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ABSTRACT
This paper compares the application of two recently published guidance documents for risk-based
assessment of hydraulic actions on bridges, namely the UK Design Manual for Roads and Bridges and
the Italian Ministry of Infrastructure and Transport’s Guidelines, to two case study bridges (Staverton
Bridge, UK; Borgoforte Bridge, Italy). This work is one of the first to illustrate how to apply these guide-
lines. Both documents present risk-based methods for the assessment of hydraulic actions, while
exhibiting fundamental differences. For example, the UK method prescribes calculations for local and
constriction scour, water depth, and velocity at several cross-sections; by comparison, the Italian
method does not prescribe calculations to assess the risk level. For the case studies in this paper, the
hydraulic risk obtained for Staverton Bridge resulted as ‘High’ using both methods. The scour score for
the Borgoforte Bridge resulted higher using the Italian method (Medium-High), as compared to the UK
approach (Medium). This difference is due to how the guidelines assess the vulnerability associated
with the minimum clearance. The comparison of these two risk-based approaches and the resulting
discussion may serve as a useful resource for those wishing to develop new risk-based methods for
assessing hydraulic actions on bridges.
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1. Introduction

Hydraulic actions on bridges are a significant source of
damage and pose risks to the safety and stability of new and
existing structures. One particular action, namely scour ero-
sion at piers and abutments, remains a major cause of dam-
age and collapse of bridges worldwide (Blockley, 2011;
Lamb, Garside, Pant, & Hall, 2019; Maddison, 2012;
Sasidharan, Parlikad, & Schooling, 2021; Selvakumaran,
Plank, Geiß, Rossi, & Middleton, 2018). Scour occurs where
flowing water leads to the removal of soil from around
bridge foundations (Hamill, 1999), which can compromise
stability. Maddison (2012) provides a detailed discussion of
the various types of bridge scour, namely ‘general’,
‘contraction/constriction’, and ‘local’ scour. General scour is
caused by natural channel evolution, contraction (or con-
striction) scour is caused by water flowing through bridge
openings (reduced flow area), and local scour is caused by
the presence of obstacles (such as foundations) to the flow.
The combination of scour types can lead to significant scour
hole depths at affected bridges (Klinga & Alipour, 2015).
Scour can be exacerbated by certain phenomena such as
actions induced by debris accumulation (Panici, Kripakaran,
Djordjevi�c, & Dentith, 2020). Moreover, climate change is

likely to increase the frequency and magnitude of flooding
events (Nasr et al., 2020), which could further aggravate
scour risk on certain structures. For these reasons, the iden-
tification of bridges at risk of scour is crucial for infrastruc-
ture operators, managers, and asset owners.

Asset owners and operators use various methods to rank
and prioritise structures using available data. There is gen-
eral consensus in literature that risk-based methods are the
most appropriate for this task because they allow consider-
ation of multiple elements (hazard, structure, cost, etc.) that
underpin decision-making for a bridge subjected to hazards
(Adey, Hajdin, & Br€uhwiler, 2003). Various European proj-
ects on bridge management under natural hazards have pro-
posed a range of risk-based approaches (e.g., Campos,
Casas, & Fernandes, 2016; Khakzad & van Gelde, 2016).
Decision-making related to bridge management can be
enhanced by information from monitoring systems that can
capture and record scour effects during flood events
(Giordano, Prendergast, & Limongelli, 2022; Prendergast &
Gavin, 2014; Vardanega, Gavriel, & Pregnolato, 2021). For
large networks of bridges, however, certain structures will
inevitably succumb to flood-related damage and scour
(Whitbread, Benn, & Hailes, 2000), and real-time monitor-
ing of every bridge with sensors remains unachievable due
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to the associated costs (Farreras-Alcover, Andersen, &
McFadyen, 2016). It is therefore essential that asset owners
and operators can prioritise the most at-risk bridges in their
network (Arneson, Zevenbergen, Lagasse, & Clopper, 2012).

Various guidelines for the management of bridges under
flood hazards have been developed to date (e.g., Ab�e,
Shimamura, & Fujino, 2014; FHWA, 2004; Mn DOT, 2009;
TDT, 1993). International references include the AASHTO
manuals (2020), while the European regulation Eurocodes
(BSI, 2002, 2005, 2006; CEN TC 250 N1148: 2015; EN
16991: 2018; ISO 13822: 2010) currently offer principles for
assessing hydraulic actions on bridges but offer little guid-
ance on how to prioritise bridges for scour monitoring and
maintenance interventions. Moreover, how to deal with cli-
mate change effects and the influence of debris has received
little attention (Takano & Pooley, 2021). This paper focuses
on two recent risk-based guidelines for assessing hydraulic
actions on bridges, namely the UK Design Manual for
Roads and Bridges (CS 469) (HA, 2012; Takano & Pooley,
2021) and the Italian Ministry of Infrastructure and
Transport (MIT) guidelines (CSLP, 2020), and demonstrates
their performance against two case study bridges. This paper
has the following aims:

(i) To apply the UK and Italian guidelines to two
bridges from the UK and Italy to demonstrate how
the guidelines operate.

(ii) To compare the results from the two methods to
demonstrate how risk-based approaches and concepts
can be incorporated into scour assessment guidelines.

(iii) To offer novel insights on how future codes of prac-
tice can be further enhanced to better assess
hydraulic risk for bridge structures.

2. Management of scour and hydraulic actions
in practice

Transportation agencies usually manage a portfolio of hun-
dreds or even thousands of bridges, thus they must adopt
specific procedures to rank the level of risk and prioritise
interventions on bridges prone to scour. A risk-based
approach to prioritize interventions combines information
about the hazard (hydraulic actions), the vulnerability of the
bridge, and the consequences of potential damage
(Pregnolato, 2019). Using inspections and monitoring data
(when available) as inputs, risk-based approaches usually
rank bridges according to different ‘risk’ classes. Pregnolato
et al. (2020) suggested that bridge agencies can have varying
in-house definitions of the concept of risk, which is incor-
porated into ‘risk-based’ practice with varying degrees of
refinement. The present work focuses on two risk-based
national guidelines for managing hydraulic actions and
scour available in the UK and Italy, which were released in
2021 and 2020 respectively.

The UK guidelines (see Sec. 2.1) introduced innovation
by considering debris and climate change in assessments.
Moreover, it included an updated assessment of the impact
of a bridge failure on communities (which was missing in

previous work, e.g., Sasidharan et al., 2021). The Italian
guidelines (see Sec. 2.2) are the first to be issued at the
national (Italian) level for the management of bridges, and
contain a comprehensive system perspective and a wider
assessment of consequences, which also include human and
surrounding property losses.

2.1. Scour and hydraulic actions risk assessment in
the UK

The risk assessment due to scour and hydraulic actions on
UK bridges is regulated by National Highways’ CS 469
Management of scour and other hydraulic actions at highway
structures (hereafter referred to as CS 469), which replaces
BD97/12 Assessment of scour and other hydraulic actions at
highway structures (Takano & Pooley, 2021). Informative
case histories and technical guidance on scour at bridges is
also contained in CIRIA (2017). The main aim of CS 469 is
to evaluate the risk posed by scour and other hydraulic
actions to bridges and other riverine structures (e.g., retain-
ing walls), and to prioritise and manage risk mitigation
measures when required. The guideline covers crucial
aspects of the whole process of monitoring, evaluating, and
managing risk, including characterising scour and hydraulic
risks, inspections and monitoring of scour-prone structures,
and mitigation measures to reduce negative consequences
from scour and hydraulic actions for both affected popula-
tions and structures.

The estimation of the risk in CS 469 is split into two lev-
els. Level 1 is a preliminary screening that assesses scour
impact based on a qualitative analysis without calculations
or numerical analysis. Level 1 considers: (i) the history of
scour at the bridge, (ii) visual inspections, (iii) other factors
based on the bridge location (e.g., flow angle of attack, his-
tory of debris accumulation). The outcome of a Level 1
assessment can be either low risk of scour or the require-
ment to conduct a Level 2 assessment. Level 2 assesses the
risk level after a detailed set of surveys and calculations that
include a topographic survey of the cross-sections upstream
and downstream of the subject bridge, as well as hydraulic
calculations for water depth and velocity upstream and at
the structure.

2.2. Scour and hydraulic actions risk assessment in Italy

Risk assessment on Italian bridges is addressed by the
‘Guidelines for risk classification and management, safety evalu-
ation and monitoring of existing bridges’ which was issued by
the Italian Ministry for Public Work in 2020 (CSLP, 2020).
These guidelines are aimed at providing operators with stand-
ard procedures for bridge safety management at a national
level ensuring safety by maintaining an acceptable risk level.
The guidelines propose a multi-level and multi-risk procedure
entailing the survey and the risk classification of existing
bridges, the assessment of their safety, and the management of
planned inspections and monitoring.

The procedure concerns six levels (0-5) of analysis. The
complexity and the level of detail of the investigations
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increase with the level of the analysis, but the number of
bridges examined, as well as the level of uncertainty of the
results obtained, decrease. The first three levels relate to a
preliminary analysis at a local scale, involving the collection
of existing data (Level 0), in situ inspections (Level 1), and
risk-based classification (Level 2) considering four types of
risks, namely, (i) the structure-foundation risk, (ii) the seis-
mic risk, (iii) the landslide risk, and (iv) the hydraulic risk.
The structures that present criticalities are further investi-
gated through simplified (Level 3) or accurate (Level 4)
safety assessments. Level 5 is the final level and mentions a
resilience analysis of the transportation network. This level
of analysis is not directly detailed in the guidelines, which
recommend adopting methods from international literature.
Currently, the implementation of these guidelines is at an
experimental phase which will lead to a preliminary review
for their final adoption. Very few studies have applied this
approach, with those that have mainly focused on seismic
and structural risk (e.g., De Matteis, Bencivenga, & Zizi,
2021; Santarsiero, Masi, Picciano, & Digrisolo, 2021).

3. Methodology

This study applies the UK and Italian guidelines to two dif-
ferent case study bridges with the goal to demonstrate how
the methods operate, and how they compare, in order to
draw lessons for further improvement.

3.1. Methodology proposed in the UK code

For the UK assessment, the Level 2 Scour Risk Assessment
of CS 469 has been employed, which evaluates risk and vul-
nerability that are assessed and classified independently for
scour, hydraulic actions (e.g., uplift), and channel stability.
Figure 1 shows a schematic of the hydraulic-related phe-
nomena considered in CS 469 and its assessing criteria;
interested readers can refer to Takano and Pooley (2021) for
further details.

The scour risk is based on two factors, the first is the pri-
ority factor PF:

PF ¼ F �M � HS � TR � C � CAF � D (1)

This equation is the product of seven heuristic coefficients
(described in Table 1), each of them depending on qualitative
or quantitative information available (e.g., previous history of
scour, river gradient, importance of road), although each term
is independently defined (Takano & Pooley, 2021). In terms of
establishing the history of scour, this can be achieved by ana-
lyzing previous visual inspection data if available. If not, meth-
ods such as Ground Penetrating Radar have shown success at
detecting the depth of previous scour holes, subsequently filled
in upon flood attenuation, see for example Anderson, Ismael,
and Thitimakor (2007).

The second factor is the total scour depth DT at each
structural element, whereby scour depth is given by the sum
of contraction (DC) and local (DL) scour depths. The
approach employed in the CS 469 makes use of formulae
(CIRIA, 2017) for the estimation of each type of scour that

are inclusive of several factors (e.g., angle of attack, pier or
abutment shape, debris accumulations), according to:

DT ¼ DC þ DL ¼ DC þ 1:5WPfPSfPAfyfd (2)

where each term is described in Table 2. The computation
of individual components (e.g., DC) in Equation (2) (not
shown here for brevity) is dependent on an input flow, that
is the flood discharge for a return period of 200 years inclu-
sive of climate change allowance (variable between 20% to
35% increase, depending on geographic location) for all
types of rivers.

The risk assessment is evaluated by computing the rela-
tive scour depth DR (i.e., the ratio between total scour depth
DT and foundation depth DF:

DR ¼ DT

DF
(3)

and then plotting against the priority factor PF. This oper-
ation needs to be repeated for all structural elements (e.g.,
piers, abutments), whilst the overall risk rating of the bridge
will correspond to the highest among all assessed elements.
Figure 2 depicts the graph used for this estimation, with
indication of the risk category and score. The region in the
graph where the interpolation between PF and DR falls will
determine the risk rating for a structure.

Depending on the area where the output lies in the plot,
the bridge will be assigned a score and a rating for scour risk:
100 (High – immediate risk of scour), 80 (high), 60, and 40
(Medium), and 10 (Low). Structures with score 100 will be
considered at immediate risk of scour and treated as substand-
ard, i.e., requiring urgent interventions to minimise the load
carried by the structure, including closure to vehicular traffic
and implementation of scour mitigation measures.

In parallel with scour risk, the CS 469 requires carrying out
an assessment on hydraulic actions on the bridge, such as sof-
fit uplift, damage to bridge deck and parapets, and impact
forces from debris. The assessment is based on the hydraulic
calculations already carried out for scour, and only requires
assessing i) whether the soffit of the bridge will be submerged
by the flood flow or not, or ii) if the flow specific energy (i.e.
the sum of kinetic and potential energy head of the flow rela-
tive to the channel bottom) under the bridge will be higher
than the soffit height. If the hydraulic analysis estimates bridge
submergence, then the guidelines require a vulnerability ana-
lysis (exposure� hazard). Associated recommended action
might include bridge classification as substandard, if hydraulic
actions are deemed to cause damage to the bridge. An inter-
mediate situation is when neither the flow nor the specific
energy is estimated to reach the bridge soffit, but the latter (i.e.
flow specific energy) will be within 0.60m of it. In this case,
CS 469 consider the bridge at potential failure due to impact
with debris and in need of further investigations (although this
is outside the scope of CS 469).

Finally, a third assessment must be carried out on river
channel stability upstream of the bridge. In this case, the
assessment is only based on qualitative analysis, which
includes observations on local river channel conditions or
stream or riverbank protections. High or medium vulner-
ability will require actions from the overseeing organisation
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to reduce the impact of channel instability. Although in
CS469 it is considered as a ‘risk rating’, the channel stability
should be rather considered as vulnerability (as we refer to

in this paper), since the approach is limited to qualitative
observations, and does not consider possible consequences.

3.2. Methodology proposed in the Italian code

As introduced in Section 2.2, the risk classification of bridges
at the local level is addressed in the realm of Level 2 of the
multi-level procedure proposed by the Italian guidelines. The
first step includes assigning an Attention Class (AC) for each
risk type, i.e., the structure-foundation risk, the seismic risk,
the landslide risk, and the hydraulic risk. Then, the individual
ACs are combined to obtain a global AC used for risk classifi-
cation purposes. There are five ACs in total, namely: Low,
Medium-Low, Medium, Medium-High, and High. The global
AC determines the actions to be carried out on each bridge of
a given portfolio, i.e., the need for safety assessment, and/or
the need for collecting detailed data by means of inspections
or Structural Health Monitoring (SHM). In line with the pur-
pose of this study, the Italian guidelines are applied up to the
level relevant to Level 2 (risk classification), considering the
hydraulic risk only.

The evaluation of the AC with respect to hydraulic actions
considers three hydraulic-related phenomena, specifically: (i)
insufficient minimum vertical clearance, (ii) general scour,
and (iii) local scour. In the original manual, ‘general scour’
(erosione generalizzata, in Italian) relates to both contraction
and general scour, as defined in Section 1; ‘local scour’ (ero-
sione localizzata, in Italian) relates to both local and general
scour. The AC for scour is determined by combining the AC
for local and general scour by means of combination tables.
The global AC for hydraulic risk is obtained by selecting the
lowest AC between the AC for insufficient vertical clearance
and the AC for scour (see Figure 3).

Figure 1. A schematic representation of the UK method and indication assessment process for the three aspects considered; details can be found in Takano and
Pooley (2021).

Table 1. Factors and range of values for the Priority Factor in Equation (1).

Factor Description Values

F Foundation type factor 0.75 (piled) � 1.25 (masonry arch)
M Ground material factor 0.5 (bedrock) � 1 (granular)
HS History of scour factor 1 (no scour) � 1.5 (scour)
TR Type of river factor 1 (estuarine) � 1.5 (mountainous)
C Communities importance factor 0.7 (unclassified road or footbridge) �1 (motorway)
CAF Communities additional factor 1 (no disruption) � 1.3 (essential services/links)
D Debris accumulation factor 1 (debris unlikely) � 1.3 (debris highly likely)

Table 2. Factors used in Equation (2) and typical ranges.

Factor Description Values

DC Contraction scour (m) Any
WP Pier width (m) Any
fPS Pier shape factor 0.7 (lenticular) �1.4 (rectangular)
fPA Angle of attack factor �1 (typical range 1-3)
fy Depth of water factor �1 (typical range 0.7-1)
fd Debris accumulation factor �1 (typical range 1-3)

Figure 2. Scour risk assessment chart for CS 469, interpolating the Priority fac-
tor PF on the horizontal axis and the relative scour depth DR on the vertical
axis. Each score is identified by a category (i.e. High, Medium, Low) and a score
(i.e. 10 to 100).
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For each hydraulic-related phenomenon, a partial AC is
assigned to hazard, exposure, and vulnerability, for a total
of nine partial ACs (three hydraulic-related phenomena
multiplied by three risk parameters, as shown in Figure 3).
The partial ACs are combined by means of combination
tables (see Figure 4). For instance, in case the partial ACs
for hazard, vulnerability, and exposure are Low, High, and
Low, respectively, the AC for that hydraulic phenomenon
will be High. The guidelines provide specific rules to drive
the assignment of the nine partial ACs based on the value
assumed by several quantitative or qualitative variables, as
briefly explained in the sequence.

Regarding the hazard, for the minimum clearance, the partial
AC is estimated by considering the distance between the bridge
soffit and the water level related to the specified return period;
different return periods are considered but they do not depend
on the type of bridge, although the importance of the bridge is
considered in the consequences. With reference to general
scour, the partial AC is evaluated considering: (i) the ratio
between the width of the riverbed occupied by the bridge and
the overall width of the riverbed, Ca, and (ii) the ratio between
the width of the floodplains occupied by the bridge and the over-
all width of the floodplains, Cg. As for the local scour, the partial
AC is determined by the ratio between the scour depth and the
foundation depth (taken as 2m if the foundation depth is
unknown); the method requires the assumption that the scour
depth be two times the width of the piers (CSLP, 2020, p. 34).

The vulnerability depends on the type of foundation, the
geometry of the riverbed and the amounts of sediment/deb-
ris/floating materials. The definition of the partial ACs for
the three hydraulic-related phenomena is mostly based on
meeting certain conditions, i.e. the operator uses tables pro-
vided in the guidelines to verify if certain conditions are
respected. The following conditions are considered:

� For insufficient vertical clearance: (i) significant sediment
deposition or riverbed erosion; (ii) significant transport
of plant material of considerable size; (iii) dimension of
the river basin higher or lower than defined thresholds.
For example, a partial AC can score ‘medium’ whether
at least one condition is met among the presence of (i)
and (ii), and (iii) <500 km2.

� For general scour: (i) superficial foundations; (ii) gener-
alized lowering of the riverbed; (iii) curvature of the riv-
erbed. For example, a partial AC can score ‘medium’
whether at least one condition is met among presence of
(i), (ii), and (iii).

� For local scour: (i) superficial foundations; (ii) generalized
lowering of the riverbed; (iii) accumulations of debris or
floating material; (iv) planimetric migration of the riverbed;
(v) existence of scour protection devices. For example, a
partial AC can score ‘medium’ whether at least one condi-
tion is met among presence of (i), (ii), (iii), and (iv).

The exposure mainly accounts for indirect consequences
related to the loss of functionality of the bridge and damage
to the environment induced by the bridge collapse. A single
partial AC is determined for all three hydraulic phenomena

considering different parameters, namely: (i) the daily traffic
level; (ii) the length of the bridge span used as a proxy for the
number of people on the bridge; (iii) presence (under the
bridge) of people and important assets from the naturalistic,
economic and social perspectives; (iv) presence of alternative
routes; (v) criticality of the bridges during an emergency; and
(vi) transport of dangerous goods. Based on the value
assumed by these parameters, tables, and graphs guide the
operator in the selection of the partial AC for the exposure,
as illustrated in CSLP (2020). For instance, the partial AC for
bridges with a low level of traffic (�10,000 vehicles/day) and
short span length (�20m) is Medium-High in case: (i) alter-
native routes are not present, (ii) people or important assets
are present under the bridge, (iii) the bridge is a strategic
asset. The presence of dangerous goods is used as a prioritiza-
tion factor between bridges belonging to the same AC.

3.3. Case study

This study applies the UK and Italian guidelines to two dif-
ferent case studies in Italy and in the UK (Figure 5), which
presented different characteristics and available data.

Staverton Bridge (Figure 5a) crosses the River Dart near
Totnes in Devon, in the South-West of England (UK), and
is located on road C46. The bridge consists of seven arch
masonry spans of varying sizes. The bridge construction
date is believed to be 1413, and it is a Grade I listed struc-
ture (i.e., the bridge is of exceptional architectural and his-
torical interest). The bridge is located in between two river
bends, immediately downstream of a small island, whilst
downstream of the bridge the river Dart flows around the
large Dartington island. The bridge is owned by Devon
County Council and scour was observed at the piers and
foundations during inspections in 2018 and 2019. The River
Dart at Staverton Bridge has a catchment area of 268.1 km2

after originating in Dartmoor, and the riverbed is formed
mostly by coarse gravel, with a catchment bedrock of low
permeable rocks. The 200-year flood peak flow is estimated
to be 611.1m3s�1, whereby the increase due to climate
change allowance for peak river flow (according to CS 469)
is 25% for the South-West of England. The bridge is also
known for periodically accumulating large wood debris at
its piers after seasonal floods.

Borgoforte bridge in Italy (Figure 5b) is a concrete bridge
built in 1961 which crosses the Po River on state road no.
62 between the Regions Lombardy and Emilia Romagna
(Northern Italy). The overall length of the structure is
approximately 1137m. The bridge consists of a complex
structure of three different parts, as follows:

� The left access viaduct (Lombardy side) is located in the
floodplain and consists of 9 simply supported spans each
with a length of 18.35 m (total length 165m).

� The bridge over the river Po, partly located in the flood-
plain and partly in the riverbed, consists of 7 pairs of
piers that support cantilever beams of variable height
which are connected by means of a suspended section
(total length 472m). The total span between two piers is

STRUCTURE AND INFRASTRUCTURE ENGINEERING 121



63.50 m. The piers are composed of 3 circular section
columns with a diameter of 1.5 m.

� Right access viaduct (Emilia Romagna side) is located
beyond the embankment and consists of 28 simply
supported spans each of 18.40 m length (total
length 500m).

In normal flow conditions, the width of the river is
approximately 300m. Therefore, only four of the 44 piers of
the bridge are permanently in water. In the year 2000, a
15m deep scour hole was found in the riverbed after a
flood. Subsequently, the piles affected by the scour were
reinforced and the hole filled (Ballio, Ballio, Franzetti,

Figure 3. A schematic representation of the hydraulic risk assessment for the Italian method. Details can be found in CSLP. (2020).

Figure 4. Combination tables to combine partial ACs.
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Crotti, & Solari, 2018). Main input data for the two bridges
and the two methodologies are listed in Table 3; data were
obtained from private reports owned by Devon County
Council and Italian authorities for Staverton and Borgoforte
bridge, respectively.

4. Results

The first outcome of this study includes a methodological
comparison between the application of the two guidelines
(CSLP, 2020; Takano & Pooley, 2021). A critical analysis
and interpretation of the two methods resulted in the fol-
lowing list of similarities (S) and differences (D), shown in
Table 4.

A more informative analysis occurs when both methods
are applied to a single bridge, demonstrating how they work
and comparing their performance. In the application, results
are mostly homogenous, although a few differences are pre-
sent. Table 6 summarizes the results obtained highlighting
the actions triggered by the attained risk levels. Sec. 4.1 and
4.2 illustrate the application and explain the results in detail.

4.1. Results of the application of the UK method

In this section, the UK method is applied to both the UK
and Italian bridges to demonstrate its operation. The appli-
cation of the UK method (CS 469) to Staverton Bridge and
Borgoforte Bridge showed that the two bridges attained dif-
ferent levels of risk, depending on the type of hydraulic
action. Figure 6 shows a schematic comparison between the
two structures. First, the scour risk rating is High (score of
100) for Staverton Bridge, indicating that the bridge is at
immediate risk of scour, according to the UK criteria. On
the other hand, Borgoforte Bridge scored 40, indicating a
risk rating of Medium. As a result, Staverton will have to be
treated as a substandard structure (where actions have to be
taken immediately) by the competent authority, whilst
Borgoforte Bridge will only require a monitoring plan.

Since the priority factor of the two structures is compar-
able (1.638 for Staverton and 1.747 for Borgoforte Bridge),

the different ratings are mostly due to the relative scour
depth (DR): for Borgoforte Bridge, DR is relatively low
(1.14), due to the depth of foundations comparable to the
scour depth. Conversely, for Staverton Bridge DR is very
high (9.71), although this was calculated on an assumed
foundation depth of 1m, as per recommendation of the UK
approach. Nevertheless, the type of structure (masonry arch
bridge from the 15th century) suggests that the real founda-
tion depth will be in the order of 1-2m, resulting in high
values of DR.

For the assessment of hydraulic actions (e.g., uplift) both
bridges resulted in low vulnerability, meaning that the
bridge deck and parapet are unlikely to be submerged in
either case and thus to be at risk of hydraulic actions.
Despite in both cases the clearance under the bridge deck
being less than 1m, the UK method would not require any
further assessment. It should be noted that the hydraulic
risk for CS 469 is not explicitly specified, since the analysis
is treated as vulnerability. For the purposes of this work, the
risk of hydraulic actions has been assumed low since no vul-
nerability was identified.

The hydraulic assessment also suggested that Staverton
Bridge might be at risk from debris impact damaging or dis-
lodging the bridge, whilst this is not the case for Borgoforte
Bridge. This assessment is only based on energy considera-
tions at the bridge opening (Section 3.1), i.e. the flow spe-
cific energy under the bridge at Staverton Bridge was ca.
0.60m lower than the bridge soffit depth, although it should
be considered that both bridges have a history of debris
accumulation. Finally, the vulnerability of channel stability
for this study resulted as low for Borgoforte Bridge and
medium for Staverton. This difference is based on the quali-
tative assessment adopted in the UK method: Borgoforte
Bridge had enough criteria qualifying for a low rating, whilst
Staverton Bridge did not have enough criteria for either low
or high risk, hence it was taken as Medium.

4.2. Results of the application of the Italian method

The results relating to the application of the Italian guide-
lines are shown in Figure 7. Both Borgoforte and Staverton

Figure 5. The selected structures for the case study: (a) Staverton Bridge in the UK; (b) Borgoforte Bridge in Italy.
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bridges are classified into the High global AC for hydraulic
actions. Nevertheless, it is observed that in general, the par-
tial ACs assume different values for the two case studies.
Two major differences exist, concerning: (i) the partial AC
for exposure, and (ii) the partial ACs for the hazard relating
to general scour and localized scour.

As for the exposure, the Borgoforte and the Staverton
bridge fall into the High and Low partial AC, respectively.
Indeed, the Borgoforte bridge is one of the major bridges of
the Mantua Province and it serves both local and interre-
gional traffic. Besides, it has been estimated that the indirect
costs related to the closure of the bridge (including the cost
of time loss for users and additional costs of running
vehicles) in 2013 are of the order of 88.7 million Euro/year
(�Eupolis Lombardia, 2013). Conversely, the Staverton bridge,
although relevant from a historical point of view, does not
play a significant role within the road network and therefore
its closure does not imply severe consequences.

Regarding the hazard for general and local scour, the
Borgoforte and the Staverton bridge fall into the Low and
High partial AC, respectively. These results are mainly due
to the different structural properties of the two bridges
(concrete vs arch masonry bridge). As for the general scour,
the Borgoforte bridge presents very low values of the ratios
Ca and Cg (see Sec. 3) due to the relatively small dimensions
of piers with respect to the dimensions of the river, corre-
sponding to Low AC. Conversely, the two ratios are quite
high for Staverton bridge due to its massive structure with
respect to the river dimensions. Regarding local scour, the
AC is strongly influenced by the value of the foundation
depth, that is 18m for the Borgoforte bridge and unknown
for the Staverton bridge (thereby the reference value of 2m
is employed in the calculations).

4.3. Sensitivity analysis

A sensitivity analysis is carried out in this section to deter-
mine which are the dominant factors of the methods pro-
posed by the two national documents. Specifically, for the
UK method, the sensitivity analysis has been focused on
varying individual parameters that contribute to the value of
the Priority Factor PF according to Equation (1). For the
Italian guidelines, the sensitivity analysis is performed to
assess the relative importance of each partial AC involved in
the computation of the global AC for hydraulic risk.

A similar sensitivity analysis has been carried out on the
factors used by the UK method for scour assessment. Since
the estimation of scour depth is deterministic, the analysis
has been based on the heuristic Priority Factor PF. In this
case, for both Borgoforte and Staverton bridges, the individ-
ual factors that contribute to PF have been varied across the
whole range of factors available and consequently, the risk
rating has been re-assessed for each new combination, based
on the scour risk rating graph in Figure 2. Results are
reported in Figure 8 for Staverton Bridge at piers and abut-
ments. On the vertical axis the individual elements of the
priority factor PF are reported, whilst on the horizontal axis
the values that contribute to PF for each individual factor
(see Equation (1)) are displayed.

In the case of Borgoforte Bridge, since the relative scour
depth is low (i.e., DR¼ 1.14) any variation of PF does not pro-
duce any difference. From Figure 2, any DR value in the range
1-1.4 will always result in a rating Medium and score 40, irre-
spective of the Priority factor PF. A similar situation is also
observed for Staverton bridge at the piers, although for the
opposite reason. In this case, the relative scour depth is High
(DR¼9.71), whereby the minimum value of priority factor to
decrease from a score of 100 to a score of 80 is 0.85, therefore

Table 3. Input data for the two case studies and the two methodologies; data were obtained from private reports.

Input parameters Borgoforte Bridge Staverton Bridge

Italian method Width of the riverbed occupied by the bridge 18 m 47.9 m
Width of the floodplains occupied by the bridge 18 m 10.8 m

Total width of the floodplains 188 m 46.9m
Span length 63.50m � 6m

Clearance (200 years return period flood) < 0.80m 1.60 m
both Pier width 1.5 m 3.65 m

Debris accumulation Yes Yes
Foundation depth 18 m Unknown

Italian method: assumed 2m
UK method: assumed 1m

Mean daily traffic 16667 vehicles/day <1000 vehicles/12 hours
Width of the riverbed 270 m 58.65 m

Longitudinal slope of the channel 0.00004 0.0034
Manning’s coefficient 0.025 s/m1/3 0.045 s/m1/3

UK method Average bed material size 0.5mm 70mm
Flood peak flow (with climate change adjustment) 15720 m3/s 764 m3/s

Width of bridge waterway 244.3 m 40.3 m
Width of upstream left floodplain 300 m 70 m
Width of upstream right floodplain 50 m 0 m

Pier geometry (shape / width / length) Circular, 1.5m, 1.5m Triangular, 3.65m, 7.39m
Width of abutments N/A	 2.0 m
Length of abutments N/A	 6.1 m

Average depth of the main channel 30.4 m 3.3 m
Soffit depth 27.1 m 5.25

Wetted perimeter 283.1 m 24.3 m
Angle of attack 0
 0


	Abutments well outside channel flow
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any variation of the priority factor would not affect the final
risk rating, that will remain High (score 100).

Regarding the abutments of Staverton Bridge, DR is lower
(resulting in 4.92), so the variation of PF produces a change
of one risk class for the variation of the factors F (i.e., foun-
dation type) and HS (i.e., history of scour). When F is var-
ied, values of 1 and 0.75 would still result in High risk class,
but with a lower score (80) than for its highest value (that
is, 1.25). For the history of scour factor HS, a value of 1
(instead of 1.5) would lower the score to 80 (although still
being considered at High risk). It should be noted that
according to CS 469 the overall bridge risk rating should be
considered as the highest among all structural elements,
therefore, even if the risk rating of the abutments were to
be reduced, the bridge rating will be unchanged.

Overall, the analysis showed that the approach proposed
by CS 469 tends to have a low sensitivity to variations of
the priority factor PF, although the two cases analysed here
had relative scour depths lying on two opposite ends of the
spectrum, whereby intermediate values might show a
slightly higher sensitivity to changes in PF. For variations of
the relative scour depth DR (and, consequently, of the total
scour depth DT), a change in risk score only occurs when
increase (or decrease) of the estimated maximum scour

depth is significant: for Borgoforte bridge, a 46% increase of
total scour depth is necessary to increase the scour risk rat-
ing to a score of 60. On the other hand, a reduction of 14%
of the total scour depth would be required to reduce the
risk rating to Low and a score of 10. This means that it is
highly unlikely that the bridge will achieve a higher risk
level, even with a more conservative approach. For
Staverton bridge, the situation is the opposite: a change in
risk rating from a score of 100 to a score of 80 is only pos-
sible when the total scour depth is reduced by a factor of 3
for the piers (1.5 for the abutments). Thus, Staverton bridge
is likely to be assessed at the highest risk level even with
less conservative scour depth estimations.

The method proposed by the Italian guidelines entails seven
partial ACs in total (see Sec. 3.2): the hazard and vulnerability
ACs for the three hydraulic-related phenomena (insufficient
Minimum vertical Clearance (MC), General Scour (GS), and
Local Scour (LS) plus one AC for the exposure. In this sensitiv-
ity analysis, the ACs are modified one by one, keeping the other
ACs constant and equal to the value obtained in the analysis.

The results of the sensitivity analysis for the Borgoforte
Bridge are displayed in Figure 9, where the horizontal axis
shows the values of the partial ACs for factors (indicated on
the vertical axis) that contribute to risk, and the different

Table 4. Summary of methodological similarities and differences between the Italian and UK methods (authors’ critical analysis).

SIMILARITIES (S)

S1) to assess scour risk separately from the other hydraulic actions.
S2) to account for the history of scour problems, if recorded via past inspections.
S3) to consider indirect consequences, within a network-level perspective: the UK PF includes a community severance or disruption

factor, i.e., relevance of the bridge for the served community, rerouting or access to critical services, while the Italian
method considers the daily traffic level, the presence of alternative routes, and the importance of the bridges during
an emergency.

S4) to produce risk classes as a final outcome.
S5) to recommend similar actions in relation to the risk class, i.e., to gather more information. However, the UK guidelines include

urgent actions for High Risk bridges scoring 100 in the assessment (see D4).
S6) to consider effects due to debris - although the UK guidelines include effects of debris quantitatively, whilst the Italian

guidelines only do so qualitatively.
S7) to overlook direct consequences: both approaches do not consider the cost of repair/replacement.
DIFFERENCES (D)
D1) the UK guidelines assess risk due to scour actions only; for hydraulic actions and channel stability, a vulnerability assessment is

proposed. The Italian guidelines encompass risk assessment for four hazards (seismic, landslide, stability, and hydraulic); all
the risk types are combined to obtain the final rating.

D2) regarding hydraulic actions, the UK guidelines assess various risks separately (i.e., scour actions, debris forces, hydraulic actions,
and channel stability); scour is assessed independently from hydraulic actions, e.g., if the bridge results as submerged, more
calculations are prescribed to measure hydraulic loads for deck uplift (no risk rating). For the Italian guidelines, no action
can be taken considering only one type of risk (e.g., hydraulic).

D3) the UK guidelines prescribe calculations for local and constriction scour, water depth, and velocity at several cross-sections;
with reference to Level 2, the Italian guidelines are based on records and visual inspections, and do not involve calculations.
For example, the UK method calculates local scour via a multi-factor empirical equation accounting for pier shape, angle of
attack, and debris accumulations; while the Italian method assumes scour as two times the pier width in the absence of
targeted inspections.

D4) The UK guidelines account for climate change by considering a 20-30% allowance for a 200-year return period flood peak flow
(based on the geographical area; Takano & Pooley, 2021); the Italian guidelines do not explicitly account for climate change
(water levels used in the computation of the vertical clearance are retrieved from flood maps where climate change is
accounted for according to the current technical legislation, D.Lgs. 49, 2010).

D5) the outcome of the UK method’s risk assessment procedure could also include operative actions, e.g., bridge closure or traffic
limitations when at high risk; the outcome of the risk assessment for the Italian method is limited to gathering more
information or carrying out in-depth investigations in the case of a bridge at high risk (Level 3-4) (see S4).

D6) The UK method does not include damage to humans and the environment (and any direct consequences at all), while the
Italian method assumes the bridge length as a proxy of human casualties (see S7) and includes as a risk factor the presence
of dangerous materials, i.e. those substances (carried along the bridge) which, due to their particular nature, are capable of
producing significant damage to people and the environment.

D7) As for the minimum clearance, the UK method considers whether the bridge is submerged or not during the 200-year (plus
climate change correction) return period flood peak flow (see also D1). For the Italian method, the hazard AC for insufficient
vertical clearance is determined considering the magnitude of the minimum clearance relating to floods of different
return periods.
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colours indicate the value of the resulting global AC. The
Exposure has greater importance with respect to vulnerabil-
ity and hazard for the three hydraulic-related phenomena
(MC, GS, LS): a decrease in the range M-H to M-L of the
partial AC of Exposure entails a decrease from H to M-H of
the global AC while a decrease of Exposure to L entails a
decrease of the global AC from H to M. Changes of the par-
tial ACs of Hazard and Vulnerability for GS and LS do not

affect the global AC whereas the decrease of the partial AC
for minimum clearance (MC) in the range M to L leads to a
decrease of the global AC from H to M-H.

The most important hydraulic-related phenomenon
appears to be the minimum vertical clearance. This depends
on the combination rule considered in the guidelines where
the partial ACs for general and local scour are further com-
bined to obtain the global AC for scour (see Figure 6)

Table 5. Final risk rating for the two methods and the two bridges considered in this study (L ¼ low, M ¼ medium, H ¼ high).

Borgoforte Bridge (Italy) Staverton Bridge (UK)

Risk level Actions Risk level Actions

UK method Scour M Implement scour risk
reduction plan and
regular monitoring

H Sub-standard structure,
to be managed in

accordance with CS 470
(e.g., speed limitation,
bridge closure). Plan of

scour protection
measures as a priority.

Hydraulic actions No risk No further
actions required

Debris forces - impact
(intermediate)

Include in a
vulnerability assessment

report
suggesting actions.

Channel stability L No further
actions required

M Include in a
vulnerability assessment

report
suggesting actions.

Italian method Minimum clearance H – H –
Scour (general and local) M-H H
Global hydraulic risk H Carry out further

analysis to assess
structural safety
(following NTC.

(2018)) 	

H Carry out further
analysis to assess
structural safety
(following NTC.

(2018)) 	.
	The AC for hydraulic risk should be combined with the ACs relevant to the other three risk types. In the table, it is assumed that the AC for hydraulic risk and
the general AC are the same.

Figure 6. Application of the UK method (CS 469) to the two case studies.
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whereas the partial AC for minimum clearance contributes
directly to the evaluation of the global AC. As for the
Staverton Bridge, any variation of a single AC does not
modify the Global AC. The main reason for this result is

that the ACs for minimum clearance and scour are both H:
even if one of them lowers, the Global AC is H (note that
the global AC is assigned as the most severe AC between
the AC for minimum clearance and the AC for scour).

Figure 7. Application of Italian method to the two case studies.

Figure 8. Sensitivity analysis for Staverton bridge considering the UK method for the Priority factor PF for piers and abutments. For Borgoforte Bridge no variation
was observed.

STRUCTURE AND INFRASTRUCTURE ENGINEERING 127



5. Discussion on compatibility of approaches

This work is one of the first to illustrate and show how to
apply the latest UK (2021) and Italian (2020) guidelines to
bridges subjected to scour and other hydraulic actions. Both
methods are risk-based and produce compatible results, when
comparing the approaches directly against each bridge. The
scour risk obtained for Staverton Bridge resulted as High using
both methods; the score for Borgoforte Bridge resulted higher
for the Italian method, as compared to the UK method. The
UK method categorised Borgoforte bridge as medium (40),
which means that only standard monitoring is required; the
Italian method assessed Borgoforte bridge as Medium-High
risk, but it is necessary to finalize Level 2 of the analysis to
understand which actions to take (and therefore combine the
ACs relevant to all risk types). Additional national codes are
available worldwide and future research could advance add-
itional case studies for comparison.

In general, it is the hydraulic action assessment that showed
significant differences between both methods: the Italian
approach assessed Staverton as Medium-High hazard for min-
imum clearance, whilst the UK approach considers this bridge
unlikely to be submerged. The main difference can be identi-
fied in the way the two methods assess the vulnerability of this
particular hydraulic phenomenon: the UK method will con-
sider bridge submergence only if the upstream water depth is
higher than the bridge soffit (or the specific energy of the flow
through the bridge is higher than the bridge soffit height). On
the other hand, for the Italian approach, even if the design
flow will not reach the bridge soffit, minimum clearance is
required before lowering the rating, making the Italian method
more conservative than the UK approach.

It can be observed that the combination procedure for ACs
proposed by the Italian guidelines adopts a conservative
approach, which accounts for the uncertainties due to the
qualitative level of its method. For instance, the highest value

between the AC for insufficient vertical clearance and the AC
for scour is selected as the global AC. However, a High AC for
hydraulic actions does not necessarily imply that the global AC
of the bridge would be High overall. Indeed, in the Italian
guidelines, the global AC for hydraulic risk must be combined
with the ACs for the structure-foundation risk, seismic risk,
and landslide risk, and often it is the AC for structure-founda-
tion risk which has the highest impact on the evaluation of the
global AC, as highlighted in Santarsiero et al. (2021).

It should also be noted that the Italian method accounts for
contraction and local scour in the hazard computation of the
partial AC, whilst general scour is considered for the assess-
ment of the vulnerability. The UK approach instead calculates
the depth of scour due to each phenomenon and estimates the
risk as a compound value. Whilst the UK method also consid-
ers channel stability around a bridge, this is not included in
the Italian approach, making it a potential candidate for future
implementation in further iterations. Another interesting
observation relates to the sensitivity of the two approaches to
the variations of the factors that affect the risk evaluation. The
UK method seems to have a low sensitivity to the variation of
the assessment factors, whereby the scour risk rating does not
change for either bridge, despite varying all heuristic factors
across the existing range. The same behaviour could not be
observed for the Italian procedure as the AC for hydraulic risk
is affected by the partial ACs, as highlighted in Sec. 4.3. Thus,
it can be inferred that the response from the UK method is
less sensitive than the Italian one, as it is unlikely that the risk
rating would change with changing values within the priority
factor. It should be noted, though, that the two bridges reside
at two opposite ends of the scour spectrum, i.e., Staverton
bridge with a very high relative scour depth and Borgoforte
bridge with a low one. Therefore, other structures with inter-
mediate conditions might display a more marked sensitivity
than witnessed in these two case studies.

This work focuses on two specific case studies; however,
national agencies manage thousands of bridges in their port-
folios. In this respect, the main drawback of both methods
is that the final classification includes five risk classes with-
out a ranking. The lack of a ranking means that a prioritisa-
tion process among structures is challenging (e.g., which
bridges are at most risk in the high-risk category?). The
Italian method was applied considering scour and hydraulic
risk only, and future studies should verify the landslide, seis-
mic, and structure-foundation risk as well, according to the
complete multi-risk procedure. In the UK, the guideline is
not multi-risk: despite the UK not being a seismic region,
the landslides and structural risk would be relevant and
could be considered. Both the UK and Italy are countries
with relevant heritage (e.g., the 40% of UK bridges are his-
torical assets, Sasidharan et al., 2021); however, neither
approach considers this aspect. This could be an additional
element to integrate into the evaluation of the ‘importance’
of the bridge, by updating how exposure is evaluated. In
recent years, increasing emphasis has been put on vertical
contraction scour, i.e. the erosion depth caused by pressur-
ised flow under bridges (Majid & Tripathi, 2021).
Nevertheless, neither the Italian nor the UK method

Figure 9. Sensitivity analysis for the Italian method applied to Borgoforte
Bridge; for Staverton Bridge no variation was observed. MC¼Minimum
Clearance, GS¼General Scour, LS¼ Local Scour.
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consider vertical contraction scour, which could be included
for further estimation of the scour depth. Finally, the UK
method could also be improved by reviewing the Priority
Factor, e.g., including direct costs such as the cost of repair-
ing/replacement or costs associated with affected people.

The availability of data (e.g., both the UK and Italian
method requests a visual inspection at Level 1) could be a
general barrier to the application of a methodology, espe-
cially in a context of fragmented bridge ownership and lack
of national bridge databases. For example, the UK method
requires a topographical survey of an affected structure,
which could be difficult to achieve in large rivers where
sonar (and other resources) might be required. Some auto-
mated data collection strategies, for example, automated
ground penetrating radar using remote surveys, could sup-
ply additional information for the procedures, but this
would require significant additional resources for each asset.

In line with the increasing role of monitoring for vulnerable
structures (Giordano, Prendergast, & Limongelli, 2020), both
methods recommend monitoring in their guidance. The last
part of the Italian method (Sec. 7) is dedicated to inspection pro-
cedures and monitoring. Specifically, in addition to scheduled
inspection, the installation of monitoring systems is recom-
mended for structures classified in the Medium-High or High
ACs in Level 2 or strategic structures. The guidelines describe
the general principles of SHM and refer to UNI TR 11634:2016
for technical details. For the UK, a new part about a ‘monitoring
plan’ for all structures is present, requiring regular monitoring
for all structures falling within the Medium or High scour risk
categories. The monitoring plan is required to periodically
review the condition of the bridge, any change to existing scour
holes, debris accumulations, or change in the river morphology
next to the bridge. Also, neither of the analysed methods treat
different bridge types (materials/static system) in the definition
of failure modes; failure mode analysis would provide a more
comprehensive risk-based outlook on potentially endangered
bridges (e.g. to plan preventative maintenance or monitoring).
However, both methods omit clearly relating monitoring and risk
assessment, i.e. the practice of integration between monitoring
data, failure analysis, and risk assessment could be addressed by
future studies.

6. Conclusions

This paper demonstrates the application of two recently
published guidance documents for assessing hydraulic
actions (including scour) on bridges, namely the UK Design
Manual for Roads and Bridges and the Italian Ministry of
Infrastructure and Transport Guidelines. These guidelines
were explained and applied to two bridges, the Staverton
Bridge in the UK and the Borgoforte Bridge in Italy. This
paper is the first to compare both of these guidelines, and
the comparison of the methodologies and the results pro-
vides novel insights into the benefits and drawbacks of each
approach. For example, the methodologies could be further
improved by considering the relevance of heritage, which is
currently neglected in each method.

The application and comparison of the two guidelines may
support practitioners or researchers wishing to develop their
own risk-based methods, and this paper could serve as a refer-
ence for authorities wishing to incorporate risk into existing
codes of practice and guidance documents for scour assess-
ment. Future work will consider expanding the comparison to
other national best-practices or other relevant procedures.
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