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ABSTRACT
Scour is a significant cause of bridge failure, and resulting bridge closures are likely to generate 
significant disruption to infrastructure networks. The management of scour-susceptible bridges is a 
significant challenge for improving transport resilience, but tends to be heuristic and qualitative. 
Such assessments often suffer from insufficient knowledge of key factors and require assumptions, 
which may increase their estimation and relative uncertainty. Analysis of publicly available tech-
nical documents reveals that various definitions of “risk” are adopted, as well as multiple 
approaches are applied. This paper has three objectives: (i) to illustrate the concept of risk in 
bridge scour management; (ii) to propose a simple scoring system to analyse existing risk-based 
approaches to manage bridge scour; and (iii) to analyse and compare such approaches on the basis 
of the obtained scores. A sample of nine documents containing bridge scour risk assessment 
practices or approaches was analysed using the developed rating system.
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1. Introduction

Bridges are vital infrastructure assets for transport func-
tionality and are crucial for economic activity. 
Considering the 17 Sustainable Development Goals 
(SDGs), bridges play a critical role in enhancing road 
connectivity and building resilient infrastructure sys-
tems and lifelines (SDG9, Breuer et al., 2019), as well 
as improving the management of human settlements 
(SDG11, Breuer et al., 2019). Djalante et al. (2013) and 
Werner et al. (2021) highlighted that improving resili-
ence of infrastructure systems to the effects of disasters 
and climate change is vital for long-term development 
of sustainable infrastructure. These efforts include 
improving long-term infrastructure management and 
related investment decisions (Tellman et al., 2018). In 
a context of more extreme flood events (and relative 
hydraulic actions), understanding current management 
of bridges at risk of scour is the pre-requisite for 
improving the safety and resilience of transport net-
works through better management, toward more resili-
ent and sustainable infrastructure development. In this 
remit, this paper seeks to compare different risk-based 
methods to manage scour, and hence improve mainte-
nance and reliability of bridges and the underpinned 
transport network.

Bridges are associated with high maintenance, repair, 
and (re)building costs, and have serious consequences 

in the event of failure (Wong et al., 2005). Aging bridges 
worldwide are becoming increasingly vulnerable due to 
the increased traffic loading and other external factors 
such as climate change (Nasr et al., 2020), thus reducing 
the resilience of transportation networks. Structures 
crossing or adjacent to watercourses are exposed to 
hydraulic actions, which could result in multiple 
hazards (e.g., overtopping, debris, scour). The scouring 
of foundations due to such actions is a major cause of 
bridge failures. Assessing scour hazard and risk is of 
upmost importance for bridge and transport managers 
(e.g., Briaud, 2015; Ding et al., 2016; Kerenyi & Flora, 
2019; Maddison, 2012; Prendergast & Gavin, 2014; 
Whitbread et al., 1996).

Bridge scour is defined as the erosion of soil from 
around bridge foundations and abutments, which in 
turn can lead to a reduction in support capacity (e.g., 
Ettema et al., 2017; Hager, 2007; Maddison, 2012; Melville 
& Coleman, 2000; Whitbread et al., 1996; Whitbread et 
al., 2000); it is a process that may be exacerbated by high 
river and/or turbulent flows (e.g., due to flooding). The 
phenomenon of scour includes different types, namely 
general, contraction/constriction and local scour 
(Maddison, 2012; Melville & Coleman, 2000). A range 
of damage mechanisms and failure modes are triggered 
when scour holes reveal the bottom of or undermine 
shallow foundations, compromising the integrity and 
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safety of the entire structure (Bento et al., 2018; Bento, 
Couto, et al., 2022; Mondoro & Frangopol, 2018; Wang 
et al., 2014). To maintain bridge resilience, owners and 
operators should consider how best to prevent, detect, 
and mitigate scour effects (Tubaldi et al., 2022).

In the context of scour, bridge integrity management 
is the process of identification and implementation of 
remedial actions to counter scour effects in a timely 
fashion, before they threaten structural integrity, cause 
damage (leading to repairs or rebuilding), or reduce 
asset functionality (e.g., Argyroudis et al., 2020; 
Gidaris et al., 2017; Hurt & Schrock, 2016). The main 
goal is to optimally keep the asset functional for a set 
reference period.

Bridge portfolios are often managed through bridge 
management systems, which typically rank structures 
according to their level of risk. This risk ranking sup-
ports decision-making and the subsequent allocation of 
resources (e.g., Bento et al., 2020; Flaig & Lark, 2000; 
Proske, 2018). However, the ranking is often based on 
‘in-house’ (set by each owner/agency) definitions or 
perceptions of risk, that present noticeable differences 
(Pregnolato et al., 2022). Tubaldi et al. (2022) discussed 
limitations in current risk assessment approaches, 
which usually give more weight to the contribution of 
the hazard, as compared to bridge vulnerability and 
potential failure consequences. Also, consequences are 
considered by means of simple heuristic coefficients 
(Tubaldi et al., 2022).

This paper analyzes existing methods to assess 
bridge scour risk using a scoring system. The objec-
tives of the paper are: (i) to illustrate the concept of 
risk in bridge scour management; (ii) to propose 
a simple scoring system to analyse existing risk- 
based approaches to manage bridge scour; and (iii) 
to analyse and compare such approaches on the basis 
of the obtained scores.

2. Scour management approaches

Risk can be defined as the combination of hazard, vulner-
ability, and consequences (Grossi & Kunreuther, 2005). 
The scour hazard is often estimated using indicators that 
depend on the characteristics of the stream, the channel, 
and the floodplain, e.g., the floodwater level. In some 
cases, these intensity measures are qualitatively assessed 
via expert opinion; in other cases, more refined hydraulic 
modelling is implemented to determine the hazard for 
given return periods (Bento et al., 2021; Bento et al., 2022; 
Flint et al., 2017). The vulnerability is represented usually 
via fragility curves (e.g., Lamb et al., 2019) that describe 
the probability that the bridge is in a failure state at 

a given exposure. Similarly, to the hazard evaluation, 
vulnerability can be estimated using indicators; for exam-
ple, of the foundation type and depth, or with higher 
accuracy, using detailed numerical models calibrated 
using results of tests and monitoring (e.g. see the mon-
itoring methodology for scour presented in Anderson et 
al., (2007)). Both hazard and vulnerability are needed to 
sensibly estimate the probability of bridge failure, and 
thereby the bridge reliability.

Reliability with respect to a given failure can be 
defined as the probability that in each timeframe the 
structure does not ‘fail’. The term ‘failure’ in this paper 
generally indicates limit conditions that must be 
avoided. The scour reliability Re can be written as the 
complement of the probability of failure (Ditlevsen & 
Madsen, 1996): 

where pS is the probability that the bridge fails due to 
scour in a given time interval. An example of 
a reliability-based study for scour is provided by 
Alipour et al. (2013).

However, reliability by itself does not enable account-
ing for the consequences related to damage which in 
turn may be a decisive factor in prioritizing mainte-
nance interventions, especially under budget constraints 
(Figure 1). Consequences are either direct or indirect 
(Chryssanthopoulos et al., 2011; Hackl et al., 2018; 
Imam & Chryssanthopoulos, 2012; JCSS, 2008; Lamb 
et al., 2019). Direct consequences result from physical 
damage of the structure or of its components (e.g., 
repair and replacement), and from fatalities and casual-
ties. Direct consequences may relate to material, tangi-
ble values, that are quantifiable as economic losses, or 
intangible values such as human life, cultural values, loss 
of reputation, and quality of the environment (e.g., 
noise, pollution, loss of scenic beauty, biodiversity). 
Indirect consequences result from the loss of function-
ality of the bridge (e.g., re-routing, delays, increased 
pollution). Indirect consequences can be expressed in 
economic terms but should also account for social and 
environmental costs. For indirect consequences, it is an 
established norm to differentiate between tangible (e.g., 
traffic disruption) and intangible (e.g., damage to the 
environment or historical heritage) indirect conse-
quences (e.g., Thoft-Christensen, 2012). Intangible con-
sequences are difficult to express in monetary terms and 
often are not included in risk evaluations (Tubaldi et al., 
2022).

The estimation of the overall consequences is 
a complex multi-faceted problem. For example, the col-
lapse of a bridge can lead to casualties and injuries 
(direct consequences) or traveling delays (indirect 
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consequences) (c.f. HA 2012; Pregnolato, Vardanega, 
et al., 2021). Various methodologies have been proposed 
to quantify the total consequences (both direct and 
indirect) associated with bridge scour failure (e.g., 
NASEM, 2007; Pregnolato et al., 2021; Stein et al., 
1999; Zhu & Frangopol, 2016). Reliability and risk are 
related; however, they lead to different approaches for 
bridge integrity management (Figure 1).

The traditional reliability-based approach aims to 
maintain the load-carrying functionality by keeping 
the computed probability of failure below a target 
value. This approach implicitly reduces the risk of 
failure but does not explicitly account for the conse-
quences of the bridge performance on the network 
ecosystem to which the bridge belongs. Two identical 
bridges under the same hazard have the same relia-
bility; however, their failure may lead to consequences 
of different orders of magnitude. For example, the 
consequences (in terms of human life, loss of time 
for deviations, pollution, etc.) of the failure of an 
isolated bridge in a scarcely populated area are sig-
nificantly different from the consequences of the fail-
ure of a bridge located on a highly congested highway. 
A complete risk-based approach would explicitly 
account for both direct and indirect consequences of 
the bridge failure. A risk-based method would be 
more suitable to prioritize maintenance interventions 
with respect to an approach that only accounts for 
safety through reliability. Following the definition 
from the JCSS (2008), the risk of scour failure R can 
be written as the product of the probability pS that the 
bridge fails due to scour for a given time frame and 
the consequences cS associated with this failure: 

The probability pS depends on the hazard and the 
vulnerability. In this study, the hazard is modelled 
through the probability hF that an event that can trigger 
scour, for example a flood, occurs within the given time 
frame. The vulnerability is represented by the condi-
tional probability pSjF that the bridge fails due to scour, 
given that the flood occurs. Hence, Eq. 2 can be writ-
ten as: 

Equation (3) does not refer to the full-life cycle of an 
asset since it considers one failure of the bridge only 
throughout its lifetime.

The traditional approach to bridge integrity assess-
ment is generally based on the identification of condition 
scores derived from visual inspection data (Middleton 
2004; Bennetts et al., 2018; Collins et al., 2019; 
Limongelli et al., 2018; Tűrksezer et al., 2021). Visual 
inspection efforts rely on engineering judgment to pro-
duce the condition metrics often used to assess bridge 
condition (e.g., Bennetts et al., 2020; Yuan et al., 2019).

The onset and evolution of scour and associated 
effects relate to variations in hydraulic parameters 
(e.g., flow rate, flow velocity, sediment type) and to the 
structural characteristics of the bridge (e.g., pier geome-
try, foundation shape) (e.g., Bao & Liu, 2017; Bento 
et al., 2020; Pizarro et al., 2020; Prendergast & Gavin, 
2014; Prendergast et al., 2016). Thereby the manage-
ment of the integrity of bridges prone to scour requires 
up-to-date information about key hydraulic and struc-
tural parameters (Moreno, 2016). The water height, 
water velocity, or flow rate are indicators of the potential 
hazard (scour). This information may be recorded using 
river gauges or sensors, or simulated via hydraulic 

Figure 1. Reliability and risk concepts in bridge integrity management. (Abbreviations: pf = probability of failure, ci = indirect 
consequences, cd = direct consequences).
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models (Bento et al., 2022). The characteristics of the 
riverbed (e.g., material), of the catchment (e.g., steep/ 
lowland), and the presence of debris may also be rele-
vant indicators (e.g., Panici et al., 2020).

However, assessing the hydrodynamic actions alone 
is not sufficient to judge the overall condition of a bridge 
and the vulnerability to scour needs to be accounted for 
(Pregnolato, 2019). The foundation type, geometry (e.g., 
shape of piers), and foundation depth are fundamental 
indicators where scour risk management is concerned 
(Malekjafarian et al., 2020). Infrastructure operators and 
agencies have therefore developed various methods for 
identifying bridges at risk of scour with varying levels of 
complexity. This paper develops a new scoring system to 
assess this complexity and compares various existing 
published approaches to scour management.

Scour risk estimation and associated bridge manage-
ment are often limited by: (i) insufficient knowledge 
about the structural configuration, the structural condi-
tions, and the factors that influence the scour hazard 
(e.g., hydraulic parameters); (ii) a heuristic application 
of the concept of risk, with partial consideration of 
consequences; and (iii) the scarce (if any) integration 
of the information measured by monitoring systems.

3. A scoring system for risk-based scour 
assessment methods

To assess the level of refinement of a practical risk-based 
method, this paper proposes a scoring system (Table 1) 

based upon the three elements of risk: hazard (hF), 
vulnerability (pSjF) and consequences (indirect Ci, direct 
tangible Ctan

d , and direct intangible Cint
d ). Importantly, 

the scoring system differentiates between: (i) estimated 
factors, i.e., those parameters that are approximated 
using qualitative indicators or expert (subjective) judge-
ment; and (ii) assessed factors, i.e., those parameters 
that are assessed via objective computation using 
numerical, empirical, or theoretical models. For each 
method, the resulting score is obtained by summing 
up the scores of the five factors (max score = 9) and 
indicates the level of refinement of the procedure 
(basic/intermediate/advanced), as shown in Table 2.

4. Survey of published methods for scour 
assessment

In this section, nine published approaches to scour 
management are scored using the framework presented 
in Tables 1 and 2. The nine published approaches were 
selected due to their availability in the public domain. 
Table 3 summarizes the results of the review. A given 
agency can offer a procedure at different levels of refine-
ment (e.g., with successive, more refined stages of ana-
lysis); this work considers the most refined process 
reported in the reviewed publications and it is acknowl-
edged that more sophisticated methods may be used in 
practice by the agencies reviewed in this paper (and 
unknown or unavailable to the authors).

Table 1. Scoring system for risk-based methods. N/A means that the factor has not been considered. (Abbreviations: hf = scour 
probability; ps|f = failure probability, ci = indirect consequences, cd = direct consequences).

Factor Description Estimated score Assessed score

TANGIBLE VALUES
hF 
Hazard

Probability that an event that can trigger 
scour (e.g., a flood) occurs within a given 
time frame

The hazard is estimated using 
indicators which relate e.g., to 
the geometry of the river 
profile

1 The hazard is assessed using hydraulic 
modelling to determine likely flows, 
water levels, discharges and 
velocities

2

pSjF 

Vulnerability
Probability of scour damage given the 

occurrence of an event that can trigger 
scour (e.g., a flood)

The vulnerability is estimated 
using indicators e.g., related 
to the geometry of the 
foundation

1 The vulnerability is assessed through 
analytical or numerical models of 
the structural behaviour

2

Ci 

Indirect 
consequences

Consequences resulting from the loss of 
functionality of the bridge (e.g., rerouting), 
including social and environmental 
consequences

e.g., the impact of rerouting is 
estimated as low/medium/ 
high according to the road 
type

1 e.g., the consequence of rerouting is 
assessed analytically in economic 
terms

2

Ctan
d 

Direct 
consequences 

(tangible 
values)

Consequences related to the physical damage 
of the structure or of its components (e.g., 
repair and replacement)

e.g., the cost of rebuilding is 
estimated as low/medium/ 
high according to the bridge 
type

1 e.g., the cost of rebuilding the bridge is 
assessed analytically

2

INTANGIBLE VALUES
Cint

d 
Direct 

consequences 
(intangible 

values)

Consequences related to injuries, casualties, 
historical assets, damage to the 
environment

Not included 0 Included 1

SUSTAINABLE AND RESILIENT INFRASTRUCTURE 517



4.1. NR (2011) - UK

Network Rail (NR) operates and maintains most of the 
railway bridges in the UK. The bridge scour ‘risk’ model 
of NR (NR, 2011) is grounded on scour vulnerability via 
the Preliminary Priority Rating, based on the ratio 
between foundation depth and predicted scour depth. 
NR establishes a priority of interventions for bridges 
vulnerable to scour through a reliability-based three- 
step process; railway bridges are designed and assessed 
for a return period of 200-year (Dikanski et al., 2017). 
Stage 1 is a preliminary assessment and is based on the 
‘EX2502 scour method’ (HR Wallingford, 1992); it 
assesses the potential level of ‘risk’ using a preliminary 
priority rating, computed by the ratio between the scour 
depth predicted and the assessed foundation depth. For 
high-rated structures, a Stage 2 assessment is under-
taken, using hydraulic modelling to determine likely 
flows, water levels, discharges, and velocities at the 
structure for given return periods – based on the 
CIRIA method (Kirby et al., 2015). The results of these 
analyses are used to recalculate the priority score, simi-
lar to Stage 1. The results of Stage 2 normally reduce the 
number of structures rated as high risk; Stage 3 is under-
taken for those that remain. Stage 3 includes the use of 
3D models and requires specialist software, such as 3D 
hydraulic and 3D ground survey models. Readers are 
referred to the EX2502 (HR Wallingford, 1992), the 
CIRIA C742 manual (Kirby et al., 2015) and the Rail 
Safety and Standards Board standards (RSSB, 2004) for 
detailed guidance.

Reliability indicators include information from the 
stream (water height, water velocity), the channel (riv-
erbed), the structure (foundation depth, pier geometry) 
and the catchment (floodplain). Likely intensity mea-
sures of the hazard (e.g., flood depth, velocity) are com-
puted for the 1-in-a-200-year return period, so the 
hazard can be considered to score a 2 in the scoring 
system proposed in Table 1. The vulnerability is esti-
mated using indicators related to the geometry of the 
piers, thus it scores a 1. Consequences are not consid-
ered in the process (cf. Lamb et al., 2019; Sasidharan et 

al., 2022). Therefore, the method cannot be considered 
risk-based (see Sec. 2) and it is scored as N/A in Table 3. 
Monitoring is not mandated to inform the assessment 
and/or reduce uncertainty in the evaluation; however, 
NR aims to develop safer and cheaper technology-based 
practices (compared to diving) to determine if a bridge 
is safe after a flood event (NR, 2019).

4.2. HA (2012) - UK

HA (2012) stated that ‘the ratio of calculated total scour 
depth to depth of foundations is the main indicator of 
risk’ (p4/15). Their scour risk rating includes two com-
ponents: such a ratio (i.e., relative scour depth), and the 
Priority Factor. National Highways (NH; formerly 
Highways England – HE and Highways Agency – HA) 
assesses bridge risk using a two-stage risk-based method 
(HA, 2012). Stage 1 determines an initial risk rating for 
the bridge based on its geometry, an underwater exam-
ination, the history of scour, the presence of any scour 
protection, and floodplain information. Several assump-
tions are made such as the type and depth of the bridge 
foundations and the general hydrology of the river. 
Bridges with a scour-risk rating over a certain threshold 
proceed to a Level 2 assessment. Similar to Stage 3 of 
NR’s procedure, Stage 2 includes the calculation of: (i) 
the total scour depth (normalised by foundation depth), 
based on flood discharge for a 1-in-200-year flood event; 
and (ii) the Priority Factor, which includes multiple 
parameters that may influence the likelihood of damage, 
such as: past scour incidents, foundation type and con-
struction material, type of river, and the importance of 
the bridge structure. Direct consequences are not con-
sidered in the input parameters. For the relevant equa-
tions, readers can refer to BD97/12, Chapter 5 Volume 3 
Section 4 Part 21 (HA, 2012).

Reliability indicators include information about 
foundation depth, riverbed, floodplain, catchment 
properties, scour records, and protection. The hazard 
(flow depth and velocity) is determined from 
a hydraulic analysis based on the assessment flow. The 

Table 2. Score ranking for risk-based methods; reliability-based methods not considered.
Risk-based 
ranking

Score 
(/9) Description

basic 0–3 The method has a lower level of refinement and sophistication. 
Most factors are not considered or are estimated using empirical indicators. The method may provide a preliminary screening 

and ranking of interventions.
intermediate 4–6 The method has a medium level of refinement and sophistication. 

Most factors are considered in the analyses, although not many accurately assessed. The method may provide a reasonable 
screening but should be improved to provide consistent results from a cost-benefit analysis.

advanced 7–9 The method has a higher level of refinement and sophistication. 
All factors are considered, just a few empirically estimated, and uncertainties are accounted for. The method may provide 

a refined scour risk assessment.
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assessment flow is determined at the site using statistical 
analysis of flood data available using the Flood 
Estimation Handbook and associated software (IH, 
1999) with a return period of 200 years; therefore, the 
hazard is scored as 2. The vulnerability compares 
a potential depth of scour with the actual depth of the 
bridge foundation, estimated using indicators; this com-
parison gives the major parameter of the prioritization, 
thus scoring a 1. Consequences include indirect conse-
quences only, in terms of bridge importance. The bridge 
importance is denoted by an Importance Factor given 
by the road type, as a proxy for traffic flow; this estima-
tion scores a 1. Overall, the method obtains a score of 4 
and qualifies as ‘intermediate’. Monitoring is not inte-
grated into the method; however, this aspect is explicitly 
mentioned as eventual means of support for specialist 
appraisal and decision-making.

4.3. Cerema (2019) - France

In France, a methodology developed by Cerema (Centre 
d’études et d’expertise sur les risques, l’environnement, 
la mobilité et l’aménagement) (Cerema, 2019) proposes 
to assess scour risk to existing bridges and to identify 
solutions for extending their lifetime. They define risk as 
a combination of vulnerability, exposure, and hazard 
through qualitative and semi-qualitative approaches. 
Return periods are not specified. The methodology is 
organized in four successive stages. Stage 1 ‘Summary 
analysis’ provides a preliminary risk classification (Low, 
Medium, High) based on a qualitative approach that 
does not require calculations and is based on assessment 
grids. Three classes of hazard and vulnerability are 
defined, as well as five classes of strategic importance. 
The assessment grids contain different hazard (e.g., flow 
conditions, riverbed) and vulnerability indicators (e.g., 
shape of piers, construction period, foundation types); 
they define the partial scores to be assigned to each of 
them in relation to the characteristics of both the bridge 
and the river. The partial scores are assigned using 
engineering judgement. Empirical equations combine 
the different partial scores to obtain a global score, 
which allows definition of the level of hazard and the 
level of vulnerability.

Direct and indirect consequences of bridge failure are 
accounted for at this stage qualitatively. Direct conse-
quences include replacement consequences (score 1); 
tangible indirect consequences relate to the strategic 
importance of the structure, the traffic level, and detours 
(score 1); intangible indirect consequences include his-
toric value and the potential casualties due to the col-
lapse of the bridge (score 1). The combination of the 
levels of hazard/vulnerability and the class of strategic 

importance allow definition of the preliminary classifi-
cation of risk. For bridges that are classified as being at 
medium or high risk, Stage 2 ‘Simplified analysis’ 
requires more precise and exhaustive data on the 
bridges (e.g., riverbed composition and foundation geo-
metry) and leads to a more realistic assessment of the 
level of risk (low, medium, high). In this case, the 
analysis concerns the combined use of theoretical equa-
tions and qualitative indices. Consequences are com-
puted according to the methodology used during the 
first phase. Based on this information, direct and indir-
ect consequences are scored 1. For those bridges which 
are still classified as at high risk, the Stage 3 ‘Detailed 
analysis’ is carried out by assessing scour depth with 
analytical (i.e., HEC-18 formulae, Arneson et al., 2012), 
numerical (e.g., software for hydraulic modelling) or 
empirical methods (e.g., laboratory tests). Therefore, 
a score of 2 is assigned to hazard and vulnerability. 
Stage 4 ‘Management of risk’ concerns risk management 
actions for those bridges that have shown criticalities in 
the previous stages, such as structural interventions, and 
modifications of hydraulic conditions. Cerema (2019) 
mentions monitoring, but they do not provide specific 
information about its adoption. The final score obtained 
by this method is 7, thus it can be classified as an 
‘advanced’ method.

4.4. CSLP (2020) - Italy

The Italian Ministry of Infrastructure and Transport 
(MIT) recently issued an official guideline (CSLP, 
2020) which proposes a multilevel procedure to manage 
any existing bridge. CSLP (2020) defines risk as the 
combination of vulnerability, exposure, and hazard. 
Different types of risk are accounted for: structural 
and foundation failure, seismic, landslide, and hydraulic 
(which includes scour). The procedure is organized in 
six levels, with increasing degrees of complexity. Level 0 
and Level 1 are devoted to the acquisition of data on the 
assets from existing documents (Level 0) and visual 
inspections (Level 1). Level 2 is the core of the approach 
and consists of the processing of the collected data and 
in the definition of the global level of risk (five levels: 
‘low’, ‘medium-low’, ‘medium’, ‘medium-high’, and 
‘high risk’). The analysis is carried out by combining 
principal and secondary parameters in assessment grids. 
Scour risk indicators relate to contraction scour and 
local scour, whose equations consider factors such as: 
riverbed, width of piers and abutments, floodplains, and 
ratio of scour to the depth of the foundation. For spe-
cific guidance on the analysis process, interested readers 
should refer to CSLP (2020).
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Consequences of bridge unavailability are considered 
in a qualitative way in the analysis of Level 2 only and by 
means of secondary parameters, e.g., presence of alter-
native routes, bridge strategic importance, and the value 
(social, economic, human, naturalistic) of the ‘entity’ 
under the bridge; human losses are included in relation 
to the bridge length (which is assumed as a proxy for the 
number of fatalities in case of collapse). The score for 
direct and indirect consequences is 1 in both cases. The 
additional point for intangible values is given since the 
method explicitly includes the ‘environmental, eco-
nomic and social’ value of the bridge surroundings, 
which might be damaged by its collapse. Level 2 implies 
a detailed analysis of the hazard and a qualitative assess-
ment of the vulnerability. So, a score of 2 and 1 is given 
to these factors, respectively. Regarding the hazard, the 
minimum clearance is “estimated by considering the 
distance between the bridge soffit and the water level”, 
in relation to a specified and different return periods 
(e.g., 10/50/200 years) (Pregnolato et al. (2022): 5). The 
level of risk related to scour contributes to the definition 
of the global level of risk. If the global level of risk is 
assessed as being between medium and high, Levels 3 
and 4 are then addressed. Level 3 includes additional 
investigations on the anomalies identified in Level 1, 
and preliminary studies on the load bearing capacity 
of the bridge. Level 4 concerns a careful assessment of 
the safety of the bridge according to current building 
code. Level 5 is with regard to the resilience of critical 
infrastructure, but it is not directly addressed in the 
guidelines. The level of risk determines surveillance 
and monitoring activities, including both visual inspec-
tions, the execution of occasional static and dynamic 
tests, and the installation of permanent or discrete mon-
itoring systems. The final score of this method is 6, thus 
the MIT method is classified as ‘intermediate’.

4.5. Abé et al. (2014) - Japan

Abé et al. (2014) overviewed the monitoring and risk 
management for Japanese railway bridges under general 
hazards including wind, vehicle collisions and scour. 
Among monitoring sensors for scour, inclinometers 
can measure the change in rotation of a pier resulting 
from scour occurrence, while accelerometers can detect 
changes in natural frequency due to the loss of stiffness 
associated with scour (Prendergast & Gavin, 2014). Abé 
et al. (2014) did not provide an explicit definition of risk, 
but it can be understood that risk management of 
Japanese railway bridges is based on risk curves defined 
as the number of accidents vs the number of deaths for 
post-derailment modes. In this methodology, data from 
inclinometer and accelerometer measurements is used 

as input for the development of a vulnerability indica-
tor; so, vulnerability scores 2 according to the scoring 
system postulated in Table 1. In terms of hazard, geo-
logical and hydraulic conditions are used to evaluate 
scour potential, resulting in a score of 1 for hf 
(Table 1); return periods are not mentioned. The con-
sequences of scour are considered as the potential sus-
pension of railway operations. Considering that indirect 
consequences associated with bridge closure are quali-
tatively taken into consideration, a score of 1 can be 
given for Ci from Table 1.

Tangible and intangible direct consequences are not 
mentioned in the reviewed literature, resulting in scores 
of 0 for both items according to Table 1. The total score 
for Japanese Railways is 4 according to Table 1 resulting 
in an ‘intermediate’ level of refinement and sophistica-
tion according to Table 2. On some bridges, natural 
frequency is monitored (using accelerometers) (Kim 
et al., 2020) as a method to infer scour presence, with 
excitation typically resulting from flow-induced vibra-
tion. Some scour-metrics including proportional 
changes in frequency have been put forward for mon-
itoring purposes, whereby the frequency measured is 
normalized by the baseline undamaged frequency. In 
relation to the bridge network, identified priorities 
include enhancement of safety, reduction in disaster- 
related failures and effective data-utilization (such as 
local wind and structural performance) and there is 
a trend towards monitoring-based systems to assist 
with this (Abé et al., 2014). One method involving 
monitoring inclinations of pier elements assists deci-
sion-making related to when to close a bridge, deter-
mined as the point when the inclinations become 
excessive.

4.6. Cheng et al. (2019) - Taiwan

Cheng et al. (2019) described a risk-based approach for 
life-cycle maintenance for bridges (termed REMBMS) 
in Taiwan. The effects of scour and earthquakes, as well 
as deterioration, on bridge safety are evaluated using 
this model. In Cheng et al. (2019), the concept of risk is 
based on a model that ‘considers the three main risk 
factors of component deterioration, scouring and earth-
quakes in order to minimise the expected life-cycle cost 
of bridge maintenance’ (p.334). The national bridge 
management database (Taiwan Bridge Management 
System (TBMS)) is used to store historical data related 
to bridge damage from the network. This data can be 
used with an ‘evolutionary support vector machine 
inference model (ESIM)’ (Cheng et al., 2019) to estimate 
consequences associated with scour-risk, facilitating 
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a predictive approach to scour evaluation and mainte-
nance. The TBMS was originally developed with a view 
to assisting government agencies in directing and prior-
itizing visual inspections for bridges.

Their method is underpinned by the following pro-
cedure. Firstly, REMBMS uses Monte Carlo simulations 
to estimate the probability of a bridge requiring main-
tenance based on historical data. For this reason, the 
hazard can be considered as being directly assessed 
(from historical data), which scores 2 in the criteria 
outlined in Table 1. Return periods (from 1- to 200- 
year) are used for calculating the scouring stability 
index. Then, a hybrid artificial intelligence (AI) model 
is employed to assess the impact of a variety of risk 
factors on financial consequences. Then, the probability 
of bridge maintenance is multiplied by the calculated 
consequences to obtain the expected cost. REMBMS 
employs a ‘Symbiotic Organism Search (SOS) algo-
rithm’ for estimation of minimum maintenance costs. 
This process is a bridge maintenance strategy that can 
then be used to minimize life cycle maintenance 
consequences.

In terms of scour-risk indicators, Scouring Stability 
Index (SSI) based on ‘Degree of deterioration’, ‘Extent of 
deterioration’, ‘Relationship between deterioration and 
safety’, and ‘Urgency of repair’ (DERU) is used (see 
Cheng et al., 2019). The DERU approach is used to inspect 
bridge components (e.g., left-hand abutment, pier, etc.) 
and rate them on a scale of 0–4 (where ‘0’ denotes the 
component does not exist, ‘1’ denotes a good condition, 
and ‘4’ denotes an extremely poor condition). Using the 
DERU approach, a Condition Index (CI) can be gener-
ated. For scour specifically, SSI is specified similarly to CI 
but only uses components in the DERU that can be 
affected by scour, i.e., waterway, abutment foundations, 
abutments, scour protection for piers, piers and columns 
themselves. As indicators based on the visual condition of 
the elements affected by scour are considered, this scores 1 
for vulnerability using Table 1, since structural behaviour 
is not modelled. By combining data of the flood return 
period with the SSI slope index, calculation of ‘statistically 
declining SSI curves for each bridge’ can be carried out 
using Monte Carlo simulations. Maintenance probability 
can then be derived. The method takes scour-related 
maintenance and rebuilding consequences into considera-
tion as direct consequences, therefore scoring 2 for tangi-
ble direct consequences in Table 1. These consequences 
need to be included in long-term bridge management 
budgets and are explicitly considered. The method does 
not consider indirect consequences, therefore scoring 0 in 
this category. Given intangible direct consequences are 
also not mentioned, this scores 0 according to Table 1. 

The total score for the method in Cheng et al. (2019) is 5, 
resulting in an ‘intermediate’ risk-based ranking according 
to Table 2. In terms of using monitoring data, the method 
does not use real-time records, and instead uses historical 
records.

4.7. Kim et al. (2018) - South Korea

Kim et al. (2018) described a method for ‘risk-based 
maintenance prioritization’ which assesses 14 general 
risk-factors (including flood/rainfall and scour, among 
others) that may result in bridge damage. The study, 
while not scour-specific, provided a general overview of 
bridge risk-management. Risk is defined as ‘cause for 
damage to a bridge’ (p. 3721), and computed via a ‘Risk 
Factor Score’ as the product between the hazard prob-
ability and its relative impact. Probability and impact 
were quantitatively assessed using a five-point Likert 
scale (Likert, 1932) ranging from Very High to Very 
Low. This assessment results in a score of 2 from Table 1 
for hf as hazard is quantified. The study considered 14 
‘risk factors’ (e.g., flood/rainfall, strong wind, extreme 
heat wave, etc.; p. 3721); no specific return periods were 
provided. In terms of vulnerability, this would result in 
a score of 1 by applying the conditions in Table 1, as it 
implies that scour risk is estimated based on rudimen-
tary elements such as geometry or otherwise.

In terms of the consequences, an Importance 
Coefficient considers consequences such as the detour 
distance in the event of bridge closure. As this coefficient 
is an assessed quantity, this scores 2 for Ci (Table 1), since 
detour distances are taken explicitly into account in the 
event a bridge should be closed by applying weights to 
annual average daily traffic assessments. In terms of 
tangible direct consequences, coefficients that quantify 
impact are adopted but consequences are not directly 
calculated, giving a score of 1. For intangible direct con-
sequences, these are considered by being ranked on 
a five-point scale, where a high score implies high possi-
bility of personal injury, therefore a score of 1 from 
Table 1 is applied here. According to the ranking frame-
work, the total score for the approach in Kim et al. (2018) 
is 7, which falls into the ‘advanced’ category in Table 2. 
Monitoring is not mandated for this method.

4.8. Mn DOT (2009) - USA

Minnesota Mn DOT (2009) requires bridges to be 
designed to survive predicted scour. Relative risk is dis-
cussed to some extent, but risk is not formally defined 
mathematically. For existing bridge structures, a four-step 
process is proposed. The first step ‘Primary Screening’ 
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examines the ‘history of scour, foundation stability and 
protection from scour’ (Mn DOT, 2009, p. 2) to rate 
bridges as ‘low’, ‘unknown foundation’ and ‘scour suscep-
tible’ (Mn DOT, 2009). For ‘scour susceptible’ bridges, 
steps 2 or 3 may be carried out. Step 2 ‘Secondary 
Screening’ considers the following parameters: ‘historical 
scour performance, scour resistant foundations, debris 
and blockage, geomorphic conditions, hydraulic condi-
tions, structural conditions, and special low risk condi-
tions’ (Mn DOT, 2009, p. 3). Step 3 is ‘Scour Analysis’ and 
requires four sub-tasks: (1) ‘office data collection’, i.e., 
examination of the bridge conditions such as past inspec-
tion reports, soil and geological conditions, and historical 
photographs; (2) ‘review and evaluation of collected data’; 
(3) ‘site visit and field assessment’, i.e., collection of 
further site-specific information including evidence of 
past scour events; and (4) ‘scour analysis’, which uses 
peak flood estimates, Mannings n values, and the field 
cross-section data (HEC-18 method) to estimate contrac-
tion and pier scour depths. In the final stage, scour depths 
are predicted and compared with the current design con-
ditions. Finally, step 4 ‘Plan of Action’ determines what 
should happen in the event of a flood. Monitoring of at- 
risk bridges is part of the plans of action for the network, 
unless foundation conditions are well-known, the traffic is 
low or the bridge is scheduled for replacement.

During the ‘office data collection’ phase (step 3), peak 
flood discharges are calculated during the review of the 
collected data; return periods were not defined. For this 
reason, a score of 2 is given to the hazard. After the 
‘scour analysis’ (step 3), bridge stability is assessed. 
A score of 2 is given for the vulnerability as in the 
scour rating codes, these are based on calculated scour 
depths. A score of 1 is given for the indirect conse-
quences as the ADT (Average Daily Traffic) of the 
bridge is considered, e.g., to classify the road as ‘local’ 
(low volume). The overall score is 5 and this classifies 
the method as ‘intermediate’. While the method is risk- 
based, the consequences are not assessed in detail.

4.9. Coleman and Melville (2001) – New Zealand

Coleman and Melville (2001) published a proposed 
methodology that would allow for identification of ‘at- 
risk sites’, allowing for national ‘evaluation of scour 
risk’, nationally prioritizing ‘annual expenditure on 
scour-related works’, and comparing said expenditure 
against other expenditure. A formal definition of risk is 
not provided, but it can be understood that it is “based 
on the bridge significance and overall bridge vulnerabil-
ity”(p.50). The proposed two-stage process includes 
a simple vulnerability ranking phase followed by 
a more advanced assessment for higher risk bridges. 

The first ‘office-review’ phase excludes bridges that are 
scheduled to be rebuilt and bridges that are not over 
a water course are removed from the advanced scour 
screening process. The second stage assesses bridge vul-
nerability and characteristics of the waterway using 
a four-level scale risk-rating methodology (‘unknown’, 
‘high’, ‘medium’, and ‘low’). This assessment allows for 
bridges to be ranked on a susceptibility scale from 1 to 4 
(4 is the lowest risk of scour).

The process is mainly subjective as it employs 
a simple risk-rating system to assess the bridge ‘signifi-
cance’ and bridge ‘vulnerability’. The method notes that 
if a bridge is deemed ‘at-risk’ and remedial works are 
proposed (which may include monitoring, according to 
Coleman and Melville (2001)), then an Economic 
Ranking Indicator (ERI) is applied to assess the cost-vs- 
benefits of any proposed remediation efforts. The docu-
ment calls for bridges with higher ERI values to be 
ranked ‘on the basis of vulnerability, risk and economic 
justification’ (Coleman & Melville, 2001 p. 22).

For the initial screening process (which is reviewed in 
this paper) there are two stages: office review and vul-
nerability assessment. During the office review, the con-
sidered parameters included: bridge operational status, 
whether or not the bridge is riverine, channel character-
istics (e.g., bed materials, sediment grading, etc.), con-
struction typology, any incidences of historical scour at 
the bridge site, traffic volume, and an assessment of 
alternative route availability. If the bridge carries utili-
ties, this is also noted. This evaluation means that for 
indirect consequences (Ci) a score of 1 is assigned, as the 
assessment is done qualitatively mainly via an assess-
ment of traffic volume.

For the bridge vulnerability assessment, a series of 
parameters related to the following categories are rated 
using the four-level scale: ‘Catchment developments/ 
conditions’, ‘Historical scour’, ‘Degradation and con-
traction’, ‘Aggradation’, ‘Waterway adequacy’, ‘Local 
scour at piers and abutments’. Therefore, the vulner-
ability is given a score of 1 due to the qualitative nature 
of the assessment (noting that many factors are 
considered).

No discussion of the likelihood of flooding (or return 
period) is included in the screening methodology. 
However, it is noted that whether or not the bridge is 
riverine and some hazard indicators are identified such 
as: ‘lateral channel movement’ (Coleman & Melville, 
2001, p. 17), ‘flow depths in bends and confluences’ 
(Coleman & Melville, 2001, p. 7), incidences of histor-
ical scour and debris. Authors assumed that data is 
collected for assessment purposes, however how this 
assessment is carried out was not specified. For this 
reason, the hazard score is given as 1. The methodology 
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is rated as scoring 3 and therefore is ‘basic’. This score is 
expected as this is an initial scour screening methodol-
ogy. It is acknowledged more sophisticated approaches 
for specific sites based on the ERI indicator mentioned 
in Coleman and Melville (2001) may also be employed 
in conjunction with the approach reviewed in this 
section.

5. Discussion and future directions

This study introduced a simple scoring system useful to 
compare approaches to bridge scour management and 
used it to analyse and compare multiple published risk- 
based approaches. Although the scoring system could be 
used in future studies, it was developed not to be uni-
versal or transferable, rather as a tool to allow for com-
parison of different methods within the scope of this 
paper.

This study was developed using publicly available 
reports and published literature for nine transport agen-
cies; the authors accept that alternative documents 
could be in use (and not necessarily publicly available) 
by relevant authorities, or that independent studies 
could have proposed modifications to national methods 
(e.g., Bento et al. (2020) for HA (2012)’s method). Not 
all documents are available in English, e.g., the Danish 
code (O’Connor & Enevoldsen, 2009), as well as the 
Italian and the French codes. Also, interpreting infor-
mation and formulating consistent judgments was 
among the challenges of this study, especially due to 
the inconsistency of terminology among agencies and 
approaches: the scores given in this paper are from the 
judgement and interpretation of the selected approaches 
by the present authors.

Water and foundation depth were the most common 
indicators identified in the examined documents as 
input to estimate the scour risk, while consequences 
assumed a mixed range of direct and indirect conse-
quences, mostly including detours. Indirect conse-
quences are included in almost all (7 of 9) analysed 
methods; direct tangible and intangible consequences 
are included by four methods and three methods, 
respectively. Direct consequences are more likely 
assessed for extreme shocks (e.g., earthquakes), rather 
than slower processes of degradation (such as scour); 
although bridges can collapse quite suddenly under 
specific single events, scour failure is often the result of 
an accumulation process (Tubaldi et al., 2017). 
Intangible consequences (human losses, cultural values, 
etc.) are seldom considered (possibly due to the diffi-
culty of their assessment). Considering final scores, one 

approach was judged reliability-based since conse-
quences were not accounted for in the method; one 
(risk-based) method scored as ‘basic’, five as ‘intermedi-
ate’ and two as ‘advanced’. Nevertheless, the level of 
sophistication of its implementation differs from one 
method to the other. This difference may depend on 
how significant a problem scour poses for the region for 
which the method was developed, and on the available 
budget for bridge management. Figure 2 offers an exam-
ple of visualisation of the scores of the scoring system 
and a summary of the results obtained from its applica-
tion to the nine selected methods.

The results of this analysis could also be used to 
review the selected methods and reflect on potential 
improvements. For example, the HA (2012)’s method 
in the UK and the Kim et al. (2018)’s method in South 
Korea could reach a higher score by including direct 
consequences.

For six of the nine approaches reviewed, the eva-
luation of risk does not incorporate monitoring into 
their current methods of assessment. However, reli-
ance on visual inspections and expert opinions may 
lead to inconsistencies in decision-making and man-
agement introduced by the subjectivity in the estima-
tion of the structural condition (Nepomuceno et al., 
2022). Therefore, in the last years there has been an 
effort to improve the knowledge on structural con-
ditions by means of objective tools, such as monitor-
ing technologies (Maroni et al., 2022). There are 
many recent publications reviewing technologies for 
scour monitoring (e.g., Prendergast & Gavin, 2014; 
Vardanega et al., 2021) and scour prediction (e.g., 
Austroads, 2018; Ettema, Constantinescu, & Melville, 
2017; Kariyawasam et al., 2019a, 2019b, 2020; Pizarro 
et al., 2020) that may enable a more objective struc-
tural evaluation, and thereby of the scour vulnerabil-
ity and risk. Monitoring sensors could provide 
a step-change in collecting data, locating damage 
and alerting for danger, especially if developed 
alongside AI (Artificial Intelligence, e.g., data-driven 
evaluation of structural conditions, automatic data 
processing of large databases, smart operation and 
effective maintenance). For example, in the case of 
the reviewed literature relating to Taiwan (Cheng 
et al., 2019), AI is integrated into optimization algo-
rithms which help to estimate the economic implica-
tions associated with scour risk.

Further studies could increase the complexity of the 
framework developed in this paper and broaden the 
underpinning concept of risk (e.g., risk to communities, 
environment, etc.); for example, Panici et al. (2020) 
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demonstrated that an approach which includes debris 
effects would increase the estimated scour risk for deb-
ris-prone bridges with respect to approaches that do not 
account for this effect. Moreover, considering future 
strategies of asset adaptiveness, the system could be 
further developed by including the presence of scour 
countermeasures (such a rip-rap) (Martín-Vide et al., 
2010). Finally, this initial version of the scoring system 
assigned equal weight to all the risk components, which 
is an assumption that should be verified in the future. 
Future scour assessment methods may consider pio-
neering the inclusion of additional factors (e.g., recov-
ery) to move towards the adoption of a resilience-based 
approach in bridge scour management (Tubaldi et al., 
2022). These suggested improvements could foster 
improved infrastructure system resilience especially 
with respect to disasters and effects of climate change 
by building system adaptiveness, towards long-term 
sustainability.

6. Summary and conclusions

Scour is a major cause of bridge failure, which could 
result in significant service disruptions, undermining 
the resilience of the underpinned infrastructure net-
work. In practice, the management of bridges suscep-
tible to scour tends to remain a heuristic process, 
which is mainly visual and reliant on engineering jud-
gement. A risk-based approach is the preliminary con-
dition to develop resilience-based approaches (e.g., 
accounting for recovery) in the future. However, the 
concept of ‘risk-based’ scour management differs 
depending on the publication reviewed. Considering 
the risk components (hazard, vulnerability and conse-
quences), this paper has presented a simple scoring 
system as a tool to analyse and compare existing 
methods.

The developed scoring system has been applied to 
nine published methods. The analysis showed that the 
risk-based concept is applied at varying degrees of 

Figure 2. Graphical summary of the results for the reviewed methods, as an example of visualisation of the scores of the scoring 
system. The total score is considered as follows: 0–3 basic (BAS); 4–6 intermediate (INT); 7–9 advanced (ADV). Abbreviations: hf = scour 
probability; ps|f = failure probability, ci = indirect consequences, cd = direct consequences.
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refinement across the samples studied. In fact, of the 
analysed nine approaches, one risk-based method scored 
as ‘basic’, five as ‘intermediate’ and two as ‘advanced’. 
(one was N/A). Monitoring is rarely integrated into the 
existing approaches and most of them do not define 
refined indicators of the environmental actions and of 
the asset conditions, nor the direct and indirect conse-
quences of different maintenance interventions and 
policies.

This work proposes a new simple scoring system that 
allows the analysis and comparison of different risk- 
based methods for bridge scour assessment. The pro-
posed scoring system enables the comparison of risk- 
based scour management policies as it can assist agen-
cies with their in-house development of scour assess-
ment methods, helping them to benchmark their 
approaches with respect to others, as well as sustaining 
the development of new risk-based methods. Future 
studies will also investigate the integration of informa-
tion (e.g., from monitoring) and scour countermeasures 
in risk-based approaches, to assist practice and decision- 
making for transport resilience and adaptiveness, 
towards long-term sustainability.
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