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ABSTRACT: Visual inspection remains an essential tool for assessing structural damage.
Damage detection is a challenging task for those specifying, designing, and deploying SHM
systems. Often only traditional visual inspection processes are available to determine the type
and extent of structural damage. For bridge structures in the UK, a regime of general (every
two years) and principal (every six years) inspections is often followed. Such visual inspections
are time-consuming and costly in terms of both labour and financial resources. Therefore, the
possibility of completing more of the bridge visual inspection process offsite has many poten-
tial benefits for bridge owners and managers during the service life of the asset. Recent
research conducted at the University of Bristol in collaboration with industrial partners has
examined how to make the best use of metrics derived from visual inspection data when
assessing bridge condition and planning maintenance activities. Recent research into which
aspects of the current visual inspection regime in the UK could potentially be moved offsite
has also been carried out. This paper summarises these research efforts and discusses how Al
may be used as part of future enhancements to visual inspection data capture and analysis.

1 INTRODUCTION

1.1 Background

The UK has aging infrastructure stock, often described as an ‘asset time bomb’ (Thurlby 2013,
Thurlby & Rimell 2015). Therefore, assessing current asset condition and residual life is important
for bridge managers. A key element of asset condition assessment is to be able to detect damage
across the entire stock (in this case of bridges) and identify differences by region or asset type/
class. ‘Damage detection’, although the most useful form of Structural Health Monitoring (SHM),
is arguably the most difficult to realise in field conditions (see the SHM categories and discussion
in Webb et al. 2015). The key method for damage detection in current practice remains visual
inspection (VI) (e.g. Wallbank 1989, Moore et al. 2001, Lea & Middleton 2002, Middleton 2004,
McRobbie et al. 2015, Bennetts 2019, Bennetts et al. 2016, 2020). In the UK, the following default
visual inspection regime is often followed: principal visual inspections (conducted by inspectors
operating within touching distance of the bridge) scheduled every six years and general inspections
every two years (see HA 2007 and Bennetts et al. 2016). The aforementioned VI regime may be
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varied on a risk-basis (HE, 2021). Bennetts et al. (2023) conducted a study using VI data from 200
sample bridges from the UK highway network and concluded that 81% of the inspections were
carried out in ‘strict compliance’ with BD63/07 (the standard at the time of the study; see HA
2007) and 93% were within ‘the spirit’ of the standard (see also Bennetts 2019).

1.2 Paper outline

This paper summarises recent research on the following topics: the use of VI data and metrics
for asset management processes (section 2); how aspects of the VI process may be carried out
offsite using new technologies, leading to a hybrid VI system (section 3) and ways in which
recent advances in artificial intelligence (Al)/machine learning (ML) may influence aspects of
VI processes in the future (section 4).

2 USING VI DATA AND METRICS FOR ASSET MANAGEMENT

2.1 Importance Of VI in bridge engineering

Bennetts et al. (2016, 2020) conducted a series of semi-structured interviews to elicit the use of
VI and SHM in the UK bridge management community. The use of VI data and associated
metrics is varied across the industry. The use of SHM was reported to be limited except in
specific instances (Bennetts et al. 2020). Colford et al. (2022) note that SHM is not an alterna-
tive to inspections. Bennetts et al. (2021) argued that the inspection intervals used in UK prac-
tice (two years and six years) make detecting change difficult, especially at individual asset
level. Bennetts et al. (2020) as part of hierarchical process modelling and their survey of bridge
engineering professionals, identified the following high-level processes: ‘understanding the
stock’, ‘making decisions’ and ‘implementing interventions’ (Bennetts et al. 2020, p. 214),

shown in Figure 1.
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Figure 1. High-level model of the bridge management system (taken from Bennetts et al. 2020, used
under the terms of the cc-by 4.0 licence).
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2.2 Bridge condition indicators

VI data can be used to calculate Bridge Condition Indicator (BCI) metrics (defined in detail in Ster-
ritt 2002). These metrics can be aggregated and analysed to study asset condition changes at stock/
regional level (Bennetts et al. 2018a, 2018b). BCI metrics can be used to show varying asset deterior-
ation across UK regions. For example, Figure 2 shows the reduction of BCI,,. and BCI; scores for
a population of bridges (Bennetts et al. 2018b). As stated in Bennetts et al. (2018b, p. 26):

“The average score, BCI,,. is calculated from the raw defect scores, taking the worst defects
on each component type, weighted by the structural importance of each element. The critical
score represents the worst defect on the most important structural components.”

(See Sterritt (2002) for more details on the calculation of the aforementioned metrics.)
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Figure 2. Change in condition between successive inspections for populations of structures that were
inspected in the same year. The conditions of these populations of bridges are plotted as the average
BClI,,; and BCI,,. scores for the population, weighted by deck area. A total of 2397 bridges are included
in the plot (taken from Bennetts et al. 2018b, used under the terms of the cc-by 4.0 licence).

3 OFFSITE VISUAL INSPECTION PROCESSES

Visual inspection is a costly exercise for asset owners and managers (Bennetts 2019). Visual
inspection requires human inspectors to work outside in varied weather conditions, often at night
and frequently in high-traffic environments (e.g. Bennetts 2019). As an aside, in the case of assess-
ing bridge scour, for VI to be carried out, divers are necessary to detect potential scour holes
formed due to floods below the foundations of a bridge (cf. Selvakumaran et al. 2018, Pregnolato
et al. 2021). The need for divers implies an increased safety risk which needs to be managed.
Moreover, another issue of VI is the lack of skilled inspectors for which the UK has introduced
the Bridge Inspector Training Scheme (BICS) (Lantra 2023). Therefore, efforts to move VI pro-
cesses offsite have the potential to supplement/enhance existing VI/SHM efforts (McRobbie et al.
2015, Nepomuceno 2022, Nepomuceno et al. 2022a, 2022b).
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Nepomuceno et al. (2022b) (Figure 3) have recently presented a possible schema for moving
parts of the VI process offsite: future realisation of such efforts will require improved technologies
for image capture (see the recent paper of Nepomuceno et al. 2022a for a detailed review of new
technologies to assist VI processes and the best practice guide for bridge monitoring by Middleton
et al. 2016). New technologies may include use of 360° cameras, precision drone-based camera

Planning & Preparation

Review documents

Travel to bridge

Image Capture

Take photographs

Upload to database

Gl reports
P

Previous
photographs

N—" N

---p/Image data

‘..

Overlay image
compass and GPS

Defect Identificaton

View processed
photographs

Identify defects
(class, location)

Defect Grading

Assign ratings
(severity, extent.
priority)

Rate of Change Over Time

Making Maintenance Decisions

Calculate
performance
indices

Network analysis

Implement
maintenance and
repair

Figure 3.

Nepomuceno et al. 2022b, used under the terms of the cc-by 4.0 licence).
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systems, interferometric synthetic-aperture radar (InSAR) as well as virtual reality and computer
vision (Nepomuceno et al. 2022a, 2022b). For the specific case of bridge scour, fibre optic installa-
tions, sonar and InSAR are devices that could potentially mitigate the need for divers in some
instances (cf. Prendergast & Gavin 2014, Selvakumaran et al. 2018, Vardanega et al. 2021). Even
if technological advances allow image capture to be done remotely with photographs and video,
(i.e. assessed by human inspectors offsite) it is not guaranteed that the accuracy and precision of
defect identification will be acceptable for those taking decisions based on this data.

Nepomuceno et al. (2021, 2023) presented preliminary survey data showing that the ratings
from onsite and offsite inspectors tended to more closely agree for higher severity defects (see also
Nepomuceno 2022). Further studies are needed to standardise off-site assessment of captured
images. Regardless of whether the defect detection outcomes are the same offsite, decisions about
maintenance and intervention still depend on the VI data and associated metrics. These consider-
ations persist regardless on whether the process stays similar to current practices or shifts towards
being more technologically driven and conducted partially remotely.

4 POTENTIAL FUTURE INFLUENCES OF AI IN VI WORKFLOW

4.1 Recent AI uses in structural engineering

Use of Al is expected to increase in many fields, including bridge engineering. Alexander et al.
(2022) used deep learning methods for crack detection on structures. Munawar et al. (2022)
used ML methods for crack detection processes. Luleci & Catbas (2023b) suggested popula-
tion-based structural health monitoring (PBSHM) approaches for pre-stressed bridges. Luleci
& Catbas (2023a) present a recent review of deep generative models (DGMs) in SHM. Luleci
& Catbas (2023a) conclude that data scarcity remains a challenge in the field of bridge engin-
eering (see also the review of Catbas & Avci 2023 which mentions in part the use of virtual
reality in bridge SHM). Stacy (2023) notes that data alone is not sufficient for good decision
making. Projects such as the Data Analytics Facility for National Infrastructure (DAFNI)
may help with the analysis of future larger datasets (Matthews et al. 2023).

Al approaches may assist with data analysis and pattern recognition across large datasets.
Al offers potential improvements across the VI process. For example, Al could potentially be
used to evaluate trends from stock-level (regional) data sets of VI metrics, further enhancing
what can be gleaned from ‘manual’ analysis of large structural data sets such as those reported
in Bennetts et al. (2018a, 2018b).

There are potential concerns/limitations, such as the fact that semi-automated or fully auto-
mated processes may detect specific instances of bridge damage (i.e. the defect location). There
are also concerns on how well severity will be assessed with Al methods compared to human
inspectors. For instance, from an asset management perspective, if a bridge with a defect of
a similar extent and severity is repaired and this is reflected in the data set the Al is applied to;
would Al-based processes recommend repair in other similar cases and if so on what basis? Asset
managers may not be able to deduce why Al prioritisation or recommendations have been made
and hence the context for decisions/recommendations may become less clear and less able to be
scrutinised by other stakeholders.

4.2  Engineering judgement

Bennetts et al. (2016) showed using data from semi-structured interviews that engineering
judgement is very important in taking bridge management decisions. In the context of
a potentially Al enhanced VI process, what is the fundamental role of the ‘engineer’? Engin-
eering judgement is needed to take decisions regarding assignment of design parameters and
for catching errors in design processes (cf. Peck 1980, Petroski 1993, Vardanega & Bolton
2016). In the case of VI ‘judgement’ is exercised when assessing the ‘extent’ or ‘severity’ of the
defect. Judgment is also needed when prioritising bridges for maintenance expenditure.
A future question for bridge managers using Al processes will be how they will be able to
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safely overrule Al recommendations when they produce results that do not align with their
own engineering judgement.

5 SUMMARY

This paper has reviewed recent research efforts on the use of VI data for associated bridge
condition metrics — these data have the potential to be further analysed using Al tools. Use of
VI data is still widely used for assessing structural condition and therefore there is a relevant
question on how much of this time-consuming and expensive process can be conducted offsite.
Survey data has shown some offsite evaluation of defect severity can be potentially considered,
although more data is needed to confirm if off-site inspectors can replace on-site inspectors
(assuming comprehensive image capture can be carried out using new and an emerging
technological solutions). Finally, with the recent prominence of Al, further research of on the
use of Al in VI should be undertaken.
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