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Abstract

:

Scour is caused by the erosive action of flowing water, which causes materials from the bed and the banks of a river to be moved or unsettled. Hydraulic structures can be drastically impacted as a result of scour, which is why it is one of the most common causes of bridge failure around the world. With a predicted increase in climate conditions, the subsequent failure of hydraulic structures due to scour is likely to proliferate as the flooding of waterways is projected to rise. This study aims to determine the viability of introducing alternative materials to a scour countermeasure used in construction—gabion models—in a bid to improve the sustainability of a project whilst providing suitable scour mitigation measures. Existing literature was examined to comprehend the different scour countermeasures used, as well as the use of alternative materials that can be used as a scour countermeasure. A laboratory experiment was then carried out using a bridge pier embedded in a flume channel protected by gabion mattresses filled with alternative materials—stone, clothing and plastic—to analyse their effectiveness. The results demonstrate that stone filled gabions are most effective at reducing bridge pier scour. However, recycled clothing as a gabion fill could prove to be a viable alternative in construction projects, potentially leading to reduced construction costs and greater sustainability. However, more research on a greater scale is required to test this thesis.
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1. Introduction


Various investigations have been undertaken which aim to determine the effectiveness of reducing bridge pier scour using different countermeasures. Yoon [1] specifically investigated the use of wire gabions (boxes filled with stones wrapped in wire mesh), containing uniform stone in a flume. By varying the depth, coverage and thickness to length ratio, Yoon determined that gabion mattresses were more cost effective than using riprap stones as a countermeasure. Similarly, Akib et al. [2] looked at reducing local bridge pier scour by combining geobags filled with alternative materials (using crushed concrete and oil palm shells) and collars, providing research into environmentally friendly solutions to scour countermeasures. Akib et al. [2] concluded that using a geobag and steel collar was 96% more effective than other countermeasures tested.



1.1. Scour


There are three main forms of scour that occur, and it is mainly driven by an increase in flow rate, either due to flooding or changes to the flow of the river.



	
Local scour is related to the presence of a hydraulic structure and occurs directly around the hydraulic structure; a bridge pier or abutment is a good example of this. Local scour can lead to sediment being removed from the bed and subsequent undermining of the bridge foundation leading to failure.



	
Contraction scour can also affect hydraulic structures and tends to be caused by a reduction in the width of the river channel (naturally or manmade). In times of flooding, excess water from the adjacent floodplain may be channelled into the bridge opening, increasing flow rate and leading to potential undermining of the bridge foundation.



	
General scour encompasses any types of scour that occur naturally, not in the presence of hydraulic structures. Over time, natural scour occurs as a result of erosion and degradation; therefore, non-cohesive deposits, such as gravels and sands in rivers, are more likely to experience scour. However, during floods, the process of natural scour is rapidly increased.






Local scour can take place in clear-water conditions, where flow velocity upstream (µ) is lower than the velocity threshold (µTC) of the material surrounding the bridge pier and before general movement of sediment from the riverbed has occurred. Scour will only occur if the velocity threshold is exceeded, due to an increase in flow, possibly caused by a blockage in the river or installation of flow-altering measures, such as groynes or vanes. If the velocity threshold is exceeded, then sediment is eroded and removed from the scour hole and is deposited downstream. This will continue until no more material is removeable from the scour hole. In live-bed conditions, scour can also occur where µ is greater than µTC; sediment is then removed from around the bridge pier creating a scour hole. As the flow velocity upstream is greater than the material velocity threshold, sediment is continuously transported in and around the scour hole from upstream to offset the removal of local material from around the bridge pier. The depth of local scour can therefore be written as    µ   µ  T C      .



Bridge scour is a predominant issue around the world; in the USA between 1989 and 2000, 503 bridge failures were examined and it was found that flooding and scour contributed to 53% of all of these failures [3]. The study outlined that the average age of a bridge before failure was 52.5 years, revealing that almost half of the bridges examined were failing earlier than their anticipated design life. In New Zealand, an annual budget of NZD 36 million is allocated to resolve scour actions as a result of flooding [4]. More relevant to this research proposal, in the UK between 1846 and 2013, there have been a recorded 100 incidents of rail bridge/culvert failures related to flooding and scour, leading to a number of closures to railway lines and 15 deaths [5]. These findings highlight that there is a high expense to bridge failures as a result of scour, in terms of human life as well as financially. One example is the Schoharie Creek bridge collapse in 1987, as shown in Figure 1, which occurred because of local flooding, intensifying scour which weakened the bridge piers’ foundations causing them to collapse, which resulted in 10 fatalities.




1.2. Horseshoe and Wake Vortex


When a bridge pier obstructs flow in a stream, a boundary layer separation occurs, where a point in contact with the bridge pier reverses in direction from the upstream bed in the approach flow, resulting in a horseshoe vortex [7]. This leads to the creation of a scour hole as shown in Figure 2. Various studies have investigated the causes of bridge scour by studying horseshoe vortices, as this is believed to be the primary factor in causing bridge scour.



A strong horseshoe vortex occurs in front of a bridge pier whereas a weaker wake-vortex system occurs in the rear of a cylindrical bridge pier downstream [9]. The mean size of a primary horseshoe vortex size is approximately 20% of the pier diameter [10]. From these investigations, it is evident that local scour countermeasures are required primarily upstream of the bridge pier, where the stronger horseshoe vortex forms, as well as downstream of the bridge pier where the weaker wake vortex system forms. Scour countermeasures can be installed downstream of a bridge pier, such as bed sills. Bed sills can reduce the scour depth around bridge piers by more than 80% in optimum conditions and when the distance from the bed sill to the bridge pier is smaller, the greater the reduction in depth [11]. Scour holes can occur downstream of bed sills where it was discovered that higher bed sills had a lower relative maximum scour depth compared to lower bed sills [12]; this was due to the build-up of sediment on the sills taking longer on higher bed sills. Whilst this information is insightful and provides a solid indication of the interaction between hydraulic structures and their relation to scour, it is notable that the experiment was not conducted using model bridge piers, therefore these findings may not be applicable.




1.3. Flow-Altering Scour Countermeasures


Local scour has been extensively investigated by various researchers who have focused on methods which aim to reduce scour. Haque et al. [13] and Chang and Karim [14] investigated the use of sacrificial piles and concluded that piles reduce the scour depth. Park et al. [15] explored further the effect of debris accumulation at sacrificial piles, finding that an increase in debris further reduced scour depth. Ghorbani and Kells [16] and Odgaard and Wang [17] investigated the use of Iowa vanes (also called deflector vanes) and found that at certain positioning and angle, the scour depth can be reduced drastically by up to 87.7%. It is worth noting that the scour hole which typically forms at the bridge pier is transferred to the corner of the Iowa vane, meaning that the Iowa vane then becomes more prone to failure, and could impact the stability of the bridge if it does so.



Jahangirzadeh et al. [18] and Zarrati [19] experimented with the impact of collars on bridge piers and both confirmed that a larger collar (W/D, where W = width of collar and D = pier diameter) resulted in a larger reduction in scour depths. The shape of the collar applied is also a factor in scour reduction (in the former experiment, rectangular collars provided a further 8% reduction in scour). The placement of a collar under the bed of the sediment also leads to a reduction in scour, although the benefit is quite low as the collar becomes part of the scour hole as shown in Figure 3. Flow-altering scour countermeasures have been investigated extensively compared with other forms of scour countermeasures, however, the flow-altering countermeasures are more effective at reducing scour compared with bed armouring countermeasures. These experiments are all examples of flow-altering countermeasures; other types of this measure include tetrahedron frames, bed sills, groynes and spurs (the latter tend to be deployed to prevent contraction scour as opposed to local scour).




1.4. Bed Armouring Scour Countermeasures


Another type of scour countermeasure is bed armouring; countermeasures in this category include riprap protection, as shown in Figure 4, reno mattresses, gabion baskets, concrete slabs and armed soil with geotextile. Research has been undertaken in this area by Unger and Hager [21] and Lauchlan and Melville [22], where it was identified that the larger the size and area of the riprap placement, the greater the reduction of scour at bridge piers is. Although, it was found that when riprap stones fail and are transported, some may deposit in the scour hole, providing additional scour protection to the bridge pier [22], and therefore may provide skewed results.



Akib et al. [24] investigated the use of geobags at skewed bridge piers, discovering that geobags filled with recycled crushed concrete is a highly effective method to reduce local bridge pier scour, with results ranging from 50% to 81%, all at varying flow velocities. Whilst the results showed that the larger the size of the concrete used in the geobag, the better the reduction in scour, it still showed that the geobags failed within 24 h, after being moved from their original location by the flow velocity.



Similarly, Korkut et al. [25] found that at bridge abutments when collections of geobags were tested, they reduced scour depth; however, failure at the perimeter of the geobags occurs, leading to transportation from the flow into the scour hole. The failure of geobags and transportation into the scour hole could provide further scour protection to the bridge abutment, which is supported by Lauchlan and Melville’s [22] research into the use of riprap stones. The investigation by Korkut et al. [25] also determined that geobags should be placed under the sediment depth to increase effectiveness against scour. It must be noted that both the geobag investigations feature different bridge foundations (skewed pier compared to abutments), therefore results could potentially fluctuate even if the bridge foundations are similar, such as a skewed pier and a regular pier.



Limited research has been conducted in the use of cable-tied blocks (concrete blocks/slabs which are connected) as a scour countermeasure. Parker et al. [26] found that cable-tied blocks are prone to failure by uplift and, in absence of geotextile, leading to settlement of the cable-tied blocks due to leaching of sand from pores of the mattress. When a partial geotextile was used, results improved vastly, particularly due to the concrete blocks acting as an anchor to the geotextile. In some cases, the location of scour was transferred from the bridge pier to the edge of the cable-tied blocks; whilst scour was not eliminated, it had a favourable effect as it helped to bury the block further and anchor the mattress. Hoe [27] considered using cable-tied blocks in the form of ceramic tiles at a 5 mm thickness surrounding bridge abutments. Whilst significant amounts of scour developed downstream from the bridge abutment, the spill-through slope downstream of the abutment did not fail. The implementation of a geotextile could have contributed to a reduction in scour; however, it must be noted that the experiment was conducted at bridge abutments, therefore geotextile may not have been as effective as at bridge piers. Cable-tied blocks with geotextile should be considered as a viable alternative to riprap in sand bed streams.




1.5. Pier Adjustment Scour Countermeasures


More recently, there have been investigations into newer methods of local scour countermeasures which focus on changing the properties of the bridge pier by introducing a bridge pier slot or by altering the pier shape and inclination. Karimi et al. [28] and Kitsikoudis et al. [29] studied the effect of pier inclination on bridge pier scour and both supported each other’s findings that higher inclination angles led to a greater reduction in scour depth compared to other inclination angles tested during their relative experiments. The reduction in scour is due to the reduction in the wake vortex depth and area coverage.



Varying the bridge pier shape can also be effective in reducing scour; Murtaza et al. [30] investigated the use of square, circular, oval and octagonal pier shapes. Findings from this research discovered that octagonal pier shapes resulted in the largest scour reduction and square pier shapes were the worst performing in reducing scour. Oval and circular pier shapes provided mostly results within 10% of each other, whilst all pier shapes displayed evidence of scouring in the upstream side of the pier. Likewise, Farooq and Ghunman [31] found similar results, determining that square-shaped piers resulted in the greatest scour depth results, whereas the octagonal-shaped pier led to the greatest percentage scour reduction (34% when pier size was 5 cm and 31% when bed material median grain size was increased). Furthermore, the research revealed that scour profiles were similar in that the upstream face of the pier had a larger scour depth compared to the downstream face.



Hajikandi and Golnabi [32] investigated changing the various configuration of slots on bridge piers, including Y, T and straight slots. Results revealed that the installation of any slot reduces the scour dimensions, depth and width; straight slots were found to be the most effective out of the three slot types tested, resulting in a 38% scour reduction compared to 33% from Y-shaped slots. The depth of the embedment of the slot towards the bed material also led to reduction of the scour depth in all slot types. An example of a pier slot is shown in Figure 5.



Obied and Khassaf [33] tested the impact of rectangular slots with rounded edges on scour depth, and the results identified that increasing the slot length leads to a proportional decrease in the scour depth ratio. Through testing five different slot lengths, scour depth reduction increased from 31% to 49% as slot length increased. Similar to the findings of Hajikandi and Golnabi [32], this research highlights that adding a slot to a bridge pier is an effective method to reduce scour, due to the downstream flow being diverted and the horseshoe vortex being reduced, and it also suggests that additional measures including embedment and slot length may also provide further reductions. Whilst installing slots to a bridge pier reduces scour, it poses the risk of also reducing the structural strength of the bridge pier due to the loads from the bridge not having a suitable pathway to transfer to the bridge foundations. A weakened bridge pier could lead to collapse. To prevent this, the bridge foundations may require larger or stronger foundations to compensate for the loss of strength, therefore making the insertion of a slot into the bridge pier potentially less viable.




1.6. Gabion Scour Countermeasures


Gabions are wire mesh baskets filled with stones of varying size as shown in Figure 6. There are various types of gabions, including sack gabions, gabion mattresses and box gabions, which vary in shape, size and use. Little research has been performed into the use of gabions for reducing bridge pier scour, and current practice involves using gabions as revetment along river channels. Gabions are at risk of failure in several ways; they may pull away from the bridge pier if exposed to excessive edge scour, leading to the failure of the gabion, typically caused by winnowing, which is the removal of fine material (of the sediment), dependant on the size of particles of two different sediments. The wire used in the gabion is however the most likely to fail; it can be damaged from corrosion (if the water contains contaminants), abrasion from debris accumulation or if excessive settlement occurs it could lead to failure of the wire in tension as the gabion deforms; therefore, lacing wire should be used to tie the gabion mattresses together. All these failure mechanisms would likely lead to the transport of fill material downstream, and therefore the placement of gabions into certain waterways may not be viable; for example, coarse bed rivers.



Yoon [1] investigated the use of wire gabions filled with stone, finding that as the length to thickness ratio increased, the gabion stability also increased, up to a limiting factor of L/t = 3. Any value greater than L/t = 3 is likely to induce extra material costs which may offset any additional gabion stability obtained, demonstrating that increasing L/t is not advantageous. Furthermore, wire gabions can provide better performance in reducing scour than ripraps of the same size, or equivalent sizing of gabions can result in more cost-effective solutions to reducing scour [1]. However, the gabion sizing equation used in this research is based on riprap sizing equations found in Lauchlan and Melville [22]; therefore, due to the lack of research into gabion models, it may not provide an accurate sizing method for gabion baskets.



Lagasse et al. [35] concludes that the best performance of gabion mattresses as a pier scour countermeasure occurs when mattresses are extended a distance at least double the pier width in all directions. A geotextile filter also provides further stability to the mattress, similar to Parker et al.’s findings [26]. Higher debris loads can be detrimental to gabion mattresses [35], which is validated by Pagliara et al. [36], which suggests that debris accumulation may reduce the efficiency of gabions.



Although there is a current practice of using gabions in construction, there is a lack of research on the effect of gabions on reducing bridge pier scour. With the increase in global warming expected to reach 1.5 °C between 2030 and 2052 [37], severe weather developments could be a consequence. In the future, severe rainfall in both summer and winter could lead to flash flooding in the UK [38], and this in turn could lead to scouring at bridge piers, resulting in high financial costs and fatalities, not only during the flooding peaks but also as flow recedes [39]. The introduction of recyclable materials into gabions could provide a solution to scouring at bridge piers, as well as contributing to sustainable and cost-effective construction by reusing material compared to alternatives such as riprap, which requires twice the rock size as the ones used in gabion mattresses to provide the same stability [26].





2. Materials and Methods


As previously discussed, data produced from the investigation of gabion baskets has been relatively limited with the most recent dataset being produced by Yoon [1]. Whilst Lagasse et al. [22] partly investigated the effect of gabion mattresses in reducing bridge pier scour, both sources are outdated to have been used for datasets. No research has been conducted into the use of gabion baskets constructed with recyclable materials. Therefore, primary data was collected by performing an experiment in order to obtain depth of the scour by measuring from the pier to the bottom of the scour hole. This is required as it is needed to calculate the scour hole depth and subsequent scour reduction percentage when compared with values from the different variables tested.



2.1. Design Methodology


The design methodology was mainly performed by changing variables throughout the experiment including: the type of material used in the gabion baskets, placement depth of the gabion baskets, thickness of gabion baskets and depth of flow used in the flume. By using grade 304 stainless steel wire mesh with an aperture of 1.2 mm, it was then possible to model the gabions. The wire mesh was cut into varying dimensions and filled with different types of material, as shown in Figure 7, and the wire mesh was then bonded using epoxy resin.



Table 1 summarises the dimensions of the gabion models used. The materials used in models C8, C12 and C16 consisted of cotton recycled clothing cut into small squares of 5 mm × 5 mm × 1 mm. Likewise, the plastic used in P8, P12 and P16 was also cut into small squares of 5 mm × 5 mm × 1 mm. Due to nature of the stone aggregate used in models S8, S12 and S16, this material varied in size; however, the average size of aggregate was 5 mm. An acrylic circular straight rod with the dimensions 8 mm × 25 mm was selected to be used as the bridge pier model. Initially, the experiment analysed in this project was undertaken at Nottingham Trent University in the Hydraulics Laboratory in a Perspex flume channel of 5 m length, 0.08 m width and 0.25 m height, as prior research had established that the pier diameter should not be more than 10% of channel width [40] so that the sides of the Perspex channel did not interfere with the experiment.



Raudkivi and Ettema [41] determined that if D/d50 (pier diameter/sediment size) is greater than 20–25, then the sediment size has a negligible impact on the scour hole; therefore, uniform sand sediment of a mean particle size (d50) 0.6 mm was used. In the experiment conducted, D/d50 = 8 mm/0.6 mm = 13.3 and may therefore impede the erosion process caused by the horseshoe and wake vortices. Raudkivi and Ettema [41] further clarified the impact of the value of D/d50, which in this research project will lead to a large proportion of energy dissipation of the downflow into material at the bottom of the scour hole. The coverage of the gabions was selected as the optimum performance of gabion mattresses, which occurred when mattresses extended 2 times the pier width in all directions around the pier [35]. Therefore, as the pier diameter was 8 mm, the gabions used in the experiment had dimensions of 32 mm width × 32 mm length in order to satisfy this constraint. The sketch of the experiment layout can be understood by Figure 8 shown below.




2.2. Testing Methodology


The initial experiment conducted in the 5 m flume channel proved to be unsuccessful; the flow rate of the flume could not be regulated at a low enough rate to allow enough time to measure the scour hole depth without a substantial amount of sand sediment being transported downstream. Therefore, a smaller flume channel, as shown in Figure 8, was used, which was 2.5 m long and 0.05 m width with a height of 0.25 m. The pier diameter (8 mm) remained the same and therefore would not meet the recommendations of previous research in regard to the 10% of channel width [40]. Although, alternative findings state that if the flume width to pier width is greater than 6.25, then the flume walls will have a negligible impact on the scour effect [41]. In the experiment conducted, the flume width to pier width ratio was calculated as 50 mm/8 mm = 6.25, which suggests that, theoretically, the flume walls should have no impact on the scour development around the bridge pier.



The bridge pier was installed at a distance 1.25 m from the start of the flume surrounded by the gabion model, with the sand sediment installed at a depth of 40 mm or 50 mm (depending on sediment depth selected) extending 0.25 m either side of the bridge pier, and then gradually sloped to 0 mm of the bed, as shown in Figure 9. The flume was filled slowly with water until the sand sediment was submerged. Once completed, the depth from the top of the pier was recorded to the top of sand sediment, as well as from the top of the pier to the bottom of the scour hole, which allowed for the calculation of the scour hole depth per gabion model at different time intervals.



The flow rate, Q, was maintained at a constant rate of 0.0001 m3/s and was monitored using a digital hydraulic bench. A vertical sluice gate was installed at the end of the flume in order to control flow depth (Y1), which throughout the experiment was lowered at varied time intervals shown in Table 2. Measurements of Y1 and Y2 were not observed during the experiment, and therefore it was not possible to calculate the approach flow velocity and velocity threshold of the sediment. The inflow discharge of the sediment (Qs) was also not considered during this experiment.




2.3. Hypothesis


It is anticipated that the research conducted in this project will contribute to the development of alternative materials in effectively reducing bridge pier scour. There is vast potential for this topic to become cost effective and sustainable whilst also being fully operational. It is predicted that the varying parameters used in the testing will directly contribute to the reduction or enhancement of a scour hole around the bridge pier; furthermore, it is predicted the test parameters may change the width and length of the scour hole. It is expected that the stone filled gabion models will be more effective at reducing scour hole depth than any other form of gabion models due to the aggregates’ larger surface area compared to the smaller surface areas of clothing and plastic materials used in the other gabion models.





3. Results


The experiment was conducted first with the use of a control variable; initially, no gabions were used to surround the bridge pier at different sediment depths as this enabled a baseline of data to be generated so that later in the investigation comparable data could be calculated against it to produce a percentage in scour reduction. This is summarized in Table 3.



3.1. Effect of Gabion Fill—8 mm Thickness


Firstly, gabions of 8 mm thickness consisting of different materials as shown in Table 4 were tested. The reduction in scour has been calculated from the original scour depths provided in Table 3 and have been summarised below in Table 4 and Figure 10.




3.2. Effect of Gabion Fill—12 mm Thickness


The next gabions to be tested were a thickness of 12 mm, and the contents of the gabions remained unchanged (same materials as shown in Table 1). Results from the experiment are provided below in Table 5 and Figure 11.




3.3. Effect of Gabion Fill—16 mm Thickness


The final gabions to be tested were a thickness of 16 mm, with the contents of the gabions unchanged. Results from the experiment are provided below in Table 6 and Figure 12.




3.4. Effect of Gabion Fill—50 mm Sediment Depth


The cumulative scour at various time intervals were recorded for each model of each fill type. This is represented in graphical form for when sediment depth varied from 40 mm and 50 mm. At certain time intervals, the height of the vertical sluice gate downstream of the bridge pier was lowered in order to increase the flow depth and simulate river flooding, as shown in Table 2.



The results from all thicknesses of gabion, as shown in Figure 13, generally show that the fill of the gabion models is largely irrelevant in the reduction of scour when the sediment depth of the sand sediment was 50 mm. This is evident when the thickness of the gabion models was 8 mm (C8, S8, P8), which resulted in the three different materials all following the same trendline as when the experiment was performed with no scour countermeasure surrounding the bridge pier.



When the gabion models were at a thickness of 16 mm, the trendline of the graph (C12, S12, P12) again closely resembles that of the no gabion experiment, except for P16, which appears to be an anomalous result, considering the drastic reduction of the scour depth (4 mm less than C16), when compared to P16 and S16. Furthermore, if plastic was the most effective material in the gabions at reducing scour, then this result would be expected to be replicated at gabion thicknesses 8 mm and 12 mm. Whilst P12 does produce the lowest total scour depth in the materials tested, it is only by 1 mm, which is a fine margin and therefore inconclusive. The results of C12, P12 and S12 follow the same trendline as when the no gabion model test was conducted, however, there was a much more significant reduction in the total scour depth when compared to the 8 mm thickness gabion models.



At 8 mm thickness, the gabions were not successful at reducing bridge pier scour, as both P8 and C8 contributed to no reduction in the scour depth, and the effectiveness of the gabion models was not advantageous. In two out of three cases, no scour reduction was observed when compared with the original experiment when conducted with no scour countermeasures enabled. At 12 mm thickness, the gabion models led to a reduced total scour depth. The results were, however, not as effective as when the gabions were at a 40 mm sediment depth, as the percentage reduction in scour was less than 20% for all cases of varied fill types when compared to results higher than 34.8%. Increasing the thickness of the gabion models from 8 to 12 mm led to a reduction in scour; for example, increasing the thickness of the stone gabion model from 8 to 12 mm led to a further 26.1% reduction in the total scour depth. At 16 mm thickness, the total scour depth was similar to the results gathered from when no scour countermeasure was installed, excluding P16, which remained the same total scour depth as P12 (a decrease of 15.4%) and C16 which decreased by 3.8%.



The increase in thickness of the gabion models were also not as effective at reducing bridge pier scour; this can be seen in the similarities between S16 and S8, and C16 and C12. Both gabion models increased in thickness, which would indicate a better capacity to prevent scour; however, in the case of S16, the total scour increased by 1 mm to 26 mm, and C16 obtained the same total scour depth of 25 mm. The exception to this, once the anomaly P16 is excluded, is the 12 mm thick gabion models, all of which performed better than their respective material types in the 8 mm and 16 mm thick gabion models.



Time also impacts the cumulative scour depth, as in all but four cases (P16, S12, P12 and no gabion), and the majority of scour accumulated in the first 30 s of the experiment. In each model tested, there was no additional deposition of sand sediment into the developing scour hole, as can be seen from Figure 13; all models led to an increase, or maintenance of scour depth. Overall, the type of gabion fill used at a sediment depth of 50 mm sand sediment was largely irrelevant in the reduction of the total scour depth surrounding bridge piers. All types of fill and thicknesses performed relatively poorly in the reduction of total scour depth, with the highest reduction of scour 19.2%, being obtained when using plastic material at thicknesses 12 and 16 mm. Although plastic material does appear the most effective material at reducing scour, the result of P16 must be disregarded, as its results differ drastically from that of C16 and S16 and the results are inconclusive.




3.5. Effect of Gabion Fill—40 mm Sediment Depth


The placement depth of the gabions was decreased by 10 mm and set to 40 mm sediment depth. Figure 14 summarises all results at a 40 mm sediment depth.



The results of all gabion thicknesses and their various fills, as shown in Figure 14, show that at a sediment depth of 40 mm, the effect of gabion fills and their thicknesses are much more effective than when the same models were installed beneath a level of 50 mm. The most effective fill type of the gabions in reducing local scour was the stone and plastic filled gabions, both of which have an average scour depth of 15 mm, which meant an average reduction of 28.57% when comparing to the original experiment undertaken with no scour countermeasure present. The results conclude that the plastic gabions were the least effective material at reducing pier scour, with an average of 16.3 mm, or a total scour reduction of 22.38%. However, the percentage reduction between the three different types of fill is relatively small, as stone and clothing are 6.2% more effective than the plastic filled gabions at reducing scour. At 12 and 16 mm thicknesses, the gabion models which were most effective were the stone aggregate filled gabions, although the results are very similar to both plastic and clothing at these thicknesses. At 8 mm thickness (C8, S8, P8), the reduction in scour was largest for C8, the gabion filled with clothing, as it had a 26.1% reduction in scour hole depth from the original experiment conducted, followed by the stone filled gabion, S8, which reduced bridge pier scour by 17.4%.



The plastic gabion, P8, reduced the scour depth surrounding the bridge pier, but was not as successful as S8 and C8. At 12 mm thickness (C12, S12, P12), the use of a gabion model as a scour countermeasure was effective, as the percentage reduction of scour was higher than 34.8% for each fill type used within the gabions. The stone filled gabion, S12, was most effective at reducing scour depth when it had a greater thickness of gabion, although there is not much deviation from the results, with P12 and C12 results only having a larger scour depth by 2 and 1 mm, respectively. At 16 mm thickness (C16, S16, P16), the total scour depth results are almost identical to the 12 mm thickness gabions, except for P16, which reduced by 1 mm. Therefore, the percentage reduction of scour remained the same, apart from P16, which increased by 4.3%. Again, the thickness of the gabion models used also impacted the development of scour. At 8 mm thickness, in the worst-performing value of P8, the scour depth increased by 42.86% when compared to P16. There are, however, close similarities between the results of 12 and 16 mm gabion models. The 12 mm gabions had an average scour depth of 14 mm, whereas the 16 mm gabion models had an average scour depth of 13.67 mm, proving that an increase in the thickness of a gabion affects scour. Time appears to have an impact on the cumulative scour depth. At 60 s, all gabion models had accumulated most of the scour depth (with exception to P12). For gabions S8 and C12, the cumulative scour depth decreased slightly between 120 s and 150 s; this is due to the deposition of sand sediment into the developing scour hole, therefore decreasing the total scour depth formed.





4. Discussion


4.1. Scour Hole Development


When a bridge pier obstructs flow in a stream, a boundary layer separation occurs, and where a point in contact with the bridge pier reverses in direction from the upstream bed in the approach flow, a horseshoe vortex occurs [7]. This was evident in the majority of experiments conducted and caused the formation of a scour hole in front of the bridge pier similar to the scour hole displayed in Figure 15. There was, however, an exception for the gabions of an 8 mm thickness, where in some instances the top layer of the gabion was exposed.



Muzzammil and Gangadhariah [10] investigated horseshoe vortex systems and concluded that the mean size of a primary horseshoe vortex size is approximately 20% of pier diameter. Results from this research project satisfy this finding and, in some cases, is higher than the approximation. Graf and Istiarto [9] substantiate the findings of this research project as a weaker wake vortex system led to the formation of a reduced scour hole size downstream of the bridge pier as well. However, the development of the downstream scour hole may have been adversely impacted when measuring the scour hole depth, as it required placing measuring equipment temporarily behind the bridge pier. This may have led to diversion of flow towards the sides of the flume channel and a reduction in the velocity of the wake vortex, leading to a subsequent reduction in the downstream scour hole size and depth. This phenomenon may also explain the raised level of the sediment downstream of the bridge pier when compared to its surroundings shown in Figure 15. A more accurate method of measuring the scour hole depth and size would be to use an acoustic doppler velocity profiler [9], alongside a radar device, or a buried rod system. The effect of sediment has not been considered when investigating the local scour depth, as at uniform sediments, local scour depths are unaffected by sediment size unless it is relatively coarse [39]. As the experiment did not observe measurements for the inflow discharge of sediment (Qs), the research mainly focuses on clear-water scour, where initial scour development occurs proportional to the flow rate (as flow rate increases so does the scour hole depth). After a significant scour depth is reached and there is large sediment movement, then sediment movement of the bed upstream may occur and deposit in the local scour area surrounding the bridge pier [42]. This is known as live-bed scour. Clear-water scour was the main form of scour throughout this experiment, although live-bed scour could have occurred at a sediment depth of 40 mm, as in C16 and S8, where the scour hole depth reduced from 120 to 150 s. This suggests that sediment was deposited into the scour hole from upstream. Whilst this may provide stability to the bridge pier in the short term, it could lead to faster scour development in the future.




4.2. Summary of Effect of Gabion Fill


The results display that, at a sediment depth of 40 mm throughout all thicknesses of gabions tested, the most effective fill material is stone, which had an average of 13 mm once the anomaly of S8 was corrected for. Closely followed by the clothing gabion, which had a total scour depth average of 15 mm, and the least effective fill material is plastic, which had an average of 16.3 mm. The gabion filled with stone aggregate was one of the most effective fills (leading to an average 43.5% reduction in scour compared to when no scour countermeasure was installed), which was expected due to the greater weight and larger surface area of the stone aggregate, when compared with other fills. Furthermore, as the stone aggregate had a larger surface area than the other materials tested, this may have put it at an advantage to the other gabion fills in the experiment, although research suggests this is not an issue [43].



The effectiveness of the clothing filled gabion is also prominent, as although it had a lower weight than the stone filled gabion, it produced the same average result over the three different thicknesses tested. The results can be attributed to the fact that the fill material replicates a geotextile (filter cloth) and therefore winnowing (the removal of fine material) of the sand sediment is reduced, leading to a reduction in scour. In this experiment conducted, winnowing could not have occurred, as a uniform sand sediment was selected and winnowing depends on the size of particles of two different sediments [44].



The results at a 50 mm sediment depth suggest that the type of fill used in gabion models is largely irrelevant in reducing local bridge scour. The most effective performing gabion fill at this level was the plastic filled gabion, which had an average scour depth of 23.5 mm, once the anomalous result of P16 was removed. Even then, the reduction in scour was only 9.61% from the original test when it was performed using no gabion models. Stone gabion models and the clothing gabion models at all thicknesses had a scour depth average of 24.33 mm, leading to an average reduction of scour of 6.42% from the original no gabion experiment. The difference between the different fills of the gabions is therefore 3.19%, which is a low percentage when considering the total scour depth. Therefore, the type of fill used at a 50 mm sediment depth in gabion models is not a major factor in the development of local scour at bridge piers. Additionally, a valid average of the plastic gabion models has not been calculated, as only two readings have been considered; therefore, the impact of plastic fill in gabions at a 50 mm sediment depth may not be fully representative of its effectiveness at reducing scour. At a 50 mm sediment depth, the average scour depths assessed for the different fill types are skewed, as at 8 mm thickness there is a much larger value of results for the scour depth, and therefore this has impacted the effectiveness of the stone, plastic and clothing materials, which would have had a reduced average scour depth if the 8 mm gabion thickness was not considered.



To summarise, the results at a 40 mm sediment depth, showed that the stone filled gabion proved to be the most effective at reducing bridge pier scour as expected, due to the heavier weight when compared to the clothing or plastic filled gabions. This is supported by research which found that a heavier countermeasure has a significant effect on the scour depth [35]. Furthermore, the fill of the stone gabions had the largest surface area compared to the clothing and plastic filled gabions, reinforcing findings that the larger the size and area of the scour countermeasure, the greater the reduction in scour [21,22]. The findings were contrary to some research which suggests that the size of the fill has no effect on the behaviour of the gabions [43]. As there are conflicting opinions on whether the size of the gabion impacts the scour depth, further research is required in this area. The results indicate that plastic filled gabions are not as effective as stone and clothing filled gabions, due to its higher average scour depth. However, the advantages of using plastic as a recycled material in construction could lead to environmental and economic benefits; therefore, further research should also be undertaken into the use of plastic as an alternative material.



Clothing does appear to be a viable alternative to stone filled gabions, in terms of reducing scour and reducing project costs. Although geotextiles were not used as a fill beneath the gabion mattresses, in the experiments of Parker et al. [26], the installation of geotextiles beneath riprap stones led to a 93% reduction in maximum scour depth, which identifies the influence that geotextiles or similar cloth-like materials can have in reducing scour. As previously mentioned, the implementation of clothing into the gabion mattresses will not only reduce the financial overheads of the project, but will also increase the overall sustainability of the project due to the re-use of recycled materials. Further research would need to be conducted to analyse the extent to which the reduced weight of the recycled clothing or fabric can be impacted by the flow velocity, as this could result in dislodging of the gabion due to its lightness. One method that could be used to resolve the issue of dislodging would be to seal the clothing filled gabion to the bridge pier using either an adhesive or a cable, or alternatively, the clothing could be anchored to the channel bed providing reinforcement and protection against failure by uplift.




4.3. Summary of Gabion Thickness


The best performing thickness on average was the largest of the thicknesses tested—gabion which had a thickness of 16 mm—as this thickness of gabion had an average scour depth of 13.67 mm, compared with the thickness of 12 mm, which had an average scour depth of 14 mm, and the 8 mm thick gabion models, which had an average scour depth of 18.67 mm. As all gabion models had a length of 32 mm, it is therefore possible to calculate a length to thickness ratio (L/t) for the models, which is provided in Table 7.



The 12 mm gabion models had a larger L/t ratio than the 16 mm gabion models (2.67 compared to 2), however the L/t ratios are similar, which may explain the small difference between the two. Although the 12 mm gabion had a larger ratio, this did not correlate with a greater reduction in the total scour of the bridge pier. This contradicts Yoon [1], who concluded that a larger L/t ratio will increase the critical velocity, which is the maximum velocity that the bed material can resist, up to a limiting factor of L/t = 3. This would indicate that the 16 mm thick gabions were not as effective at withstanding critical velocity as the 12 mm gabions; however, the scour reduction was slightly larger in the 16 mm gabions than the 12 mm gabions. This is due to the extended thickness of the 16 mm gabion model providing more embedment for the bridge pier, therefore providing greater resistance to scour in the immediate vicinity of the bridge pier.



The least effective thickness of gabion models was 8 mm, and this could be explained due to its large L/t ratio, as L/t = 4 is the largest value considered in the experiment. Highlighting that as the length to thickness ratio of the 8 mm gabions is larger than the limiting value L/t = 3, then the gabions do not have an increased capacity to resist critical velocity, and instead provide reduced cover for the bridge pier, adversely impacting scour reduction. Furthermore, the thickness of a gabion must be at least twice the average diameter of the fill [35]. In the experiment conducted, an average fill size used was 5 mm; therefore, when a gabion thickness of 8 mm was used, the T ≥ 2(d50) constraint was not satisfied, which could further explain the lack of effectiveness of the 8 mm thick gabions.



The results at a 50 mm sediment depth indicate that varying the fill of the gabion models is largely irrelevant in reducing the total scour depth. In most cases, the effect of the 8 and 16 mm thick gabions resembled the effect of when no scour countermeasures were installed. Additionally, the models S16, C8 and P8 led to the development of scour at a faster rate than the effect of no scour countermeasure installation, until the scour rate plateaued, and the models S16, C8 and P8 equalled the cumulative scour depth when no scour countermeasures were installed. The results at a 50 mm sediment depth corroborate the findings of Yoon [1], as the 12 mm thick gabions have a larger ratio of L/t compared to the 16 mm gabions (by 0.67), which increase the critical velocity and are better suited to reduce scour.



Based on Yoon [1], however, the results should also show that at 8 mm thickness, where the L/t ratio is 4 (and the highest), the total scour reduction should be similar to the results of the 12 mm gabions; conversely, this is not the case, which suggests that the results do not fully validate the findings [1]. Similar to the results at a 40 mm sediment depth, although the 8 mm thick gabions exceed the limiting factor of 3, this did not increase the capacity of the gabions in the results to resist the scour surrounding bridge piers, but instead led to increased stability of the gabions against failure, and if installed practically, would lead to decreased material costs at the expense of reducing bridge pier scour.



To summarise, the thickness of the gabions were an important factor in the reduction of local scour surrounding bridge piers, and at a 40 mm sediment depth, the greater the thickness of the gabion, the greater the reduction of the total scour depth, as a riprap layer (similar to gabions) can resist a higher flow velocity as its thickness increases [44]. Although the greater thickness meant a reduction in the L/t ratio, and therefore contradicts Yoon [1], who suggested this would lead to a reduced capacity to withstand critical velocity, this was not the case at the 40 mm sediment depth for all gabion models tested. However, it is worth stating that the L/t ratios were very similar between 12 and 16 mm thickness gabions (0.67 difference) and the results were also largely similar—a 14 mm average scour depth when compared to 13.67 mm. Therefore, it is difficult to draw conclusions from the results due to the similarity of results.




4.4. Summary of Effect of Sediment Depth and Placement Depth


At a 50 mm sediment depth, the most effective fill on average was the plastic filled gabion model, which had an average total scour depth of 22.6 mm compared to stone and clothing models, which both had a scour depth of 24.3 mm. At an increased depth of sediment depth, however, the results are largely ineffective at reducing bridge pier scour, as the total scour depth surrounding the bridge pier with no scour protection is 26 mm; consequently, the gabion models used at this depth are not practical. When the placement depth to pier diameter ratio (Y/b) is larger, then the higher the critical entrainment velocity and the greater the protection of the pier against local scour [1]. When placement depth of the gabion models was closer to the sediment depth at 40 mm, the gabion models were considerably more effective at reducing scour.



The results support the findings of Yoon [1], which state that the Y/b ratio is limited to 0.2, and any further increase in the Y/b ratio does not provide further scour protection. This is evident in the results, as the increase in the sediment depth from 40 to 50 mm, and therefore the placement depth, as shown in Table 8, led to an increase in the Y/b ratio; however, because the Y/b ratio exceeded 0.2, no additional scour protection was provided. Additionally, the scour protection provided at the 50 mm sediment depth was reduced when compared to the 40 mm sediment depth. This may imply that increasing the placement depth past a certain value may be detrimental to bridge piers as the top level of the gabions is closer to the sediment depth at 40 mm, which suggests there is a reduced stability in the gabions; but with the gabions being placed under a sizeable layer of sand sediment, there is little potential for this to occur, although this substantially reduces the gabions’ ability to reduce scour.




4.5. Summary of Effect of Time on Scour


The experiments were conducted in a short time period, over 150 s, with measurements being performed at 30 s intervals. The selection of time period and intervals were based on a trial and error process from when the scour depth increase appeared to slow or stop. As seen from the results, when the sediment depth was 50 mm (with exception to P16, S12, P12 and no gabion), the majority of the scour occurred within the first 30 s of the experiment, whereas when the sediment depth was 40 mm, most of the scour development occurs within 60 s (with exception to P12). Throughout the experiment, scour development was generally maintained or increased progressively as the gabions were tested; however, this was not the case for S8 and C12 at the 40 mm sediment depth, as between 120 and 150 s the cumulative scour depth decreased due to deposition of the sand sediment into the developing scour hole, causing a reduced total scour depth. It is unclear whether further deposition would have occurred if the experiment was conducted for a longer time period. However, the deposition of sand into the scour hole may lead to greater impact on the bridge pier’s structural strength in the long term.



Whilst the test was conducted over 150 s, when combining the results of all the gabion models respectively at both the 40 and 50 mm sediment depths, scour commonly occurred within 30 and 60 s. At a 50 mm sediment depth, the findings support the research of Melville and Chiew [39], who stated that scour depths after 10% of the time to equilibrium vary between 50% and 80% of the equilibrium depth. In terms of this investigation, the majority of scour would be expected to therefore occur within 15 s of the experiment beginning, which is the case at the 50 mm sediment depth, where the majority of scour depth for all models occurred within 30 s of the experiment. However, the lowering of the vertical sluice gate from 30 s onwards would have led to larger depths of water at Y1 and Y2; therefore, as the width of the flume channel remains the same, using the continuity equation V = Q/A, the flow velocity would have decreased as the sluice gate depth was lowered. This could explain the quick development of scour at a 50 mm sediment level prior to the sluice gate being in use.



The results differ at the 40 mm sediment depth, and the majority of scour depth occurs under 60 s, which, therefore, does not validate other research into the area [39]. In addition to this, due to the lack of time that the gabions were tested for, it is difficult to determine the stability of the gabions. In some studies, after fifteen minutes a riprap layer was stable, but after one hour of testing the riprap failed [44]. This underlines the importance of the need to extend the timeframe of this experiment because although the scour depth accumulation appeared to slow towards the end of the experiment, it could have failed completely when subject to a prolonged time period.





5. Conclusions and Recommendations


The use of alternative materials in gabion models in order to reduce local bridge pier scour was investigated in this project. The following conclusions can therefore be stated:




	
Stone filled gabion models proved the most effective overall at reducing local pier scour, mainly due to the greater weight of the gabion. This is supported by Akib et al. [35].



	
Clothing filled gabion models offer a sustainable alternative to stone filled gabions due to the resemblance between the results of the two different gabions, as the clothing acts similarly to a geotextile.



	
Thickness of the gabions is a major factor in the development of scour; where gabion models had a L/t ratio less than 3, the scour reduction results proved more effective. This supports the findings of Yoon [1].



	
The majority of scour development occurred between 20% and 40% of the time the experiment was conducted, offering a different value to that of Melville and Chiew [42], who stated 10%.



	
Increasing the placement depth of the gabion models by 10 mm for all thicknesses of gabions led to large increases in the scour hole depth. Though the Y/b ratio increased, the ratio exceeded 0.2 and therefore the increase in ratio was ineffective; this supports the findings of Yoon [1].



	
The effect of changing the gabion fill is largely irrelevant when installed at excessive sediment depths and placement depths as shown in the results at a 50 mm sediment depth.








Overall, the accuracy of the results produced were limited due to the experimental set up. The main issue was the disruption of the wake vortices when the downstream scour hole was measured, which may have affected the formation of the scour hole by impacting the sediment surrounding the bridge pier. The sediment depth considered was also excessive to successfully determine the impact that alternative gabion fills can have on reducing bridge pier scour, and placement depths which were relative to Y/b = 0.2 should have been considered. The time frame of the experiment was also too short to determine the prolonged stability of the gabion models.



Recommendations and Further Research


The research project has helped to identify a gap in existing knowledge on the use of alternative materials in gabion mattresses. Additional research could be performed reinvestigating the methodology used, with various parameters from the experiment altered. This may include increasing the time period for considerably longer, such as 24 h, and reducing the placement depth of the gabions so that the tops of the gabion mattresses are immediately below the sediment depth. Further research could also investigate the combined use of alternative materials (vegetation) with other scour countermeasures, such as collars. This project was conducted in uniform sediment conditions, which does not affect scour formation; therefore, further research may consider the use of coarse sediment, which may lead to abrasion of the gabion mattresses, as well as affecting the scour hole development.
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Figure 1. Schoharie Creek bridge collapse in 1987 after the scouring of one of its bridge piers’ foundations [6]. 
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Figure 2. (a) Horseshoe and wake vortex around cylindrical bridge pier [7]. (b) Horseshoe and wake vortices around cylindrical bridge pier [8]. 
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Figure 3. Diagram of a collar installed surrounding a bridge pier to reduce scour [20]. 
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Figure 4. Riprap used to protect bridge piers from scour [23]. 
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Figure 5. Diagram of rectangular pier slot combined with a downstream bed sill used to reduce bridge scour [11]. 
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Figure 6. Example of a stepped gabion mattress formation to prevent bridge pier scour [34]. 
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Figure 7. Image of gabion boxes with various dimensions and fill increasing in height from bottom to top: 8 mm, 12 mm and 16 mm (from left to right: stone, clothing, plastic). 
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Figure 8. Sketch diagram of experiment layout, where Y1 = depth of flow, d = sediment depth, Y2 = water depth above sediment depth, D = pier diameter, L = gabion length and t = gabion thickness. 
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Figure 9. Image of experimental set up showing the sand sediment depth with sloped sides and cylindrical bridge pier. 
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Figure 10. Effect of gabion fill type at 8 mm thickness on reducing total scour depth. 
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Figure 11. Effect of gabion fill at 12 mm thickness on reducing total scour depth. 
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Figure 12. Effect of gabion fill type at 16 mm thickness on reducing total scour depth. 
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Figure 13. Graph representing all thicknesses of gabion models and the cumulative scour depth at a sediment depth of 50 mm. 






Figure 13. Graph representing all thicknesses of gabion models and the cumulative scour depth at a sediment depth of 50 mm.



[image: Eng 01 00013 g013]







[image: Eng 01 00013 g014 550] 





Figure 14. Graph representing all thicknesses of gabion models and the cumulative scour depth over time at a sediment depth of 40 mm. 
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Figure 15. Example of a scour hole formation for stone gabion (thickness 8 mm) at a sediment depth of 40 mm. 
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Table 1. Summary of gabion model dimensions.






Table 1. Summary of gabion model dimensions.











	Material Type
	Gabion Length (mm)
	Gabion Thickness (mm)
	Model Label





	Stone
	32
	8
	S8



	
	
	12
	S12



	
	
	16
	S16



	Clothing
	32
	8
	C8



	
	
	12
	C12



	
	
	16
	C16



	Plastic
	32
	8
	P8



	
	
	12
	P12



	
	
	16
	P16
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Table 2. Summary of vertical sluice gate depths at time intervals.
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	Time (s)
	Depth of Vertical Sluice Gate (mm)





	0
	N/A



	30
	15



	60
	12



	90
	9



	120
	6



	150
	3
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Table 3. Results showing the effects of no gabion models in scour depth development.






Table 3. Results showing the effects of no gabion models in scour depth development.





	Gabion Type
	Sediment Depth, d (mm)
	Time Taken (s)
	Scour Depth (mm)





	No Gabion
	40
	150
	23



	No Gabion
	50
	150
	26
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Table 4. Results showing the effect of gabion fill type at 8 mm thickness.
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	Gabion Label
	Sediment Depth, d (mm)
	Total Scour Depth (mm)
	Reduction in Scour (%)





	S8
	40
	19
	17.4



	
	50
	25
	3.8



	P8
	40
	20
	13



	
	50
	26
	0



	C8
	40
	17
	26.1



	
	50
	26
	0
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Table 5. Results of 12 mm thickness gabion models in reducing total scour depth.
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Gabion Label

	
Sediment Depth, d (mm)

	
Total Scour Depth (mm)

	
Reduction in Scour (%)






	
S12

	
40

	
13

	
43.5




	
50

	
22

	
15.4




	
P12

	
40

	
15

	
34.8




	
50

	
21

	
19.2




	
C12

	
40

	
14

	
39.1




	
50

	
22

	
15.4
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Table 6. Results of 16 mm thickness gabion models in reducing total scour depth.
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Gabion Label

	
Sediment Depth, d (mm)

	
Total Scour Depth (mm)

	
Reduction in Scour (%)






	
S16

	
40

	
13

	
43.5




	
50

	
26

	
0




	
P16

	
40

	
14

	
39.1




	
50

	
21

	
19.2




	
C16

	
40

	
14

	
39.1




	
50

	
25

	
3.8
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Table 7. Summary of length to thickness ratio of gabion models.
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	Gabion Thickness (mm)
	Gabion Length (mm)
	L/t Ratio





	8
	32
	4



	12
	32
	2.67



	16
	32
	2
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Table 8. Summary of placement depth to pier diameter ratio.
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	Sediment Depth (mm)
	Gabion Thickness (mm)
	Gabion Model Type
	Placement Depth, Y (mm)
	Y/b Ratio





	40
	8
	C8, P8, S8
	32
	4



	
	12
	C12, P12, S12
	28
	3.5



	
	16
	C16, P16, S16
	24
	3



	50
	8
	C8, P8, S8
	42
	5.25



	
	12
	C12, P12, S12
	38
	4.75



	
	16
	C16, P16, S16
	34
	4.25
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