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Accumulations of large woody debris can worsen scour at a bridge pier and thereby lead to structural damage. Accumulations can also increase the flood risk in adjacent areas. These consequences can cause disruption to local communities and even pose a risk to human life. Current methodologies acknowledge the existence of these effects of debris but do not provide a practical method, usable by engineers and practitioners, to assess the potential for debris accumulation at a bridge structure based on readily available data. This work aims to address this practical need by proposing a methodology based on direct and indirect observations. Using this methodology, a desk-based analysis can be performed to assess whether a bridge is prone to the formation of debris accumulations. Direct observations may include information from inspection reports, satellite imagery and tree removal work, while indirect observations may use information related to the geographical location of the bridge such as on other structures that share the watercourse or the presence of forested areas in its proximity. This methodology has been applied to local authority-owned bridges in Carmarthenshire, UK. Results show that many structures (100 out of over 3000 bridges) are liable to debris accumulations. Direct observations served as primary evidence for over 80% of the bridges liable to debris accumulations. For many cases, direct observations existed to corroborate indirect observations suggesting that indirect observations can also be relied upon. The proposed methodology has also been applied to the prioritisation of bridge inspections for scour assessment. Results showed that many of the bridges prone to debris accumulations would need to be prioritised for scour inspections over other bridges in the aftermath of floods due to their significantly higher risk to scour in the presence of debris

This paper introduces a novel method for evaluating the effect of debris accumulation on local scour depth at bridge piers. The concept of a debris factor is proposed to replace the current effective and equivalent pier width approaches that have been shown to overestimate debris-induced scour in many instances. The concept enables a simpler, more direct and realistic estimation of the change in local scour depth due to debris since it accounts for (i) debris length (streamwise), width (spanwise) and thickness (depth wise), and (ii) the influence of debris elevation in flow, i.e. is applicable for free-surface debris, submerged debris, or debris resting on the stream bed. The concept works with all existing local scour equations alongside other factors that influence scour depth such as flow angle of attack and pier shape. The mathematical model that underpins the proposed concept is derived through multiple linear regression on experimental data obtained at Exeter and elsewhere. The proposed method is shown to improve accuracy by at least 24% and 5% in comparison to the effective and equivalent pier width approaches, respectively. More importantly, the method is shown to be robust, providing highly consistent results with significantly less uncertainty
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[bookmark: _GoBack]Woody debris, also known as driftwood, large wood or in-stream wood in literature (e.g. Bradley et al., 2005) is generally defined as logs having length greater than 1 m and diameter of at least 10 cm (e.g. Gippel et al., 1996). Woody debris that are transported by rivers can accumulate at bridge piers, particularly during flood events (Braudrick et al., 1997; Diehl, 1997; Lagasse et al., 2010). The resulting obstruction to the river flow causes an increase of the upstream water level (often referred to as afflux) that significantly increases the flood risk in adjacent areas. The accumulation also exacerbates local scour (Lagasse et al., 2010; Pagliara and Carnacina, 2011), which could expose the pier foundations and eventually result in bridge failure. In the United States, almost one third of bridge failures are attributed to excessive scour induced by debris accumulation (Diehl, 1997), whilst in the UK, debris has been cited as the main or secondary reason (Benn, 2013) for 20 out of 69 railway bridge failures. Furthermore, the costs of debris-related flood damage is considered to be in the order of millions of US dollars (Lassettre and Kondolf, 2012) and events with transport of wood are known to have devastating effects on areas adjacent to bridges by blocking bridge openings and causing severe flooding (Steeb et al., 2017). In recent years, substantial research has hence focused on the shape of these accumulations, the maximum size they could attain (Panici and de Almeida, 2018), the backwater effects that are caused by such accumulations (Schalko et al., 2018), the forces they apply to the bridge pier (Parola et al., 2000; Wu et al., 2014; Panici and de Almeida, 2018) and the increased scour that accumulated debris could yield (e.g. Melville and Dongol, 1992; Lagasse et al., 2010; Pagliara and Carnacina, 2011; Ebrahimi et al., 2018).
The knowledge created by recent research into debris accumulations and their consequences enhances our understanding of debris effects on the flow field around bridge piers (Pagliara and Carnacina, 2013), and therefore has applications for bridge management (e.g. evaluating risk of damage to bridges, assessing flood risk) as well as the potential to create economical and societal benefits (Pregnolato, 2019) by reducing the direct and indirect costs (Arrighi et al., 2019) incurred by bridge operators and society (e.g. avoid road closures, enable rapid post-flood recovery). The realisation of these benefits is however dependent on the ability to assess whether a bridge is liable to large wood accumulations. Some guidance on this aspect is available from previous research that have predominantly been based on field observations or laboratory experiments as outlined below.
Few studies have examined the initiation of debris transport from bank erosion; for example, Lagasse et al. (2010) showed that the probability of debris recruitment by bank erosion depends on the distance of a tree from the channel bank. Others have also investigated the initiation of debris transport from large wood already within the channel system (Braudrick et al., 1997; Crosato et al., 2013; Ruiz-Villanueva et al., 2016). However, despite past research, the flow conditions that are necessary to initiate debris transport from bank erosion are still not adequately understood (Bradley et al., 2005). Other studies have developed methodologies to estimate the probability of debris anchoring at obstacles (Bocchiola et al., 2008) including piers (De Cicco et al., 2016; Gschnitzer et al., 2017; Schalko et al., 2019) and bridge decks (Schmocker and Hager, 2011), and correlated the anchoring probability to flow velocity and debris length (Schalko et al., 2019). However, these studies are based on assumptions (e.g. continuous supply of debris elements or burst release of debris pieces, use of single logs), which are difficult to justify in practice. The reliability of the estimations is also dependent on several bridge-specific factors (Comiti et al., 2016) (e.g. approaching flow characteristics, debris transport processes, frequency of transported debris) that may not be understood thoroughly or expensive to measure in the field. On the contrary, it has been observed that debris are typically recruited by the same type of processes (e.g. 73% of debris input in rivers is believed to be originated by bank erosion and mass-wasting (Diehl, 1997, Lyn et al., 2003, Lagasse et al., 2010)); furthermore, debris elements tend to follow preferential paths (Diehl, 1997; Bradley et al., 2005) and accumulations are likely to occur again at similar flow conditions (Lyn et al., 2007), although reasons for this well-marked transport have yet to be investigated (Lagasse et al., 2010). Therefore, despite existing methodologies providing important insights and shedding light on the key factors that contribute to formation of debris accumulations at bridge piers, there is currently no systematic approach to identify bridge piers liable to debris accumulations in real-world situations (Comiti et al., 2016).
Debris accumulation is widely recognized as a factor increasing scour risk at bridges (e.g. Chang and Shen 1979, Diehl 1997, Parola et al. 2000, May et al. 2002, Bradley et al. 2005, Arneson et al. 2012 and Benn 2013). This is due to debris constricting flow and increasing pier width, and consequently increasing flow velocities around the pier and enhancing scour.  
The first study on the effect of debris on scour at piers was carried out by Laursen and Toch (1956) who showed that debris deepened and largened scour holes at piers. This effect was later quantified by Melville and Dongol (1992). They proposed the use of an effective pier width in place of the original pier width in local scour equations to consider the scour effect of debris. The effective pier width, which is larger than the actual pier width, is estimated using debris width and thickness, pier width and flow depth. This approach is also recommended in the first and second editions of the UK CIRIA manual on scour at bridges (May et al. 2002 and Kirby et al. 2015). Upon further research, Lagasse et al. (2010) proposed a revised version of the effective pier width approach known as the equivalent pier width approach. Their approach accounted for the upstream length of debris, a factor ignored in the original method proposed by Melville and Dongol (1992), and this led to considerable improvement in the estimations of scour depth. However, despite the improvements, the approach by Lagasse et al. (2010), which appears to be less popular within industry standards for scour assessment outside the US, retains several of the same limitations as the approach by Melville and Dongol (1992). These limitations are listed below.
 The aim of this paper is to bridge the gap between existing knowledge on debris accumulations and its hydrodynamic effects, and the practical management of flooding-related risks to bridges prone to debris accumulations. It proposes to do this through the development of a robust and pragmatic approach for assessing the potential for debris accumulation formation at a bridge pier. The methodology, that is based on direct and indirect observations, has been applied to bridge structures in Devon, UK. Results from this research are expected to expand existing practitioner guidance for flood risk and scour assessment to include efficient debris management and mitigation techniques. This research will also be relevant to researchers and engineers working on the flood resilience of structures and its impact on other human activities (e.g. transport, connectivity, social and economic impacts).
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