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Abstract: Foundation scour is among the main causes of bridge collapse worldwide, resulting in
significant direct and indirect losses. A vast amount of research has been carried out during the last
decades on the physics and modelling of this phenomenon. The purpose of this paper is, therefore, to
provide an up-to-date, comprehensive, and holistic literature review of the problem of scour at bridge
foundations, with a focus on the following topics: (i) sediment particle motion; (ii) physical modelling
and controlling dimensionless scour parameters; (iii) scour estimates encompassing empirical models,
numerical frameworks, data-driven methods, and non-deterministic approaches; (iv) bridge scour
monitoring including successful examples of case studies; (v) current approach for assessment and
design of bridges against scour; and, (vi) research needs and future avenues.
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1. Introduction

“If a builder builds a house for a man and does not make its construction firm, and the house which he
has built collapses and causes the death of the owner of the house, that builder shall be put to death. If
it causes the death of a son of the owner of the house, they shall put to death a son of that builder. If it
causes the death of a slave of the owner of the house, he shall give to the owner of the house a slave of
equal value. If it destroys property, he shall restore whatever it destroyed, and because he did not make
the house, which he built, firm, and it collapsed, he shall rebuild the house that collapsed from his own
property (i.e., at his own expense).”

—The Code of Hammurabi about 2250 B.C. [1]

Human-made structures and infrastructure are objects of continuous improvement due to their
importance and role in society. Going beyond current practices for increasing their safety has been
recognized as a fundamental issue for thousands of years. The Hammurabi code is an example
of a regulating framework for ensuring the safety of structures, by punishing builders of faulty
constructions [1,2]. Since times immemorial, bridges have been (and still are) a challenge for architects,
engineers, and builders. This challenge covers all the phases from design to construction, maintenance,
monitoring, and rebuilding. Failing bridges may cause severe disruption to infrastructure networks,
social and economic problems, possible cultural-heritage losses, and on some occasions, many casualties.
Scour from sediments around bridge foundations is one of the greatest threats to bridge safety.
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Scour is an erosional process that can occur in rivers due to the interaction between any type
of structure located underwater and the river flow. It is by far the leading cause of bridge failure
worldwide [3-8], resulting in significant direct losses and disruption to road networks in terms of
transportation operation, petrol, high traffic, additional laborers due to temporary closure, detours
to the network road, and reconstruction works [9-11]. In Europe, bridges and road infrastructure
reparations due to the 2002 flood in Germany amounted to €577 million [12], while the Austrian
Federal Railways operator, OBB, faced economic losses of about €100 million due to flooding [13].
In the U.K,, 20 road bridges were partially or totally destroyed due to flood events in 2009 [14], having
estimated financial losses about £2 million per week. Additionally, the costs for scour risk mitigation
is estimated at €541 million per year for the period 2040-2070 in Europe [15]. In turn, in the U.S.A,,
damages to bridges and highways from major floods in 1964 and 1972 amounted to $100 million per
event [16], and the Federal Highway Administration (FHWA) estimated that, on average, 50 to 60
bridges collapse each year in the country [17]. In New Zealand, it was estimated that scour damages
are about 36 million NZ $/year [18]. In Iran, the financial losses due to bridge collapse reached the
cost of US $562.5 million in the first decade of the 21st century [19], while the estimated annual value
of scour damage in South Africa amounts 22 million South African Rands (ZAR) [20]. Additionally,
the damage of the flood in 2007 to transport infrastructure in Bangladesh and Indonesia amounted to
34% and 25% of the total infrastructure costs (US $363 million and US $35 million, respectively [21]).

Figure 1 shows notable examples of bridges that collapsed due to scour in two different countries
that are severely affected by floods every year, Italy and the U.K. Among the different types of bridges,
masonry arch bridges are the most vulnerable because they are often built on shallow foundations and
have a rigid behavior that is sensitive to settlements [22]. The collapse of these bridges caused not only
significant direct and indirect economic losses, but also losses of cultural heritage.

Figure 1. (A) Rubbianello Bridge, Rubbianello, Italy; (B) Copley Bridge, Halifax, U.K. (courtesy of
Calderdale Metropolitan Borough Council).

This paper aims to present an up-to-date state-of-the-art review on bridge scour. Section 2 briefly
reviews the different types of scour and the physics of sediment particle motion. Section 3 describes
the controlling scour dimensionless parameters; physical modelling; bridge scour estimates based
on empirical, numerical, and data-driven approaches; and, non-deterministic frameworks. Section 4
shows the recent advancements in terms of scour measurements and bridge monitoring. Section 5
deals with the current approach for assessment and design of bridges against scour, while Section 6
discusses research needs and future directions.
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2. Processes and Definitions

2.1. Different Types of Scour

Scour is an erosional process that can occur in rivers due to natural or man-made events. Natural
erosional processes take place in rivers because they act as conduits for the movement of water and
sediment [23]. The changes of streamflow and availability of sediment over time create the river
morphology. Man-made scour can be caused, for instance, by legal or illegal sediment extraction,
dam operations, and the influence in general of any structure placed into the river stream. Various
definitions of different types of scour have been proposed in the literature. In the rest of the manuscript,
reference is made to the definitions given in the Construction Industry Research and Information
Association (CIRIA) manual on scour at bridges and other hydraulic structures [23], which are briefly
reported below.

Natural scour: Natural scour occurs due to the natural variability of river stream flows and sediment
regime, considering the influence from the catchment to the river scale. Gradation of the riverbed,
lateral channel migration, bend, and confluence scour are part of the natural scour.

Contraction scour: Contraction scour occurs due to flow contraction when flow velocity, and thus
shear stresses, increase, for instance, between bridge abutments. Contraction scour normally takes
place within the complete river stream width.

Local scour: Local scour emerges due to a local concentration of turbulence generated by structures
that obstruct and split the flow (e.g., bridge piers and abutments). Local scour occurs around these
structures because of the limited influence range they have on the river flow.

Total scour: Total scour is defined as the sum of effects of all the scour processes that take place at a
given location.

Figure 2 shows the different types of scour than can occur close to a bridge, considering local,
contraction, and total scour.

/

z
[

~L

LW AV4
k /
Ny /
Tt~ A ‘ )
i R J v Natural and Contraction Scour
N Y
/ \ e
Scoured bed \ e Local scour due to the bridge piers
MEALL ]S v

Figure 2. Sketch of the different types of scour, including natural, contraction, and local scour caused
by bridge piers.

Regarding the temporal evolution of scour, according to Zanke [24], any scour process can be
classified in four different phases: (i) initial; (ii) progressing; (iii) developing; and (iv) equilibrium.
Link [25] defined these phases for the bridge-pier scour process under simplified situations such as
uniform sediment material, cylindrical pier shape, and steady hydraulic conditions. The definition of
these bridge-pier scour phases is reported as follows,

Initial phase: The scour process starts showing erosional patters on the lateral side of the cylindrical pier.

Progressing phase: The erosional patterns progress from the lateral side to the front of the pier. From
the moment the two scour patterns coincide at the front of the pier, the deepest scour depth is achieved.

Developing phase: The scour process develops, and the scour rate slows down.
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Equilibrium phase: Erosion inside the scour-hole is negligible.

2.2. Sediment Particle Motion

The sediment motion occurs as a result of the two-phase interaction between a fluid and the
sediments. Three different modes can be used to describe the particle motion, namely rolling and/or
sliding, saltating, and suspended. These modes can also be divided into bed-load transport (rolling,
sliding, and saltating) and suspended load transport (suspended). It is noteworthy that bedload and
suspended load transport can occur simultaneously. Figure 3 illustrates the mentioned sediment
transport modes.
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Figure 3. Illustration of the sediment transport modes.

Particle motion takes place when the fluid capacity exceeds the sediment capacity to stand in
its place. Extra resistance capacity can be found in cohesive sediments, which have a significant
content of clay or silt (e.g., for the bridge scour case, [26-28]). The condition for particle motion can be
mathematically described by Equation (1),

0>0, (1)

where, 6 and 0. are the Shields and the critical Shields parameter, respectively. 0. depends on the grain
Reynolds number Re*, as was shown by Shields [29], among other researchers. The functional relation
between 6, and Re” is normally known as the Shields curve. Bonnefille [30] and Yalin [31] demonstrated
that the Shields curve can also be expressed in terms of the dimensionless sedimentological grain

1
o \3
size D*(: (‘C;—f) ds |, where, p’ is the dimensionless effective density, ¢ the gravitational acceleration, v

the kinematic viscosity, and ds the sediment size, whereas some empirical formulae are introduced
as follows:

0. = 024D for1<D*<4 @)

0. = 0.14D" " for4 < D* <10 3)
0. = 0.04D""" for10 < D* <20 )
0. = 0.013D* " for 20 < D* < 150 (5)
0. = 0.055 for 150 < D". )

Hjulstrom [32] proposed the commonly called Hjulstrom curve to relate the critical flow velocity
to grain size, explicitly. Such a curve is valid for sediments with a density of ps = 2650 kg/m> and
water from 10 to 20 °C as fluid temperature. On the other side, the Shields curve can be employed
under more general conditions, but there is a direct dependence on the shear stress, rather than
on the flow velocity. Both the Hjulstrom and Shields curves are uncertain within their estimations,
and the original diagrams provide a beginning motion zone. Uncertainty is due to different sources.
For instance, those diagrams were developed almost one century ago, and therefore significant
measuring errors could have influenced results (e.g., accuracy in water pumps, flow velocities, and
flow depths). On the other hand, it is widely recognized that sediment particle motion depends
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on sediment-fluid properties’ interaction [33-35]. Consequently, the following factors influence and
result in uncertainty in the incipient motion results: (i) sediment particle composition (cohesive
vs. non-cohesive, natural vs. plastic) [36] and shape (spherical vs. non-spherical, uniform vs.
non-uniform grain size distribution) [37,38]; (ii) changes in temperature producing changes in fluid
viscosity [39,40]; (iii) flow-depth effects and scale effects of turbulence [41]; and, (iv) presence of
biological/biogeochemistry agents and biofilms [42,43].

From a practical point of view, the critical mean flow velocity (i) can be considered to establish
whether sediment motion occurs or not. When the flow velocity is higher than u., sediment particles
start their movement. u, can be estimated by means of ad-hoc experiments, by using diagrams
(e.g., [32]), and/or through different equations developed for this purpose. Table 1 shows six different
equations that estimate the value of u,. These equations have been developed over the years with
diverse purposes and a different level of complexity characterizes them. Some of them do not follow
the dimensional homogeneity theory, according to which, equations must have the same units of
measure. This is the case of Equations (7), (10), and (11), where units of velocity are only on the left
side of the equations. Therefore, special precaution must be considered by applying empirical critical
velocity equations.

Table 1. Prediction formulae to compute the critical velocity uc.

Authors Mathematical Expression Observations Equation N°
Mavis and 18 d50. mfmm
Laushey [44] U = 0.5p"2dg, te (.eet/s @
p’ is dimensionless
Novak [45] e = 1.6(p'g d50)1 /2 g and dsg are in the international ®)
c=1L

system of units (SI)

1
H = (£) (h-1)
- Variables according to the SI.
h(3.09x104H*)+2.5
Zanke [46] Uc = {2.8(p/gd50)1/2 + 147%4% It accounts for the viscosity and ©)
k cohesion effects as well as for the
influence of the flow depth h.

Valid for sand particles with a
Van Rijn [47] u. = S.Sdgbé log(%) grain size between 0.05 and (10)
2 mm and with a dgy = 2d5

Richardson and 11 Sediments with density of (11)
Davis [48] ue = 6.191sdg, ps = 2650 kg/m3
) . R = hydraulic radius.

u, = 233D ¢ (dﬂ)" (p'gds0)? for D* <10 D* = dimensionless (12)

Hager and % sedimentological grain size
li 49 1 1
Oliveto [49] ue = 1.08D"* (R )" (p’gdso) '/ for 10 < D* <150 (13)
1
ue = 1.65(£)° (p'gdso)'/? for D" > 150 (14)

3. Local Scour Depth Estimation

3.1. Physical Modelling and Controlling Scour Parameters

Most of the current approaches for estimating local scour are based on empirical formulae fitted
to experimental data obtained via laboratory tests on scaled physical models. Physical modelling
relies on maintaining similitude between movable bed laboratory experiments (models) and actual
rivers representing real conditions (prototypes). The similitude between models and prototypes
can be achieved keeping constant key dimensionless parameters, containing the physics of the
phenomena. In 1986, Raudkivi [50] introduced the functional trends of scour that mainly depend on
three dimensionless parameters to describe local scour, namely, the flow intensity (u/u., where u is the
mean flow velocity), the relative flow depth to pier diameter (4/D, where D is the pier diameter), and
the relative diameter of the pier to sediment size (D /ds5p, where ds is the sediment size).
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Scour phenomena occur when u/u, is greater than a threshold value, whereas, for lower values, no
erosional process exists. For instance, the value 0.3 was proposed as a threshold by Chiew [51] and Mia
and Nago [52]; while 0.4 by Jones and Sheppard [53], and 0.5 by Zanke [54]. The most widely accepted
and adopted value is 0.5 [54-58]. Clear-water scour occurs for 0.3 - 0.5 < u/u. < 1.0, and live-bed
scour for u/u, > 1.0. The former type of scour occurs when no sediment is transported from upstream
into the scour hole, whereas live-bed scour appears under general sediment transport conditions [59].
The influence of u/u. on the scour process under high velocities was investigated by Zanke [54], and
recently by Ettmer et al. [60] using plastic sediment materials. Differences were highlighted under
clear-water conditions, live-bed scour, and entrainment into sediment suspension. It is noteworthy
that during real flood events, scour can initially develop under clear-water conditions, followed by live
bed and/or suspended sediment conditions, to return again to clear water conditions [61].

The parameter h/D affects the vorticity, which is associated with the generation of scour.
For instance, for decreasing flow depths, the influence of the surface roller on the riverbed increases,
damping the vortices in front of the pier. Vice versa, the bridge scour depth increases with 11/D [62].
Different authors have identified different threshold values of 1/ D beyond which the scour process does
not depend any more on the water depth. Among them, Breusers et al. [55] concluded that /D > 3
ensures this independence, whereas Ettema [63] determined that bridge scour is almost independent
onh/D for h/D > 1, and fully independent for #/D > 3. Melville and Sutherland [64] recommended
h/D > 2.6 for water depth independence and design purposes. Whitehouse [65] concluded that
h/D > 4 to avoid water depth effects. Link [25] observed an increasing scour depth by decreasing
the flow depth in his experimental scour runs. Melville [66] distinguished between negligible and
non-negligible effects of 1/ D establishing narrow and wide piers. According to him, negligible effects
can be achieved for /D > 1.5. In this context, the equilibrium scour depth is independent of  for
narrow piers, whereas it increases proportionately with D. Conversely, for wide piers, the scour depth
increases with /1 and is independent of D.

Concerning the influence of the third non-dimensional parameter (D/ds), Ettema [63], Breusers
and Raudkivi [67], and Melville and Coleman [62] stated that the maximum scour depth under
clear water conditions is independent of D/dsy for values larger than 25. According to Melville
and Chiew [68], D/dsy should be larger than 50. Sheppard et al. [69], Lee and Sturm [70], and
Langa et al. [71] established that the equilibrium scour depth Z;, can decrease for D/dsg values larger
than 25. In particular, Lanca et al. [71] stated research needs to characterize the D/ds5j influence
for values larger than 100. Lee and Sturm [70] showed the dependence of D/ds, establishing a
logarithmical relationship between D/dsy and qu for D/dsy < 25, and qu ~ 1.3 for D /dsy > 400.

The effects of blockage ratio (defined as D/b, where, b is the channel width) on scour has been
frequently treated as a minor issue when D /b is less than ten percent [72]. New evidence has suggested
that the influence of D /b on scour also depends on D/d5p, where for D/dsg > 100, this effect seems
to amplify [73]. The effects of D/b have been also investigated by Hodi [74], D’ Alessandro [75],
Tejada [76], Williams et al. [77], among others; finding the same trend. Williams et al. [73] proposed a
new parameter, k., which is defined as the ratio between the mean separating streamline velocity (us)
and u.. Their results suggest that the blockage influence on scour can be described by k., proposing new
equilibrium-scour prediction formulae (see, e.g., Equation (23)). Nevertheless, further experimentation
is required to properly identify the effects of D /b on scour for high values of D /ds.
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Working under complex hydraulic conditions and flood waves, Pizarro et al. [58] proposed the
dimensionless effective flow work W* as a generalization of u /1, for unsteady flows. The definition
of W* relies on the concept of stream power applied to local scour phenomena and on dimensional
considerations, including variables characterizing the sediment, bridge pier, flow, and fluid.
The mathematical definition of W* encompasses the integration of hydraulic loads on time, and thus it is
suitable for scour description under steady, quasi-steady, and 100% unsteady flows. The mathematical

formulation is as follows,
tend F 1’31/1
W = f 4 s, (15)
0 R

z

where, Fry; = u, f/ \p’8ds is the densimetric Froude number, u, = U= U 18 the excess velocity above
the incipient scour condition, u, zr = D? /24, is a reference length, t,,4 is a considered time, and 6 is
the delta Dirac function,

6:{ 0 u/us<1.0

1 u/ue>10 " (16)

Link et al. [78] evaluated the feasibility of physical scale modelling using three flumes with different
geometries and five different sediment materials (natural and artificial). According to them, the bridge
scour process is controlled by W* and D", while scale effects in D/d5 distorted models are negligible.
Bombar [79] found that the effect of flow deceleration during the falling limb of the hydrograph was
weaker than the effect of flow acceleration during the rising phase on scouring. Schendel et al. [80]
investigated the role and impact of hydrograph shape, using W*, on tidal current-induced scour
in physical models. Their findings showed that W* was suitable for analysis of scour under tidal
currents, with reasonable practical accuracy. Recently, Manes and Brocchini [59] proposed a new
formula to predict equilibrium scour depths, which was derived by merging theoretical aspects
(i.e., the phenomenological theory of turbulence) with considerations taken from empirical evidence.
The approach employed by the authors constitutes the first attempt to the development of predictive
scour models founded more on physical than empirical grounds. A review paper treating the topic of
bridge scour under waves can be found at Gazi et al. [81], whereas scour at bridge foundations under
supercritical flows was recently reviewed by Link et al. [82].

3.2. Equilibrium Scour and Temporal Evolution of Scour: Empirical Approaches

During the last decades, different models have been proposed for the estimation of the local
scour depth at bridge foundations. These models mainly rely on laboratory-experimental data that
are often affected by oversimplified setups (flume geometry, sediment, steady hydraulic conditions),
non-uniform procedures, and experimental errors. In general, the scour formulae can be divided into
two main classes: (i) equilibrium scour models and (ii) time-dependent scour formulae. In general,
scour formulae depend on flow characteristics (1 and h), fluid properties (density and viscosity),
sediment properties (density, sediment size), and pier geometry (shape and dimension). Table 2 lists
seven equilibrium-scour models which have been taken into consideration due to their widespread
use worldwide, the ranking of the best scour equations published by Sheppard et al. [83], and
new-proposed ones accounting for blockage issues explicitly. For instance, the HEC-18 (Hydraulic
Engineering Circular No. 18) and FDOT (Florida Department of Transportation) equations (Richardson
and Davis [48] and Sheppard et al. [84], respectively) are widely used in the U.S.A., whereas the
equation proposed by Gao et al. [85] is diffused in China. Equilibrium scour equations have been
mainly proposed for design purposes and are based on experimental laboratory data. A detailed
description of the experiments employed to develop such equations is not always available. However,
comparisons among the more widely used scour equations can be found in the literature (see, e.g.,
Liang et al. [86], Gaudio et al. [87], Park et al. [88], Sheppard et al. [84], Qi et al. [89], Wang et al. [90],
Qi et al. [91], and Sheppard et al. [83]).
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Despite experimental-based scour modelling having been performed under different ranges
of hydraulic and sediment material, the range corresponding to standard field scales is frequently
unexplored. Typical scour experiments involved controlled flows, sediments, and geometric conditions
that present a considerable lack of similarity between prototypes and models. Naturally, this hampers
the comparison and uniformity of experimental data, derived equations, and trends on bridge scour.
Figure 4 compares the results of the application of some of the equilibrium scour formulae listed
in Table 2 (figure adapted from Pizarro and Tubaldi [92]). The input variables considered for the
comparison were taken from the numerical case study considered in Pizarro and Tubaldi [92], i.e.,
dsp = 2.0 (mm), D = 1.5 (m), river width B = 22.0 (m), channel slope S = 0.0001 (m/m), and Manning’s
roughness coefficient ngys = 0.017 (s/m173). Figure 4B shows a boxplot of the five computed equilibrium
scour depths (mean = 1.29 m, standard deviation = 0.36 m). Remarkably, for this combination of input
variables, the difference between the maximum and minimum calculated scour depth depths is of
about 100%.

N
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Figure 4. Application of the first five equilibrium scour formula listed in Table 2. (A) Visual comparison
considering a chronological development. (B) Boxplot of the equilibrium scour depths. Adapted from
Pizarro and Tubaldi [92].

According to Williams et al. [77], a revised definition of the densimetric Froude number using the
velocity along the separating streamline, 15, was shown to have an influential role on the scour process.
Consequently, the equilibrium scour depth also depends on us, which is a variable that is not commonly
considered in typical equilibrium scour models. It is interesting to mention that the philosophy behind
these equilibrium-scour prediction formulae has overprediction (envelope curves) as the best fitting.
This fact can be one of the reasons for such a large epistemic uncertainty in scour results.
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Table 2. Equilibrium-scour prediction formulae to compute scour depth.

Authors Mathematical Expression Observations Equation N°

Dy, = projected width of pier.
h = flow depth.

D

i 0.62
Froehlich [93] 0.32K.F02 ( ) ( L )0 46 ( D )0.08 1 Fr=Froude number. 17)
% Kg = factor for pier shape.
24D for 2 <07
K, 2(hD)*  for07< P <5
4.5h for % >5
K; =
(u’f(l”ﬁfuf)) for (ulf(u’ﬂfuf)) <1.0
. o Ue Ue '
Melville [66] z = Ky, KiKy,,KsKg ) for (1,,_(11,’,}7_1,()) 10 (18)
Kay =
0.5710gyo(2322)  for £ <25
1 for dﬁ >25

Kg = factor for the angle of attack.
fi = tanh((h/D)**)
Z — 2
Sheppard etal. [84] P 2'5flbj,[2f3 f= {1 = 1.2[In(u/uc)] } (19)
e = f= [ (D/ds0) ]
3 = | 04(D/ds) 2 110.6(D/dsy) 2
K3 = factor for the mode of sediment
transport.
K4 = factor for armoring by bed
material.
Ky = factor for very wide piers after
Johnson and Torrico [94].

Zmax = 2.4D for Fr < 0.8
Zmax = 3D for Fr > 0.8

Richardson and

Davis [48] (20)

0.35
B = 2K:KgK3KyKy(f5)  FrO®

u}= incipient velocity for local scour
at a pier.

w =0 645(%2)" e
Gao et al. [85] 2 = 046K DOSOO15g- 007 (it (di)o P17.6(252 ) + 605107 ()] 1)
= shape and alignment factor.

(ﬁ)9‘35+2‘23 log,,d
U

K.
n=
1 for clear-water scour
for live-bed scour

F s is the densimetric Froude number
)0~059 based on separation velocity 22)

Fpo = ———
( ds gd5u(P’*1) )
k¢ is the ratio of velocity along
streamline at point of separation on (23)
pier to critical velocity of sediment

(!

Williams etal. [77] £ =1.01 Fds_0'284( % )0.325 (

=2

50

Williams etal. [95] £ = 0.76k}‘69( %)0'32

The first studies analyzing the temporal evolution of scour depth under clear-water conditions
were developed under steady-state conditions. Among them, Zanke [54] proposed a semi-empirical
formula based on the principle of mass conservation on the bedload. Dey [96] derived a theoretical
model based on the idea that the principal agent in the scour process is the horseshoe vortex, in which
the mass conservation law must be satisfied. Melville and Chiew [68] and Oliveto and Hager [97]
developed empirical scour formulae, where a logarithmic relationship between time and scour-depth
was assumed. Recently, the Sheppard and Miller [98] and Melville [66] equations were combined and
slightly modified in order to form a new scour equation: the Sheppard and Melville (5/M) equation
which performs better than a number of previous formulae [84]. Pandey [99] evaluated six existing
time-dependent scour equations using graphical and statistical analysis, reporting that Oliveto and
Hager’s formula [97] predicts the temporal scour depth better than other equations. Although the
aforementioned scour models are valid under steady hydraulic conditions, they can also be employed
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for describing scour evolution under unsteady conditions, adopting the convolution technique (see,
e.g., [100-102]). Such a technique relies on the superposition concept that allows the representation
of the hydrograph as a sequence of steady discharge steps, for which steady scour models are valid.
Hager and Unger [103] proposed a formula for the computation of flood wave scour, imposing the
condition of an exponential hydrograph. Link et al. [104] proposed the dimensionless effective flow
work (DFW) model to evaluate the time-dependent scour depth under flood waves based on W*,
while Pizarro et al. [105] derived the bridge-pier scour entropic (BRISENT) model based on both
the informational entropy concept (uncertainty) and the principle of maximum entropy. DFW and
BRISENT models allow estimation of the time-dependent scour depth with high accuracy under
complex and different hydraulic scenarios (steady discharge, stepwise hydrographs, and unsteady
flood waves). Models for describing the temporal evolution of scour under live-bed conditions are
very scarce, mainly due to the difficulty in recreating these conditions in the laboratory.

Recently, Link et al. [106] developed a simple model to account for the refilling part of the
scour process that relies on the sediment mass balance at the scour hole. The original formulation
by Foster and Huggins [107] and Lu et al. [108] was modified by changing the characteristic length
scale and considering the sediment transport capacity as the one corresponding with the inception of
scour instead of inception of general sediment motion. Furthermore, a fractional sediment transport
formulation was employed based on Dey [109], and consequently, the use of Meyer-Peter and
Miiller [110] was adopted. The deposition model has two different fitting parameters, but for a correct
application, it is necessary to couple it with an erosional model. In this regard, Link et al. [106] used
the deposition model coupled with Link et al. [104]. The deposition model was validated by using
field scour measurements under real flood events showing low values of errors (see Figure 7 for
models’ performances, flood events, and scour measurements). Table 3 lists five time-dependent scour
prediction formulae selected based on their widespread use and computation approaches, such as
convolution technique and direct scour depth computation.

Table 3. Selected time-dependent scour prediction formulae.

Authors Mathematical Expression Observations Equation N°

Subscript “eq” means equilibrium.

. tor =
Melville and . v (M e
Chiew [68] % exp{—0.0S w ln(ﬁ) i 0~4)025 fork>6,1.0>2%>04 24
NSD(L _04)(f) " forf<6,10>L>04
Subscript “M” means at maximum or peak
Hager and conditions.
s Zua(Tw) = [Qu(Ta) " log(yTa)  Zt = 2/21 25)
Unger [103] O = a/4
M = q/q9m
Tm = t/tm
_ D?
ZR = m
0.957
: A = 4237(2)
Pizarro et al. dso
[105] W= %1“{1 + - lexp(S) - 1]} S— 21.185(D/ds)"*” (26)

T 04(D/dso)?+10.6(D/dsp) B
. D \~0.295
W exp[21.84(ln %)

max —

Link et al. oW
[104] i =0 (1 —e 2 ) c1, ¢, and c3 are model parameters (27)
Dep is the sediment deposition over a time
Dep ~ interval At.
Link et al. 0, Egitbt < gt 2 is the sediment transport capacity. (28)
[106] Egtt-Dt_grt " ,  pis the soil porosity.
a 8s 85 At & At S ot
ps(1-p) 2t ’ &s &s ps is the sediment density.

a and & are model parameters.
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The reported scour equations contain, in general, many parameters that have to be estimated. This
issue of model calibration can be easier tackled at a laboratory scale due to availability of scour data.
However, fitting the scour models to a real-bridge case study can be difficult, complicated, and at some
locations, impossible to achieve due to the lack and accuracy of field scour information. Additionally,
time-dependent scour models need scour data continuously, making the calibration and validation
even more difficult.

3.3. Scour Estimates: Numerical Approaches and Data-Driven Methods

In order to avoid intrinsic limitations of empirical models, numerical studies have been carried
out to estimate the scour evolution by simulating the flow pattern around hydraulic infrastructures.
In particular, a detailed representation of the horseshoe vortex and complex bridge geometry have
been of interest. Olsen and Melaaen [111] and Olsen and Kjellesvig [112] solved the Reynolds-averaged
Navier-Stokes (RANS) equations, utilizing the finite-volume methods around cylindrical piers and
non-cohesive sediment, by coupling them with the Exner equation for the evolution of the sediment
bed. Model calibration was performed considering scour measurements at a physical model under
clear-water conditions. Tseng et al. [113] computed the three-dimensional flow around square and
circular piers, corroborating good agreement with experimental data reported by Dargahi [114].
Salaheldin et al. [115] computed different turbulence models and benchmarked their results with
literature data. Results showed that a robust three-dimensional hydrodynamic model could effectively
add information to experimental studies of complex flow fields and scour initiation around bridge piers
with different size, shape, and dimension. Roulund et al. [116] used the k-w SST model reproducing
the vortex shedding at the lee side of a cylinder and providing 3D morphodynamics simulations.
Sumer [117] published a review of the mathematical modelling of scour covering different approaches.
Among them, the free surface effects and the influence of small-scale turbulence on sediment transport
were recognized for future research.

The unsteady RANS were successfully used to model turbulence at piers with different geometries.
However, they tended to overpredict the magnitude of the eddy viscosity, and therefore, important
features were unrepresented at the turbulent horseshoe vortex system [118,119]. Considering suspended
sediment transport, Baykal et al. [120] and Baykal et al. [121] reported an improvement in terms of
deposition patterns downstream of the bridge pier.

Recently, machine learning algorithms were employed to predict the bridge scour depth. Differently
from the standard regression models reviewed in the previous sections, this type of technique does
not require anticipated knowledge of the mathematical relationships among key parameters, and
therefore, no information about the process is needed. In this context, artificial neural networks
(ANNSs) have shown promising results in predicting the local scour depth [122-127]. Bateni et al. [128]
predicted the equilibrium and time-dependent scour depth using ANNs and the adaptive neuro-fuzzy
inference systems (ANFIS). By building the model, the authors considered five variables, namely, flow
depth, mean velocity, critical flow velocity, mean gran diameter, and pier diameter. Results confirmed
that data-driven models overperformed empirical methods, while through sensitivity analysis, pier
dimension was the most relevant variable in the equilibrium scour depth. Firat and Gungor [129]
employed the generalized regression neural networks (GRNN) and the feed-forward neural networks
(FFNN) with scour data from the literature. Results demonstrated that GRNN performed better than
FFNN, and that the most influencing variables on equilibrium scour depth predictions were pier
dimension and sediment size. Toth and Brandimarte [130] applied ANN models to field and laboratory
bridge scour data. Training sub-datasets were therefore classified by the origin of data (laboratory
vs. field) and transport mode (clear-water vs. bedload), and in consequence, a higher degree of
specialization was achieved to predict the equilibrium scour depth.
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Despite promising results, machine learning-based algorithms have found limited application in
the engineering practice due to the need for a large amount of data required for training and validation.
In turn, numerical methods are not widely employed in the engineering practice due to their high
computational costs and the very idealized conditions that they can simulate.

3.4. Non-Deterministic Approaches

Since the early studies of Barbe et al. [131] and Johnson [132], numerous works have acknowledged
the importance of employing non-deterministic approaches for evaluating the scour depth at bridge
foundations. In particular, probabilistic frameworks have been developed over the years to incorporate
the effect of the uncertainties relevant to the problem [131-141], such as those characterizing the
parameters associated with estimating discharge, flow depth, flow velocity, and the epistemic
uncertainties affecting the scour prediction models in the scour depth evaluation.

Lagasse et al. [142] developed a novel risk-based procedure for bridge scour assessment, consistent
with the load and resistance factor design (LRFD) approach commonly employed in structural and
geotechnical engineering. The study was motivated by the need to clarify whether unaccounted-for
biases in the scour depth formula, and input parameter and hydraulic modelling uncertainty, lead
to overly conservative estimates of scour depths. The results of the investigation and the proposed
risk-based procedure are described in the NCHRP (National Cooperative Highway Research Program)
24-34 [142] and Johnson et al. [143]. It is noteworthy that the proposed approach is not fully probabilistic
in the sense that only a 100-year-flood event is considered for scour assessment purposes, instead of all
the possible floods during the bridge’s lifetime.

Tubaldi et al. [144] developed a Markovian framework for describing the probabilistic evolution
of clear water scour at bridge piers accounting for memory effects, i.e., accounting for the history-
and time-dependent nature of the scour process. According to the Markovian process assumption,
the change of the scour depth during one flood event depends on the scour level accumulated until the
occurrence of the event itself, rather than on the entire hydrologic and scour history. Results confirmed
that assuming both independence of scour events and always attained equilibrium scour depths, they
may lead to unrealistic estimates of scour. On these findings, Pizarro and Tubaldi [92] assessed the
epistemic uncertainty related to the temporal evaluations of clear-water scour under multiple flood
events. They included more realistic flood shapes into the Markovian framework, identifying the
most influencing hydraulic parameters in the computation of scour depths. Results corroborated
the high sensitivity of the exceedance probability to the choice of the time-dependent scour model,
while the effects of the epistemic uncertainty associated with the equilibrium scour models were lower
than those associated with the time-dependent scour ones. Figure 5 shows results considering the
BRISENT model and the Markovian framework on a numerical case study. In particular, the probability
mass function of scour can be computed for different values of bridge lifetime (in this case from 5 to
100 years). Additionally, the probability of exceedance of scour, in function of the considered time, can
also be computed.

Manfreda et al. [145] introduced the theoretically derived probability distribution of scour (TDDS)
based on the probability distribution of floods, the velocity-area rating curve [146], and BRISENT
model [105]. The TDDS was the first attempt to couple hydraulic, hydrological, and erosional models
in a closed and analytical way, resulting in an estimate of the probability distribution of scour that can
be used for design or scour risk assessment purposes.
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Figure 5. Results from the use of bridge-pier scour entropic (BRISENT) model coupled with the
Markovian framework. (A) Probability Mass Function (PMF) of the scour depth z in function of the
considered bridge lifetime (T from 5 to 100 years). (B) Probability of exceedance of z (P(Z > z)) in
function of the considered time. Adapted from Pizarro and Tubaldi [92].

Several different approaches have been proposed to deal with the issue of estimating the scour
depth at bridge foundations. Among them, the approaches discussed in this section are physical
modelling; empirical formulae; and numerical, data-driven, and non-deterministic methods. It is
evident that all these approaches give an extra effort to the research in question, but on the other side,
there is a huge lack of consensus within the scientific community. The science behind scour at bridge
foundations is currently characterized by high empiricism and uncertainty, especially at real-scale
bridges. Physical modelling and empirical approaches are normally developed/performed at small
geometric scales (laboratory flumes) with controlled hydraulic and boundary conditions. Therefore,
their applicability to real-geometric-scale bridges is not completely validated. Field scour data is
critical to deal with the aforementioned issue, motivating also the possibility to develop better scour
frameworks. The next section deals with the advancements of bridge scour monitoring with a focus on
successful case studies and technology used.

4. Bridge Scour Monitoring

Field campaigns aiming to monitor real-time bridge-scour are practically non-existent due to
accessibility issues under flood events, and damage and performance of sensors. Different technologies
for field scour monitoring have been proposed and used in the past few years. A review of bridge scour
monitoring techniques was recently carried out by Prendergast and Gavin [147], Deng and Cai [148],
and Wang et al. [149]. Monitoring technologies can be classified into three different classes [149]:
(i) monitoring with reference target (e.g., magnetic sliding collar [150], float-out devices [151], smart
rocks [152,153]); (ii) soil-water interface (e.g., echo sonars [154], fiber Bragg grating sensors [155,156],
TDR [157]); and (iii) reverse monitoring (e.g., tilt sensors and modal parameter [158,159]). These sensors
and monitoring technologies have advantages and disadvantages, such as real-time data collection
and difficulties in measuring the refill scour process, and different economic costs. For instance, scour
monitoring with reference targets is easy to carry out, install, and operate but cannot continuously
acquire data. Furthermore, it is not possible to monitor the refill scour process. Nevertheless, it is a
cheap alternative. On the other side, sensors in the soil-water interface category are easy to install
and consent continuous monitoring. Finally, reverse monitoring is environmentally friendly, easy
to operate and interpret, but can be influenced by other variables such as wind, hydraulic factors,
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and traffic. Figure 6 shows a schematic illustration of a bridge pier with possible scour monitoring
instrumentation, while Table 4 presents the advantages and disadvantages of the sensors mentioned
above. Remarkable, long, and continuous scour time-series still do not exist, despite the increasing
advances in technology.

Tiltmeter 7
Radar/Sonar
— %.., Scourhole
B Electrical
' conductivity
Float out probe
~device W

Ivl
Figure 6. Sketch showing monitoring instruments for bridge scour measurements.

Table 4. Advantages and disadvantages of sensors for field scour monitoring. Adapted from
Wang et al. [149].

Able to Affected by
Easy to Can Be . R
. Continuous Measure Traffic or Other .
Instrument/Sensor  Installand  Used during o - . Expensive? *
Monitoring? Refilling Hydraulic
Operate Floods?
Process? Factors?
Magnetic sliding YES YES NO NO NO I
collar
Float-out device YES YES NO NO NO 1
Smart rock YES YES YES NO NO I
Sonar YES YES YES YES NO I
Fiber Brag grating NO YES YES YES NO 1
sensor
TDR YES YES YES YES NO I
Tilt sensor and YES YES YES YES YES I

modal parameter

“1

* Sensors are catalogued in three classes:
expensive one.

corresponds to the less expensive alternative, while “II” to the most

Examples of successful field measurements were reported by Lu et al. [108], Su and Lu [151,160],
and Hong et al. [161]. Sturm et al. [162] were able to measure the time-dependent scour during floods,
while Link et al. [106] continuously measured flow characteristics and scour depths during six flood
events, employing ultrasonic scour sensors. Remarkable, Link et al. [106] also proposed a deposition
model that fitted field data with high accuracy (see Equation (28)). Figure 7 shows Link et al.’s [106]
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measured flood events (flood number 4, 5, and 6, respectively) including monitored scour depths and
model performance accounting for the erosional and refilling part of the scour process.
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Figure 7. Continuous scour-depth monitoring and performance of models. Field data published by
Link et al. [106].

Crotti and Cigada [163] reported results from a continuous long-period monitoring program
in Italy. They monitored a bridge over the river Po, and included a different type of sensors such
as anemometers for wind velocity, ultrasound sensors for water levels, video cameras to identify
debris piling and echo sounders, and the patented bed level seeking system (BLESS) for scour depth
monitoring. Remarkably, they presented five years of scour measurements at a measuring frequency
of 1 h.

Recently, Maroni et al. [164] proposed a Bayesian Network (BN) approach with the aim of
expanding the limited information from a reduced number of scour sensors at a few bridge locations
to a bridge infrastructure network. This approach allows establishing scour hazard models that
compute the scour depth at non-monitored bridge foundations taking into account real-time data from
monitored locations. BNs can estimate and continuously update the computed scour depth based on
real-time observations (scour depth, streamflow, flow depth), inferring probability distributions of the
computed involved variables.

Monitoring of scour at bridge foundations in the field is of paramount importance to quantify both
the inherent uncertainty that this complex phenomenon presents and the epistemic uncertainty that
scour models contain. Additionally, bridge scour monitoring will set the basis for the introduction of
new and better approaches in terms of design, real-time scour assessment, and economic prioritization.

5. The Current Approach for Assessment and Design of Bridges Against Scour

Bridges built over waterways have been designed to withstand a design flood event of a given
magnitude with a prefixed return period T, typically of the order of 100 or 200 years [23,62,165-167].
The scour depth is then evaluated by assuming that the design flood acts over a theoretically infinite
duration, i.e., until the equilibrium scour depth is achieved. Furthermore, a deterministic approach
is often employed, neglecting all sources of inherent and epistemic uncertainties that may affect the
scour problem, and leading to a one-to-one relationship between the flood discharge and the scour
depth. Cumulation phenomena, though important (e.g., Tubaldi et al. [144]), are also disregarded.
Under these assumptions, a one-to-one relationship exists between the design flood discharge and
the design scour depth, and the probability distribution of the scour depth can be obtained by using
a simple transformation of random variables. Current standards and procedures for bridge scour
assessment and design are mostly in agreement (e.g., Melville and Coleman [62]). Their philosophy
can be established in four different stages that are briefly described below [23]:
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Screening: Identification of structures that are subject to water body actions and establishment of those
that are at risk of scour, potentially.

Initial assessment: Quantification of scour depths and comparison with existing level of protection.
At this stage, the estimation of hydrologic and hydraulic variables is performed with views in the
computation of potential scour depths. Additionally, a first categorization for low and high risk is

performed that relies on whether or not the computed scour depth is larger than the foundation depth.
Detailed assessment: Following the initial assessment, a detailed scour stage is established for
high-risk-of-scour bridges. This consists in the estimation of scour depths in a more refined framework

to confirm or change bridge categorization to scour. If the structures are still at high risk, a design
process is usually performed for scour protection measures.

Re-assessment: Following the already presented stages, a re-assessment process is frequently carried
out with the intention to identify changes in the risk of bridges to scour.

The Design Manual for Roads and Bridges (DMRB) is currently used in the United Kingdom as a
standard for motorways and trunk roads [167]. The scour risk assessment procedure consists in two
stages: (i) scour inspection and identification of low- and high-risk structures (such an identification
relies on more qualitative than quantitative analysis), and (ii) more detailed scour assessment and
establishment of a scour risk rating. The return period of the design flood event is 200 years plus
20 percent to allow climate change effects on the structure, while the assessment of bridge scour relies
on Melville and Sutherland [64]. In addition, underwater surveys should be performed six times per
year. On the other side, the Chilean design manual accepts different levels of risk depending on the
“importance” of the bridge. For example, a highway bridge on the Chilean Panamericana may have a
failure risk of 22% in 50 years (expected bridge life), and thus the return period is 200 years. Minor
bridges are designed with higher failure risk. Table 5 presents an extract of the Chilean design manual,
linking the return period with the risk of failure for different structure relevancies.

Table 5. Return period and risk failure for bridges and viaducts. Extract of the Chilean design manual,
Table 3. 1002.302.A, [166].

Type of Type of Return Period (Years) Expected Structure Risk of Failure (%)

Structure Route Design  Verification Life (Years) Design Verification
Bridges and Highways 200 300 50 22 15

Viaducts Roads 100 150 50 40 28

Assuming that the flood (and thus scour) events are independent and identically distributed
(ii.d.), the risk R of exceeding in n years the scour depth with associated return period Tr can be
estimated as follows:

Rz1—(1—TiR)n. (29)

In Equation (29), 1/T also denotes the annual probability of exceedance of the flood (scour depth)
with return period Tr. As pointed out by Proske [2], the mean annual frequency of failure of bridges
is between 107 and 107, i.e., much lower than the mean annual frequency of exceedance of the
design flood (~ 1072). This may be, for example., due to the role played by structural redundancy
and capability of withstanding the partial loss of support [168], the refilling scour-hole process
under live-bed conditions, and the safety factors generally considered in the design. However, not
infrequently it is observed that bridges collapse under floods having very low return periods. In general,
the floods that cause failure due to scour are considerably scattered, in a range between 1 and more
than 1000 years [9,169,170]; therefore, scour accumulation may have an active role in those failures
occurring for floods with low return periods [144].

Figure 8 describes the empirical relationship between the return periods (Tr) of flood events
producing bridge collapse and the bridge age, resulting from a study performing the historical analysis
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of bridge collapses in the U.S.A. [144]. The mean and standard deviation values of the bridge age are
52.9 and 24.9 years, respectively; while the mean and standard deviation values of the Ty of the flood
inducing collapse are 673.9 and 1993.2 years, respectively. It is interesting to observe that it was a good
proportion of bridges (~78%) that collapsed under events with return period less than 200 years, which
is the Tg usually considered for bridge design. These data demonstrate that the return period of the
design flood scenario cannot be directly related to the risk of failure due to scour. Moreover, the flood
peak is not necessarily the only critical variable for the failure of a bridge, but the flood hydrograph and
evolution of scour with time should also be considered in the bridge design. Similar conclusions were
drawn in another report on bridge failures due to scour in the UK [9]. Recently, Manfreda et al. [145]
derived the theoretically derived probability distribution of scour (TDDS) by coupling hydrological,
hydraulic, and erosional models in a closed mathematical form. They highlighted the fact that the
scour probability distribution is not just a simple transformation of the probability of floods, but
it is influenced by the hydrograph shape, cross-sectional river geometry, sediment properties, and
bridge characteristics. Therefore, adopting only one flood return period may lead to neglecting most
of the complexity involved in the scour process. The work of Tubaldi et al. [144], on the other hand,
highlighted the importance of accounting for scour accumulation under multiple events.
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Figure 8. Return period of the flood event producing a bridge collapse and the bridge age. Red line
corresponds with Tr = 200 years that usually is considered for bridge design, while the dashed black
line represents a perfect agreement. Data published by Flint et al. [169].

6. Research Needs and Future Directions

This work presents an extra effort to provide an up-to-date, comprehensive, and holistic literature
review of the problem of scour at bridge foundations. It covers topics related with (i) the physics
of sediment transport, (ii) physical modelling and laboratory experiments, (iii) scour equations
encompassing diverse levels of complexity and approaches, (iv) bridge scour monitoring in the field,
and (v) current approach for bridge assessment and design against scour. The science behind scour at
bridge foundations is nowadays characterized by very different approaches with a wider spectrum of
complexity and empiricism. Many open questions are still without an answer and the assessment of
bridge scour is still defined by a significant degree of uncertainty. In this context, the state-of-the-art
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constitutes an opportunity to motivate the scientific community to increase the research efforts on the
identified issues, with a special treatment to real bridges.

The complexity behind the scour phenomena is undoubtedly one of the reasons for the lack
of consensus among researchers. On the other hand, the limited multi-disciplinary approach that
academics and practitioners have taken during the past decades is another possible explication of it.
In fact, and due to the complexity presented in scour phenomena, various branches of knowledge should
be co-working. Among them, physicians (focusing on the physics of the movement of sediments),
electronic engineers (on instrumentation and sensors), hydrologists (on river flow dynamics), hydraulic
engineers (on the assessment of hydraulic variables such as flow velocities and flow depths), and
structural and geotechnical engineers (on bridge responses to scour) can together give a holistic insight
of the research topic in question. It is normally believed that scour at a bridge’s foundations is a
research topic explored well. Still, and despite the variables affecting the scour phenomenon are well
known, this knowledge is valid under controlled conditions (steady flows, limited duration of scour
experiments, uniform sediments, simple pier shapes, small geometric scales). However, real bridges
do not meet these assumptions necessarily.

The review of the literature on bridge scour presented in this manuscript suggests multiple
avenues for future research. Up to date, research has focused on two different main topics. On the one
side, the understanding of the physics behind the scour process (through laboratory experiments and
numerical simulations) has attracted the attention of several researchers. Consequently, it is expected
that more and more formulae for predicting scour will be developed in the future with a stronger
basis on the physics of the scour phenomena. However, practical frameworks, such as those making
available simple and ready-to-use equations for predicting scour depth, have been acknowledged as a
cornerstone for design and engineering practice in general. In this regard, and considering empirical
scour equations, even by applying bridge-scour formulae to “ideal cases” (i.e., constant sediment
properties, stationary hydraulic conditions, and simple pier geometries), the obtained scour estimates
are considerably scattered [84]. Differences of the order of 200% can be observed in the equilibrium
scour depth values obtained with the various available scour models, corresponding to a significant
presence of epistemic uncertainty. However, due to the lack of field scour data at extreme flood
events, the level of conservatism is effectively undefined at those conditions. In this context, possible
reasons for anti-conservatism scour safety standards may be: (i) scale effects from laboratory to nature;
(ii) simplification of the channel geometry (typically assumed straight and rectangular); (iii) bed material
simplification (constant vs. variable dsp, cohesionless vs. natural sediments); (iv) oversimplified
hydraulic conditions (clear-water conditions, steady flows and/or stepwise hydrographs vs. real
flood waves); (v) limited range for scour experiment durations (hours or days vs. bridge-design
lifetime); (vi) limited range for controlling scour dimensionless parameters; (vii) limited applicability
of scour formulae to pile groups; and (viii) influence of other interacting sources of scour (e.g., channel
migration, riverbed gradation, contraction scour) and scour accumulation between successive flood
events. In this last regard, one research avenue could be the application of stochastic techniques
to simulate the temporal evolution of the river discharge regime [139,171-173]. Multiple synthetic
hydrographs could be generated in a Monte Carlo approach and used together with already available
scour rate formulae (e.g., DFW, BRISENT, or the Scour Rate In COhesive Soil (SRICOS) model) to
evaluate the corresponding time-dependent scour depth during the time of interest. Coupling scour
and deposition models under hydraulic/hydrological loads simulated by this stochastic approach
could give a more realistic estimate of the scour depth during the lifetime of the bridge.

A second research avenue concerns the consideration of structural vulnerability in bridge scour
risk assessment. The risk of failure of a bridge due to scour should consider the flood hazard (describing
the probability of occurrence of flood events with different intensities) as well as the bridge vulnerability,
i.e., the probability of failure P¢(z) conditional to an event of a given scour level z. Studies on scour
vulnerability of bridges are rather scarce (see [168,174-178]), and most of them employ a deterministic
approach, resulting in a single value of the critical scour depth corresponding to bridge collapse.
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However, many uncertainties are affecting the bridge response that must be taken into account,
including those inherent to the bridge geometry, material properties, and foundation depth, which are
often unknown. From a hydraulic point of view, bridge scour analyses provide only a single value of
the scour depth, whereas the scour hole usually has a complex shape [179,180] that should be taken
into account in evaluating the structural bridge capacity [168].

A third research avenue is the monitoring of scour at bridge foundations, with the aim of
obtaining long time-series. Since the scour process strongly depends on the hydrologic/hydraulic
conditions, the whole discharge regime should be considered. The scour-risk management is
nowadays affected by many uncertainties because of various limitations of current formulae for
scour estimation, the impossibility of describing accurately the complex nature of the scour process,
and the structural response against scour. Continuous monitoring programs of bridges susceptible to
scour are unavoidable in scour risk management. Long scour time-series will allow a more physically
based scour treatment, stochastic scour analyses, validation of time-dependent scour formulae under
real scenarios, and the reduction of the uncertainties affecting the problem. Moreover, the data acquired
via bridge monitoring will be extremely useful to gain information on climate change effects.
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