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Abstract: River erosion is a complex process due to multiple factors, such as climate changes, discharge quantity, the type of transported sediments, and variations in the hydrological regime. This paper aims to analyse river erosion's impact on transport elements' stability (especially on bridges). To do so, a Geomorphic Change Detection analysis was used, which involves calculating the altitude differences between two successive digital models, as a basis for calculating surfaces and volumes of sediments displaced through the erosion process. This analysis was doubled by a series of cross-sections in the proximity of bridges to observe the current river bed configuration and identify the active processes. The variation of these processes is directly dependent on human interventions undertaken to reduce the erosion process and to protect the infrastructure elements. The bridges located in the studied area are in different stages of damage by lateral and depth erosion processes, depending on their intensity and the human interventions made to protect these bridges. The least affected are the bridges where complex measures have been taken (construction of bed sills) or the dynamic processes have a low intensity.
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1. Introduction
River morphological dynamics are natural occurrences for fluvial rivers (Camporeale et al. 2005, Kleinhans 2010) resulting from processes involving discharge flow, debris and sediment transport, channel migration, and floodplain erosion and accretion (Abbe & Montgomery 2003, Latrubesse et al. 2005, Gurnell et al. 2012). The main causes of river bank erosion, accretion, and channel course changes are related to climate change, discharge quantity and type of sediment, and variations of the hydrologic regime (Schumm 1969).
Fluvial geomorphology has witnessed a time-scale and space-scale research transition, with increasing emphasis on the dynamics of small site-specific rivers with specific characteristics. This shift can be regarded as part of a trend towards understanding and explaining local events rather than describing how rivers change long-term, which raises important questions regarding the relevance of such short-time-scale and small-space-scale research to understand longer-term aspects of landform behaviour (Lane 1998).
Traditionally, the study of fluvial geomorphology has been conducted by observation based in the field or laboratories. Many of the important advances in the discipline are based on these approaches. However, some questions cannot be answered this way for several reasons: there is a temporal scale discontinuity between observation and the scale of change, especially for long-term river evolution. Rivers evolve over centuries or millennia, while direct observation is limited to years or decades. This limitation can be overcome partially by using historical data, maps and aerial photographs (Coulthard 2012).

The subject of riverbed changes has been studied both nationally and internationally, with different perspectives and approaches. At the national level, we mention Rădoane et al., 2010, who analysed the level of the riverbed following the river flow, and Zaharia et al., 2011, with a study aimed at the influence of the runoff regime on sediment transport, depending on the variability of the watershed. Also, Dobre (2009, 2016) highlights the impact of the relief dynamics (including the riverbed) in developing transport infrastructure in Prahova Valley, Romania. On an international scale, there are numerous approaches to the changes in riverbeds: the analysis of the dynamics of the riverbeds using aerial images from different periods (Winterbottom 2000, Gurnel 1997, Zawiejska & Wyżga 2010, Ziliani & Surian 2012), the analysis of the changes occurring in the riverbed following anthropic intervention (Surian & Rinaldi 2003, Rinaldi 2003, Liébault & Piégay 2002, Surian & Cisotto 2007, Wyżga 2008), but also the impact of changes in the bed configuration on anthropic elements (Swanson et al. 2011). In 2021, Păunescu proposed a decision-making analysis for transport development based on GIS tools, considering both natural and anthropic factors.
The purpose of the current study is to observe the impact of the riverbed and floodplain erosion process on the transport infrastructure elements' stability and resistance, using a statistical modelling analysis of dynamic processes based on successive series of satellite images and digital elevation models. This analysis can be used as a monitoring tool for the evolution of dynamic processes in close connection with the anthropic elements in river proximity, regardless of their type. It can be used at regular time intervals or after important hydrological events, such as flash floods, by making local digital models.
1.1. Study area
The study area is located in southwestern Romania (Fig. 1), in the Gorj Subcarpathians unit. The length of the Gilort River in this area, measured on the thalweg, is approximately 27 km.
[bookmark: _Hlk162002337]The altitude range is between 227 and 503 m above sea level. Lower altitudes characterise depression areas and valley corridors, while higher altitudes characterise hill areas, with the Gorj Subcarpathians being a highly fragmented relief unit. The slope of the terrain varies between 0° (quasi-horizontal surfaces, located mainly in river floodplain, respectively on interfluves) and 45° (specific to the slopes). Geological composition is exclusively made of sedimentary rocks with different characteristics. There are sands, gravels and loessoid deposits (alluvial deposits), as well as marls, clays, gypsum, salt and quartz conglomerates (Ielenicz et al. 2003). Based on field measurements, the sediment grain size in the river bed varies from 0.1 mm (mud) to 500 mm (small boulders), with a high percentage (over 50%) of coarse and very coarse gravel (size between 16 and 64 mm). From a pedological point of view, there are two distinct groups of soils: specific floodplain soils (alluvial and alluvial prototypes) and soils specific to the topography and geographical position (especially brown argillaceous soils, brown eu-mesobasic soils and rendzina).
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Fig. 1. Study area

The process of gleisation on these soils is null or very small (Soil Map of Romania, 1973). The average annual flow of the Gilort River in the study area is about 10 m3/s. The average flood water flows in the area are about 100 m3/s and occur more frequently in spring (March-May) and late fall and early winter (October-December), according to the data available at The National Institute of Hydrology and Water Management.
Recent history of the study area has seen several floods with different socio-economic implications: Year 2007 – maximum recorded flow rate of 158 m3/s, year 2013 – maximum recorded rate of 145.4 m3/s, year 2014 – maximum recorded rate of 174 m3/s, year 2016 – maximum recorded rate of 118 m3/s, data recorded at the Târgu Cărbunesti Station (downstream of the study area).
Transport infrastructure elements with the greatest vulnerability to the river erosion processes are the bridges on which the rivers are crossed. Thus, five such bridges were identified in the study area: the bridge on National Road 67 (DN67) in Bălcești town, the bridge on Communal Road 21 (DC21) in Bengești town, the bridge on County Road 675B (DJ675B) in Albeni town and two railway bridges located south of the Albeni town (Fig. 1).
A series of anthropic interventions have been identified in the Gilort River bed, which aim to increase the stability of the infrastructure elements by reducing the impact of the riverbed and floodplain erosion process. In this regard, we mention a bed sill to reduce the flow speed and potential energy of the river at the bridge on DN67 in Bălcești town and an embankment to protect the river bank by reducing lateral erosion on the bridge on DC21 in Bengești town.
2. Methodology
The main process highlighted when discussing the impact of river erosion on transport infrastructure components is erosion. This study aims to identify the sectors with potential negative implications on the transport infrastructure by identifying the evolution of the lateral and depth erosion processes in the 2015-2019 time frame.
A Geomorphic Change Detection (GCD) analysis was used to identify the processes in the river bed. This type of analysis involves the calculation of the altitudinal differences between two successive digital models (DEM of Difference – DoD), and, further, based on the results, the calculation of the areas, volumes and percentages of the analysed surface that have undergone lowering (erosion) or rising (accumulation) processes of the topographic surface. As for the digital models, a Digital Terrain Model (DTM) from 2015 and a Digital Surface Model (DSM) from 2019 were used, both datasets having a spatial resolution of 1 m. In the GCD run, a calculation threshold of 0.01 m was set for the highest possible accuracy of the results. There is a difference in structure between the two types of digital models used. DTM represents the land surface, ignoring irregularities such as buildings or vegetation, but DSM includes those irregularities. Thus, the present study cannot give a correct picture of the accumulation processes in the riverbed and floodplain, and they are not the purpose of this paper.
In order to analyse the processes that take place in the proximity of the vulnerable elements of the transport infrastructure (especially bridges), a series of cross-sections were made downstream of these elements to highlight as precisely as possible any lateral or depth active erosion processes.
The historical migration zone of the river (HMZ) was identified to establish the topographic boundary at which run the GCD. This represents the lateral limits to which the river has drifted in recent history. The identification of the HMZ was carried out using successive series of satellite data obtained from different sources: national and international databases (Landsat, Sentinel, Planet Explorer) for the period 1965-2019. The banks were mapped, and a polygon was created to reflect the maximum limits of river migration.
3. Results and Discussions
The total area for which the GCD was run is 3.67 km2. As mentioned in the methodology, two digital models with different characteristics are being used; only the areas that recorded negative differences (lowering of the topographic surface) will be discussed. Their surface is 0.82 km2, the volume of materials displaced by erosion was calculated at 887,976.57 m2, and the average depth at which the topographic surface lowered was 1.08 m. The accuracy of the data, according to the GCD run, is 99.08%.
The magnitude and implications of the lateral and depth erosion process differ for the identified structures, depending on the consolidation and conservation actions undertaken (existing or absent).
The northernmost bridge identified is the bridge on DN67 over the Gilort River in Bălcești town (Fig. 2).
This is a rehabilitated bridge for which a bed sill-type structure was built to reduce the flow speed and implicitly, the river potential energy, which reduces the erosion process at the bridge piers. As a consequence of this type of construction, according to the GCD, the topographic surface lowered less than – 0.4 m in the time interval, compared to the areas 300 m upstream of the bridge, where the surfaces lowered by up to -1.5 m in the same period. Also, from the cross-section made immediately downstream of the bridge (Fig. 3) one can observe the asymmetric banks with a levelling of the riverbed, after which the basic elements of the bed (e.g. thalweg) can no longer be distinguished. Such an intervention (the construction of the bed sills downstream to the bridges) is the most common and with the most optimal results in terms of preserving the infrastructure elements, but it must be designed and thought to integrate into the river ecosystem so as not to create a barrier to upstream migration of fish species.
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Fig. 2. GCD results at National Road 67
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Fig. 3. Cross-section downstream of National Road 67 bridge
The second bridge is the bridge on DC21 in Bengesti town (Fig. 4). This bridge was built after 2014 when a flash flood destroyed the old bridge. This bridge has no riverbed protective structures, so it can be exposed to erosion processes at the bridge piers.
The GCD run shows that the river is divided into two arms, with a median island under the bridge. Topographic surface lowering values of up to 1 m on the eastern channel were calculated between 2015 and 2019. Also, upstream of the bridge, a sector with strong lateral erosion is identified on the left (eastern) bank, with calculated values of lowering of 3.5 m; downstream, a sector with pronounced depth erosion is identified, with calculated values of lowering of up to 3.0 m. These two sectors can contribute to the destabilisation of the bridge, by advancing lateral erosion and affecting the bridge's connection to the main road, respectively by changing the longitudinal profile of the river and advancing in depth erosion upstream. 

[image: ]
Fig. 4. GCD results at Communal Road 21 bridge

Analysing the cross-section (Fig. 5), it can be seen that in the proximity of the bridge, there are no immediate processes affecting its resistance structure, and on the left bank, there is a protective enbankment to ensure its stability in case of lateral erosion.
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Fig. 5. Cross-section downstream of Communal Road 21 bridge

In Albeni town, one bridge for the road infrastructure and two for the railway infrastructure were identified (Fig. 6).

[image: ]
Fig. 6. GCD results at Albeni town bridges

The road bridge is both over the Gilort River and over a left tributary of it (Câlnic), and the GCD results record a lowering of the topographic surface by up to -2.20 m on the right bank of the Gilort and by up to 1 m on the left bank of Câlnic. Also, downstream of the bridge, a sector with pronounced depth erosion is identified, with calculated values of lowering up to 4 m in the Gilort River bed and a sector with depth erosion with calculated lowering values of up to 3 m in the Câlnic River bed. These sectors can destabilise the longitudinal profile of the river, leading to a natural process of balancing the profile by accentuating in-depth erosion upstream.
Analysing the cross-section, an area with a visible erosion tendency can be observed on the right bank of the Gilort (Fig. 7). Also, no protective structure or intervention to regulate the course and flow speed is observed for this bridge.

[image: ]
Fig. 7. Cross-section downstream of County Road 675B bridge

The two railway bridges located south of Albeni town (Fig. 6) belong to the same railway main (CF220 Cărbunești – Albeni – Călugăreasca), currently non-interoperable (according to National Railway Company data from 2020). Due to in-depth and lateral erosion, it became impossible to use, its structure and resistance being endangered by the lowering of the river's base level below the level of the bridge piers (Fig. 8). For the studied time interval, a lowering of the topographic surface by approximately 3 m was calculated, so erosion processes are still active in this area. The accentuated erosion tendency can also be observed in the cross-section, especially on the right bank of the Gilort (Fig. 9).
The second railway bridge is built at a distance of 15 m upstream from the first one. Thus, the same accentuated trends of lateral erosion on the right bank are identified. The GCD analysis calculated a surface lowering of approximately 3 m, and the cross-section is similar to the one downstream (Fig. 10).
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Fig. 8. Railway bridge, Albeni. Photo taken in 2019

[image: ]
Fig. 9. Cross-section downstream the first railway bridge
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Fig. 10. Cross-section downstream the second railway bridge
4. Conclusions
The elements of the transport infrastructure with the greatest vulnerability to the riverbed erosion processes are bridges. Their construction must consider the evolution trends of the river bed in those sections where it is necessary to cross it. The operational life of some infrastructure elements, such as bridges, is approximately 50 years from the date they were put into use, so the dynamics of riverbed processes must be considered for the entire period. Among the bed processes, lateral and in-depth erosion have the highest impact on the transport infrastructure.
There are several interventions, either at the level of the riverbed or at the level of the banks, through which the erosion processes can be diminished. In the studied area, a series of anthropic interventions were identified to reduce the impact of erosion on the stability of bridges: the construction of bed sills to reduce the flow speed (this intervention must be doubled by constant actions to remove the sediments deposited at the bridge piers, to avoid the risk of damming the river), as well as structures to strengthen the banks against lateral erosion (enbankments).
In the studied area (with a total surface of 3.67 km2), 0.82 km of surfaces recorded a lowering of the topographic surface through erosion processes (lateral or in-depth), with an average depth of lowering of -1.08 m.
The bridges identified in the study area are in different stages of damage due to lateral and in-depth erosion processes, depending on the intensity of the processes and the interventions carried out to protect these bridges.
The study's limitations are related to the difference in structure between the two types of digital models used. Also, the lack of a digital model for an intermediate year could have created a clearer picture of the evolution of dynamic processes (if it is a linear evolution or these processes are related to a hydrological event recorded in the analysed period).
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