’s model [48], which is
found to lead to a less severe scouring compared to the other approach. Hence, even though
the area of the debris accumulation in [48] is often bigger, the shape factors from Equations
(13) and (14) show that the shape of debris is the leading variable when computing the am-
plification of local scour. Furthermore, the freedom allowed in the AS5100.2-2004 standard
of assigning suggested and custom values to the size and shape of debris accumulations
has a relevant role in the overall SLS and ULS exceedance probabilities.

3.3. Sensitivity Analysis

This section examines the extent to which the scour depth is affected by implementing
the three scenarios (Section 3.3.1). The bridge’s failure utilization ratios are also explored
(Section 3.3.2). Note that all the analyses are only implemented for the upper percentile
bound (95th percentile) of the H − v relationship, for which the chance of bridge failure is
the most pronounced.

3.3.1. Scour Depths

In Figure 14, the 5th, 50th and 95th percentiles of the scour depths are plotted against
the water heights for the three scenarios. The values of the scour depths are computed
by implementing 40 LHS simulations at each water height, considering the upper bound
H − v relationship. The scour depths at which the SLS and ULS are reached are also
represented with horizontal dotted lines. As can be noticed, regardless of the percentile
examined, the largest scour depths are obtained for the second scenario, whereas the
lowest values are attributed to the first scenario. The results obtained with Panici and
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Almeida’s model [48] mediate the extreme values of scours obtained for the aforementioned
cases. When debris accumulation is modelled according to the AS5100.2-2004 standard,
the higher amplification of the scour occurs at lower water heights. This phenomenon is
less pronounced when implementing the other debris model, for which the amplification
of the scour is more uniform over different water heights. As mentioned, this is likely a
consequence of a more favorable shape of the debris accumulation (i.e., triangular) that
also results in smaller scour depths [56].
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For the first scenario, the SLS limit state is expected to be exceeded only for a few
of the most unfavorable LHS simulations with the largest scour depths (95th percentile).
This offers an explanation of the low SLS exceedance probabilities shown in Figure 8 for
water height below H = 7.5 m. On the other hand, the high SLS exceedance probability
obtained for the second scenario (Figure 9) can be explained by SLS scour depth limit being
exceeded even for LHS simulations with the lowest scour predictions (5th percentile). For
the third scenario, the high SLS exceedance probabilities occurring for water heights above
3 m (Figure 10) are consistent with the results illustrated in Figure 14b,c, which indicate
that the SLS limit is exceeded only for scour depths above the 50th percentile.

By comparing the results in Figure 14, it can be observed that the ULS is only exceeded
in the second scenario and the 95th percentile scour-depth prediction (Figure 14c). This
tendency supports the non-zero ULS exceedance probabilities shown in Figure 12 for water
heights below 8.15 m.

3.3.2. Utilization Ratios for ULS

Figure 15 illustrates the variation of the failure utilization ratio (UR) of the bridge
(5th, 50th, and 95th percentiles) against the water heights for the three scenarios and the
upper prediction bound of the H − v relationship. The utilization ratio of the bridge
is defined as the maximum ratio between the demand and capacity of the individual
members of the bridge. A value of utilization ratio larger than 1 indicates the failure of
the bridge (exceedance of the ULS as defined in Section 3.2.2). The 5th, 50th and 95th
percentiles utilization ratios of the bridge are obtained by performing 40 LHS simulations
for each water height and related upper-bound velocity. In the scenario with no debris, the
exceedance of the ULS of the bridge is only expected to occur for water heights above 10 m
and for a value of utilization ratio above the 50th percentile. This condition results in a
failure probability equal to roughly 50%, which is consistent with the results in Figure 11.
In the case when debris accumulation is modelled according to AS5100.2-2004 standard,
the exceedance of the ULS is expected over the entire range of water heights for the 95%
percentile of utilization ratio, reaching particularly high values when the water height
reaches the deck (H > 8.15 m). This outcome is in line with what is shown in Figure 12, in
which the non-zero ULS exceedance probabilities are reached over the entire upper part of
the vulnerability surface.
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On the other hand, when modelling the debris loading with Panici and Almeida’s
model [48], the 50th and 95th percentiles of utilization ratios exceed the ULS limit only for
water heights above 8.15 m, thus explaining the results from Figure 13.

Assessing the maximum values of UR across the ULS simulations enables the identifi-
cation of the leading mechanism that threatens the bridge’s performance (i.e., the mecha-
nism with the largest UR). In this context, the most critical mechanisms are identified as
the local scour and the failure of the pier-bearing system. Figure 16 displays the frequency
of occurrence of such mechanisms within 40 LHS simulations for the different scenarios
and within the upper prediction bound of the H− v relationship. Overall, regardless of the
scenario considered, the local scour proves to be the predominant mechanism (i.e., with
maximum utilization ratio) within a range of water height between 2 and 8.15 m. When the
water reaches the bridge deck, the loss of the bridge’s performance is predominantly asso-
ciated with a compromised functionality of the pier-bearing system. The results, however,
differ depending on the scenario considered. Data reveal that when wood debris forces
are neglected, the potential of the deck unseating due to the failure of the pier bearing
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(Figure 16a) is less pronounced compared to Figure 16b,c, in which a higher frequency
of bearing failure is obtained at lower water height. At the same time, it is clear that the
implementation of two different wood debris models has a minor impact on the frequency
of occurrence of both mechanisms.
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Figure 16. Frequency of occurrence of two leading mechanisms (i.e., local scour and pier bearing
failure) within LHS simulations for the (a) first, (b) second, and (c) third debris scenario and the
upper prediction bound of the H − v relationship. Note that the frequencies between H = 2 m and
H = 8 m are omitted, since, in this range, local scour is the leading mechanism.

4. Discussion

In this paper, a flood vulnerability analysis of a real-case roadway bridge is performed.
The vulnerability of the bridge is examined by considering the concurrent action of gravity
loads, hydrodynamic loads, wood debris accumulation and local scour. The interaction
between local scour and the accumulation of debris is also considered, and its implementa-
tion is based on an equivalent-pier-width approach. Due to the lack of stationary hydraulic
conditions at the site, the vulnerability analysis is performed with consideration of both
flow velocity and water height as input parameters. This leads to the representation of the
vulnerability analysis results as a surface in a three-dimensional domain.

The main purpose of this paper is to examine the results of three different scenarios.
One examines the condition with no debris, while the second and third evaluate two
different debris modelling approaches. The first approach relies on the recommendations
drawn from the AS5100.2-2004 standard, whereas the second approach refers to the model
proposed by Panici and Almeida [48], which, compared to the standards-based methodol-
ogy, involves a more elaborate and refined analytical procedure. The research of the second
approach is motivated by the absence of accurate guidelines for modelling processes of
wood debris accumulation at bridge piers.

Based on the results, it is clear that the bridge is more likely to exceed its serviceability
and ultimate limit states in presence of wood debris compared to the condition with no
debris. The accumulation of debris at the bridge pier is shown to be responsible for the
increase in local scour depths. As the debris and scour action interact, the SLS and ULS
of the bridge occur for smaller flooding events compared to the scenario with no debris.
Nevertheless, the bridge is more likely to fail for values of H and v located in the upper
prediction interval of the H− v relationship. This finding is not dependent on the modelling
approach considered. Overall, the results of this study indicate that the use of Panici and
Almeida’s model [48] offers less conservative estimates of the bridge response to severe
floodings. This may be due to the fact that the novel modelling approach is able to provide
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a more analytical definition of the size and shape of the debris accumulation. The triangular
shape, in fact, yields less severe scouring depths compared to the use of the rectangular
shape suggested in the AS5100.2-2004 standard [53].

A sensitivity analysis is also performed and is used to examine the variation of the
scour depths, bridge’s utilization ratios and governing failure mechanisms for the three
scenarios and different water heights. From this analysis, it is shown that the AS5100.2-
2004 standard produces the most unfavorable results. For instance, the exceedance of the
ultimate limit states due to scour only occurs when implementing the recommendations
provided in the Australian Standard. A similar outcome occurs when examining the
values of utilization ratios of the structure. It is clear that for most of the values of H, the
AS5100.2-2004 Standard is the only scenario that leads to the exceedance of the ULS for
the highest values of the utilization ratio (95% percentile). It also emerges that local scour
plays a crucial role in most of the hydraulic conditions considered, and its influence is
more significant for the second scenario than the third. This confirms what was found
in the literature [64] and makes it clear that computing the magnitude of the local scour
is essential when examining bridge vulnerability to flood and bridge failure modes. For
water height reaching the deck, the performance of the bridge is mainly threatened by the
failure of the pier bearing instead. However, in this case, the difference between the two
debris models becomes less evident.

In spite of the effectiveness of the presented vulnerability approach, there are limi-
tations that need to be taken into account. For instance, the poor quality and amount of
hydraulic data and a lack of an appropriate numerical modelling approach do not allow a
reasonable estimation of the hydrodynamic-related loads. Hydraulic data input are essen-
tial in flood vulnerability analysis. Hence, more appropriate and consistent monitoring of
the hydraulic variables is encouraged as it can be extremely beneficial in the vulnerability
assessment of riverine bridges. Similarly, the knowledge gap related to the mechanisms
governing the accumulation of debris jams at bridge piers, as well as the lack of monitoring
data on wood debris recruitment and transportation represents a limitation for the reliabil-
ity of the results of the analysis. Another aspect to consider is the simplified finite-element
modelling employed in this study, which, due to a complicated interaction between the
structure, soil, hydrodynamic loads and local scour, owns further examinations. A similar
evaluation applies to the coefficient of variations of the materials, geotechnical characteris-
tics, hydrodynamic forces, local scour depth and size of wood debris accumulation. The
values assigned to the coefficient of variations are, in fact, based on isolated recommenda-
tions found in the literature. Moreover, important processes such as afflux, river bed-load
transport and the degradation of the bridge’s materials are not included in the analysis
as the present study does not account for the time-dependent assessment of the bridge’s
vulnerability. Due to the complex interplay between debris loads, scour, and hydraulic
forces, the research examination assessing bridge flood vulnerability should be carefully
addressed. Despite the acknowledged limitations, the presented framework bridges some
of the gaps existing in the standards-based approach providing a more up-to-date and
faithful methodology for bridge vulnerability analysis. Therefore, more effort should be
devoted to improving and updating the existing standards and guidelines concerning
the modelling of hydrodynamic-related processes. Particularly, the interplay between
debris accumulation and local scour would need further examination as it is shown to
substantially affect the bridge’s vulnerability.

It is hoped that this study will inspire future research into improving and upgrad-
ing the vulnerability analysis framework. For instance, the implementation of faithful
hydraulic numerical modelling techniques, along with local scour monitoring solutions,
can help to validate the proposed modelling approach and assess the performance of the
asset throughout its lifespan. At the same time, the developed approach represents a
valuable tool for supporting targeted visual inspection and Structural Health Monitoring
campaigns. Vulnerability surfaces can provide useful insight into the selection of the key
parameters that should be verified and monitored at different stages of a bridge’s life-cycle
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to determine its level of performance [65]. Furthermore, considering a life-cycle perspec-
tive, bridge vulnerability assessment is also beneficial for quantitatively determining the
risk severity of hazards on bridges and helping to evaluate the effectiveness of potential
resilient countermeasures for risk mitigation. This study can provide policymakers, engi-
neering consultants, bridge engineers and stakeholders with a valid and reliable method
of estimating the anticipated economic and functional losses associated with flooding
hazards, implementing effective decision-making processes, and selecting sustainable and
resilient strategies.
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List of Symbols and Notations

a Pier width
a∗d Equivalent pier width
Ad Projected wetted area in the direction of the flow
Al Wetted area perpendicular to the flow
c′ Effective cohesion of the soil
Cd Drag coefficient
Cl Lift coefficient
CPT Cone Penetration Test
D Diameter of a well foundation
DE Embedment depth of the foundation
DL Length of the deck
dsp Wetted depth of the deck
dss Wetted depth of the solid superstructure
dwgs Distance from the girder soffit to the flood water surface
E Soil elastic modulus
Es Steel elastic modulus
fcm Concrete compressive strength
fsy Steel yield strength
Fd Hydrodynamic drag force
Fl Hydrodynamic lift force
FrL Debris Froude number
Fr Froude number
g Gravitational acceleration
G Shear modulus of the soil
H Water height
Hd Height of wood debris accumulation
IM Intensity measure
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indLS(j|H, v) Index vector for each LS and each H-v
j Index of j-th LHS simulation
K1 Correction factor for the pier nose shape
K2 Correction factor for the angle of attack flow
K3 Correction factor for the riverbed condition

Kd,1Kd,2
Correction factors used in the calculation of the equivalent pier width depending
on the shape of the debris raft

Ke
H Horizontal embedded stiffness of the well foundation

Ke
R Rocking embedded stiffness of the well foundation

Ke
V Vertical embedded stiffness of the well foundation

Ke
T Torsional embedded stiffness of the well foundation

L Depth of the foundation
Ld Length of wood debris accumulation in the flow direction
LL Key log length
LHS Latin Hypercube Sampling
LS Limit state
N60 Equivalent number of Standard Penetration Test (SPT) blows of the soil

NLS(H, v) Number of simulations that leads to the exceedance of LS for a given H-v
Nsim Number of LHS simulations
Nvar Number of random input variables
P(LS|H, v) Probability of exceeding the designated LS for a given H-v
PI Prediction Intervals
Pr Proximity ratio
Q Water discharge
RC Reinforced Concrete
R f Foundation radius
SL Span length of the bridge
Sr Relative submergence of the deck
SLS Serviceability Limit State
SSI Soil–Structure Interaction
ULS Ultimate Limit State
UR Utilization ratio
v Mean flow velocity
Wd Width of wood debris accumulation
ygs Average vertical distance from the girder soffit to the riverbed
ys Local scour depth
ϕ′ Effective shear angle of the soil
γ Soil unit weight
ν Poisson’s ratio
θ Angle of flow attack
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