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 27 

Abstract  28 

One of the most common problems for river engineers is the accumulation of waterborne debris 29 

upstream of the bridge piers. In addition to reducing the cross-sectional flow area, debris increases 30 

the drag force exerted to the pier and contributes to scour. Several studies have been carried out 31 

by previous researchers to examine the usefulness of different types of countermeasures. The 32 

effectiveness of these countermeasures is not well understood when debris accumulation occurs. 33 

In this study, the effect of debris accumulation on the efficiency of a bridge pier slot, as scour 34 

countermeasure, is investigated experimentally. A total of 54 experiments were carried out under 35 

different hydraulic and debris geometrical conditions. The results showed that slots were effective 36 

in protecting bridge piers against scouring in presence of debris. Depending on the debris shape, 37 

the reduction efficiency may increase or decrease for a slotted pier in presence of debris 38 

accumulation when compared to the standard pier conditions without debris accumulation. Except 39 

for the inverse pyramid shape, the maximum scour is generally more reduced due to sheltering 40 

effect when the debris is located on the bed. While debris accumulation can lead to a reduction of 41 

the slot efficiency, the slot can be considered a reliable countermeasure against scouring. The 42 

outcome of this study can help the design of new bridges affected by large wood debris  43 

accumulations.  44 

Keywords: bridge pier, scour, debris accumulation, slot, structural failure. 45 

 46 

Introduction 47 
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Bridges play an important role in public transportation and their damage causes significant 48 

economic losses and significant disruption to communities. One of the most important factors in 49 

dynamic behavior, fragility, and bridge structural collapse is bed scouring around the pier and the 50 

consequent failure of the foundation [1–5]. Estimating scour depth around bridge piers has been 51 

thoroughly studied by many researchers in the past [6–9]. Despite the efforts made so far, sufficient 52 

understanding of the mechanism of local scouring around bridge piers has not yet been achieved, 53 

and every year many bridges around the world are damaged, which causes severe human and 54 

financial losses. In general, two methods have been proposed to protect bridge piers against bed 55 

scouring: increasing the bed material strength, and modifying the flow pattern around the pier. 56 

In the first method, the resistance of bed particles movement caused by flow shear is increased 57 

using materials with a larger sediment transport threshold velocity, e.g., riprap [10–15], geo-bags 58 

[16, 17], gabions [18, 19], or tetrahedral frames [20]. 59 

In the second method, the flow pattern and the turbulent structure normally observed around piers, 60 

i.e., the downflow, horseshoe vortex and wake, which are the main cause of the local erosion of 61 

the bed material, is drastically modified by making changes to the pier or in its vicinity. In 62 

particular, scouring is reduced or eliminated by reducing the strength of the erosive flow. Collars 63 

[21–26], threadings [27, 28], bed-sills [18, 29–32], vanes [33, 34], splitter plates [35], sacrificial 64 

piles [36, 37], and slots [24, 38–45] are some example of the methods that have been proposed to 65 

reduce scouring around bridge piers by modifying the flow pattern.  66 

Slot protections have shown promising results. A slot is an opening in the pier that causes 67 

a portion of the flow to pass through the pier. It has been found that the downflow and the wake 68 

vortex system  is weakened due to the presence of the slot [38, 46]. The use of slots in bridge piers 69 

was first reported by Tanaka and Yano (1967) as a new method in controlling scouring around the 70 
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pier. They found that a slot can reduce the maximum scour depth by up to 30% compared to the 71 

standard piers. Chiew (1992) investigated the effect of slots on scour around a cylindrical pier and 72 

concluded that using a slot with a width equal to 1/4 of the pier diameter reduces the maximum 73 

scour depth by 20%. Also, the results of an experimental study conducted by Kumar et al. (1999) 74 

indicated an 18% and 33% reduction in the maximum scour depth for a slot located above the 75 

initial bed and a slot extended beneath the bed, respectively. Tafarojnoruz et al. (2012) examined 76 

the effectiveness of six different methods for pier protection against scouring. They concluded that 77 

slot, collar, or sacrificial piles are up to 15% more effective in reducing scouring compared to 78 

threading, submerged vanes, and a bed-sill. Azevedo et al. (2014) evaluated the use of a slot in 79 

reducing the maximum scour depth around circular and elongated bridge piers and observed a 80 

reduction of the maximum scour depth up to 26% and 16% for the circular and elongated pier, 81 

respectively. Also, Hosseini et al. (2020) and Osrush et al. (2019) conducted experimental studies 82 

on the effects of the size and vertical position of slots on the reduction of scouring around 83 

rectangular abutments. They concluded that slots are more effective in abutments than bridge piers 84 

against scouring. In a more recent study, Bestawy et al. (2020) studied different types of pier slots 85 

geometries, showing that the sigma-shaped slots performed better than other geometries tested. 86 

Several studies show that a better result is obtained if a combination of a slot and other 87 

scour countermeasures are used around the pier. For example, Chiew (1992) observed that the 88 

collar-slot combination is more effective in reducing scour depth than either the collar or the slot 89 

alone. Grimaldi et al. (2009b) studied the effect of combining a slot with bed-sill on scouring 90 

around the pier. They concluded that this method could reduce the maximum scouring depth up to 91 

45% and could therefore be used as an effective method of controlling scouring around the pier. 92 

Also, Gaudio et al. (2012) examined five different combinations of scour reduction methods 93 
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around the pier and concluded that the combination of slot and bed-sill has been more effective 94 

compared to the other four combinations tested. It has been proven that the scouring depth 95 

decreases with increasing the length of the slot, and if the slot is used in combination with a collar, 96 

almost no scouring will occur around the pier [50].  97 

The mobility and accumulation of floating debris at bridge piers is a growing problem 98 

around the world [51–55]. Floating debris also called large woody debris (LWD) [56] or driftwood 99 

[57, 58],  refers to the fragments of tree trunks, branches, eroded materials, which are mainly found 100 

in areas where trees are growing near the river banks [59, 60]. Many studies indicate that the 101 

accumulation of such floating objects upstream of the pier leads to an increase in the effective 102 

width of the pier, increase the shear stress, change the flow pattern, turbulence, and, consequently, 103 

the scouring mechanism, increasing the risk of bridge failure [18, 59, 69–71, 61–68]. 104 

While Briaud et al. (2006) reported that about 10% of all bridges constructed over 105 

waterways in the USA are exposed to additional scouring due to debris accumulation,  Diehl (1997) 106 

estimated the incidence of debris to bridge failure as one in three cases for the US, and Benn (2013) 107 

produced similar figures for UK and Ireland.  Also, heavier debris accumulation occurs in single 108 

piers [73]. Ebrahimi et al. (2018) reported that cylindrical debris located beneath the water surface 109 

increases the maximum scour depth up to 33% compared to no-debris case. Another study by 110 

Pagliara et al. (2010) revealed that the maximum scour depth around the bridge pier with debris 111 

accumulation can be increased up to three times that without debris accumulation. Also, Park et 112 

al. (2016) observed that due to debris accumulation upstream of a single pier, the maximum scour 113 

depth increased up to 60% compared to no-debris conditions. Also, Pagliara and Carnacina (2011) 114 

experimentally studied the effect of debris accumulation on bridge pier scour. They used three 115 

wood debris shapes including triangular, cylindrical, and rectangular with various thicknesses and 116 
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widths. They related the scour depth around the bridge pier to the blockage ratio due to debris 117 

accumulation. Additional studies by [37, 70, 71, 75] showed that the location and shape of debris 118 

accumulation has a considerable impact on the final scour depth. 119 

Several mitigation measures have been developed in the past to reduce debris accumulating 120 

at bridge structures, for example, Schmocker and Weitbrecht (2013) tested a bypass system, Panici 121 

and Kripakaran (2021) a series of inclined racks, and Franzetti et al. (2011) examined wedges 122 

upstream of a pier to keep debris away. However, the efficiency of some scour countermeasures, 123 

for example, bed-sills, gabions, and sacrificial piles have been found to decrease due to debris 124 

accumulation [18, 37, 71, 76]. Although the studies done so far on scouring reduction have shown 125 

the effective role of slots, there are still gaps in its utilization in practice. For example, slots may 126 

be fully or partially clogged by the accumulation of debris carried by flood currents [38]. Despite 127 

advances in scouring around bridge piers so far, the effect of debris accumulation upstream of the 128 

slotted bridge piers is still a concern for designers and engineers due to insufficient information. 129 

The main purpose of the present study is to investigate experimentally the effect of the 130 

accumulation of debris upstream of single circular cylindrical bridge piers with and without a slot. 131 

Also, the effect of the shape of the debris accumulated upstream of the pier as well as the flow 132 

characteristics on the scour hole around the pier has been investigated. Finally, the effect of the 133 

debris position (near the water surface or in the vicinity of the channel bed) on the scouring and 134 

the slot efficiency has been anayzed. 135 

 136 
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Materials and Methods 137 

The experimental tests were carried out at the Sediment Hydraulics Laboratory of Shiraz 138 

University, Shiraz, Iran under clear-water flow conditions. A glass-walled rectangular 139 

recirculating flume with 0.4 m width, 9 m length and a bed slope of 0.002 was used for the 140 

experiments (Figure 1a). A series of 0.5m long PVC pipes with 20mm diameter was used as a flow 141 

straightener to reduce disturbances of the entrance flow as shown in Figure 1a. The 0.2 m deep 142 

alluvial bed was composed of uniform sediments with a median particle diameter (d50) of 0.8 mm, 143 

a geometric standard deviation (σg=√𝑑84 𝑑16⁄ ) of 1.3, and specific gravity (Sg) of 2.65, where d50, 144 

d84, and d16 are the particle sizes for which 50, 84, and 16% of sediment grains are finer. The bridge 145 

pier was modeled based on the criteria suggested by Chiew and Melville (1987). Accordingly, the 146 

effect of the pier width on the scouring is negligible when the pier width is less than 10% of the 147 

flume width. Also, the ratio of the pier width to median particle diameter (D/d50) must be greater 148 

than 30 to ensure that the sediment size does not affect the rate of scouring [78]. A fiberglass 149 

cylinder with 0.5 m height and a diameter of D=40mm was used in the experiments. A slot with a 150 

height equal to the flow depth (h=H) and width of b=10 mm (b=0.25D) was made in the center of 151 

the pier model based on Chiew (1992), who recommended the width of 1/4 of the pier diameter as 152 

the optimal slot width. The shape of woody debris observed in the literature ranges from a simple 153 

cylindrical log [61, 74, 79] to more complex shapes such as rectangular debris [63, 64] and inverted 154 

triangular or conical shapes [54, 63, 64, 74, 80] and it is influenced by flow conditions, channel 155 

geometry, pier shape, and woody debris characteristics and availability. In this study, two circular 156 

cylinders of 12- and 24-mm diameters, an inverse pyramid, and a rectangular plate made of 157 

fiberglass were transversally attached to the upstream side of the pier (Fig. 1b)  to simulate single 158 

logs, debris jam protruding vertically upstream of the pier, and a woody debris accumulation at 159 
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the water surface. As the main purpose of the present study is to investigate the slot performance 160 

in scour depth mitigation in the presence of debris, the shape of the debris is of secondary 161 

importance here. The top of the debris was tangent to the water surface. Also, in some tests, the 162 

debris was located on the channel bed to study the effect of debris position on the scour process 163 

(Fig. 1c). The ratio of the modeled debris length in the vertical direction (Lz) to that in the 164 

transverse direction (Ly), i.e. Lz/Ly, was in the range of 0.06-0.12, which is close to the range 165 

observed by Ebrahimi et al. (2018). This range is close to the average ratio reported by several 166 

researchers in field conditions [59, 81–84]. Three different flow discharges of 12.9, 15.3, and 16.7 167 

l/s producing flow depths of 0.13, 0.16, and 0.18 m, respectively, were used in the experiments. 168 

The flow depth for each discharge mentioned above was calculated based on the flow intensity, 169 

i.e. U/Uc, of 0.83, 0.77, and  0.73, respectively, where U is the cross-sectional averaged flow 170 

velocity and Uc is the critical flow velocity for the incipient motion of the sediment particles 171 

according to the Shields diagram. While the maximum scour depth occurs for U/Uc (almost) equal 172 

to 1, there may be several cases in the field conditions where the flow intensity is much lower than 173 

1[85]. Although flows with U/Uc<1 may not lead to the maximum scouring, the presence of debris 174 

can significantly alter the scouring depth and it is important to understand the impact of debris 175 

accumulation also at lower flow intensities, as experimented in several other works [63, 64, 74]. 176 

The flow depth was adjusted using a tailgate located at the downstream end of the laboratory flume. 177 

At the end of each experiment, the flume was drained, the debris was removed and the topography 178 

of the scoured bed was measured using an optical meter with a precision of ±0.1mm mounted on 179 

a carriage. The carriage was able to move in the streamwise as well as the transverse directions in 180 

a 20mm×20mm grid to give a 3-D view of the scoured bed. A summary of the experimental 181 

conditions and debris dimensions are given in Table 1. 182 
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 183 

Fig. 1. a) schematic view of the experimental flume (Not to scale), b) slot and debris position, c) 184 

a photo of the pier and debris located on the bed, and d) different debris types used in the 185 

experiments 186 

 187 

 188 

Table 1. Summary of the experimental conditions 189 

 190 

Each test was continued until reaching a quasi-equilibrium condition based on the criteria 191 

suggested by Chiew and Melville (1987) who reported that the equilibrium scouring depth can be 192 

considered when the variations in the scour depth is less than 5% of the pier diameter during 24 193 

hours. A series of 48-hours long tests showed that the quasi-equilibrium conditions were met after 194 

6 hours, and this was the final duration selected for all the experimental runs. Each test is identified 195 

by a combination of letters and numbers. Thereafter, NS and ND, refer to the tests without slot and 196 

debris, respectively, S stands for the tests with slot, and D1, D2, D3, and D4 refers to cylindrical 197 

debris of 12mm diameter, cylindrical debris of 24-mm diameter, inverse pyramid, and rectangular 198 

debris shapes, respectively. The last part in each test name indicates the approach flow Froude 199 

number, where Fr1=0.220, Fr2= 0.191, and Fr3=0.175, respectively. The parameters affecting the 200 

scouring around a cylindrical bridge pier with impervious debris accumulations in a fluvial bed 201 

with uniform sediments are: the flow depth (h), mean flow velocity (V), bed slope (S), channel 202 

width (B), bed roughness (ks), water (ρw) and bed particles (ρs) specific mass, acceleration due to 203 

gravity (g), viscosity (𝜐), pier diameter (D), particle size (d50), debris dimensions in the streamwise, 204 

transverse, and vertical directions (Lx, Ly, and Lz respectively), debris specific mass (ρd), debris 205 

frontal area (Ad), debris distance to the water surface (hd). By excluding the parameters that were 206 

kept constant in the present study, i.e., h/D, S, B/D, ks/D, ρs/ρw, d50/D, and ρd/D, and neglecting the 207 

effect of Reynolds number Re=ρwVh/𝜐 because of the turbulent flow conditions, the non-208 
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dimensional maximum scour depth dsm/D was found to be a function of Froude number 209 

Fr=V/√(g.h), and the debris geometrical parameters Lx/D, Lz/D, hd/D, and Ad/D
2.  210 

Results 211 

The first part of the results section provides a qualitative description of the effect of debris 212 

accumulation, the presence of a slot, and their combinations. In the second part, these findings are 213 

quantitatively elaborated. Figure 2 shows variations of the non-dimensional maximum scour depth 214 

around the pier, dsm/D, for different flow and debris conditions for Fr1=0.22. The slot reduces the 215 

maximum scour depth compared to the standard pier under both no-debris and debris conditions. 216 

These findings are comparable to those of previous studies on standard piers without debris (for 217 

example Chiew, 1992; Grimaldi et al., 2009b; M Heidarpour, 2002; Kumar et al., 1999; Moncada-218 

M et al., 2009).  219 

Figure 3 shows variations of dsm/D against Fr and for different debris conditions. The 220 

maximum scour depth decreases due to the presence of the slot in the pier for a given debris 221 

condition and the maximum scouring depth decreases as the Froude number decreases. However, 222 

the maximum scouring depth increases compared to the no-debris conditions for all the tests with 223 

different shapes of debris placed right beneath the water surface. The maximum scouring depth 224 

increases as the debris diameter increases for the cylindrical shape debris placed near the water 225 

surface. This trend is completely reversed for a  debris placed on the channel bed.  226 

The figure also shows how the maximum scouring depth increases compared to the tests 227 

with debris located near the water surface as well as the tests with no-debris conditions in the cases 228 

of an inverse pyramid debris located above the channel bed.  229 
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Additionally, for all the slotted and standard piers tests with rectangular debris, the near-230 

bed accumulation of debris has reduced the maximum scour depth compared to the near water 231 

surface accumulation of debris material. More explanations and insights on the local scour physics 232 

to corroborate these experimental observations are provided in the following discussion. 233 

 234 

 235 

 236 

Fig. 2. Variations of the dimensionless maximum scour depth for slotted and non-slotted piers 237 

and different debris conditions (Fr=0.22) 238 

 239 

Fig. 3. Variations of the dimensionless maximum scour depth (dsm/D) against Froude number 240 

(Fr) in different tests: a) ND, b) D1, c) D2, d) D3, e) D4, f)D1-Bed, g) D2-Bed,  h) D3-Bed, and 241 

i) D4-Bed. 242 

 243 

Discussion  244 

To quantify the effect of the presence of slot and debris and its location on the maximum 245 

scour depth, the percentage of variation in the dsm relative to the control test (no-debris and no-246 

slot), RNS-ND, is calculated for different tests and shown in Figure 4 for the three flow Froude 247 

number tested.  RNS-ND is computed as: 248 

𝑅𝑁𝑆−𝑁𝐷 =
𝑑𝑠𝑚−𝑑𝑁𝑆−𝑁𝐷

𝑑𝑁𝑆−𝑁𝐷
× 100        (1) 249 

where dsm and dNS-ND denote the maximum scour depth around the pier in each test and the 250 

control test (no-slot and no-debris conditions), respectively. 251 

 252 

 253 
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Fig. 4. Variations of the maximum scour depth in the slotted or debris loaded piers compared to 254 

that of the control test 255 

For the standard pier tests (no-slot conditions denoted with NS), it can be seen that the 256 

maximum scour depth has increased up to 32, 57, 52, and 57%, for debris types D1, D2, D3, and 257 

D2, respectively, located under the free water surface. For under-free-water-surface debris, both 258 

streamwise and downward components of the flow velocity as well as the bed shear stress increase 259 

and consequently increase the maximum scouring depth around the pier. Ebrahimi et al. (2018) 260 

also reported similar findings for sharp-nose piers. Figure 3 also shows that the maximum scouring 261 

depths for the tests with debris type D2 are greater than the corresponding tests with debris type 262 

D1. The reason can be attributed to the fact that debris type D2 produces larger blockage in the 263 

flow cross-sectional area and consequently, the flow velocity and bed shear stress will be higher 264 

than those of corresponding D1 tests. 265 

The sheltering effect of a debris located near the bed reduces the maximum scour depth by 266 

33%, 44%, and 35% for debris types D1, D2, and D4, respectively, for the standard pier tests, 267 

whilst the maximum scour depth increases up to 77% for the debris type D3. The different trend 268 

for the inverse pyramid debris shape may be attributed to the re-direction of the near-bed 269 

streamlines after impinging the debris (Figure 5). The downward slope of the inverse pyramid 270 

causes the flow to redirect toward the bed, as shown in Figure 4, increasing the maximum scouring 271 

depth compared to the cases without debris. The sheltering effect of the debris D3 has been 272 

neutralized because of the flow redirection and the maximum scour depths in the NS-D3-Bed tests 273 

are highest among all the tested conditions. 274 

Figure 4 shows that the slot alone leads to a 37-39% reduction in the maximum scour depth 275 

compared to standard pier conditions. However, due to the effects of the debris located near the 276 

water surface, the slot efficiency in reducing the maximum scour depth reduces up to 32%  and 277 
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27% for the D1 and D2 cylindrical debris shapes, respectively. It is interesting to note that when 278 

the debris is located near the channel bed, the percentage reduction in the maximum scour depth 279 

increases up to 33 and 44% for D1 and D2 cylindrical debris shapes, respectively. Figure 4 shows 280 

that the larger the cylindrical shape debris diameter located on the initial bed surface, the smaller 281 

the maximum scour depth. The reason may be attributed to the sheltering effect of debris located 282 

on the bed. When the debris is located in the vicinity of the bed, the maximum scouring depth 283 

around simple bridge piers is mitigated due to the reduced strength of the downflow [71, 74, 86]. 284 

Figure 4 also shows that the flow Froude number, in the range tested in the present study, 285 

has limited influence on the maximum scour values for the slotted pier without debris and with 286 

debris located near the water surface. However, for the standard pier and all of the debris shapes 287 

located near the water surface, the Froude number considerably affect the maximum scour depth. 288 

In this case, the difference between the RNS-ND values corresponding to the lowest and highest 289 

Froude number studied was found to be about 35% for D2 and D3 debris types. 290 

|It is interesting to note that the maximum scour may be increased or decreased compared 291 

to the standard pier without debris conditions depending on the shape of the debris for the tests 292 

with debris located near the bed surface. On the other hand, while D1, D2, and D4 debris types 293 

cause the maximum scouring depth to be reduced up to 33%, 43%, and 35%, respectively, the 294 

maximum scour depth increases up to 82% for the inverse pyramid debris type (D3). The sheltering 295 

effects of the debris causes a considerable reduction in the maximum scouring depth for slotted 296 

piers when compared to the standard pier conditions. Additionally, the percentage reduction in the 297 

maximum scour depth is not affected by the flow Froude number for the slotted pier with D1 and 298 

debris types D2 located on the bed (Fig. 4) in the range of Fr values tested in the present study. 299 

The inverse pyramid debris (D3) accumulated on a slotted pier shows a different trend where the 300 
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scour depth increases 23% and decreases by 17% for the tests with the highest and lowest Froude 301 

numbers studied, respectively, which could be linked to the the reduction in the near-bed flow 302 

velocity with decreasing Froude number and the weaker flow field around the slotted pier.  303 

The percentage reduction in the maximum scouring depth increases with decreasing Fr for 304 

the debris type D4, which can be attributed to the sheltering effect of these particular configuration 305 

of debris. 306 

Fig. 5. Schematic view of flow around different debris types at different positions: a) cylindrical, 307 

b)inverse pyramid, c) rectangular debris located just below the free water surface, d) cylindrical, 308 

e)inverse pyramid, and f) rectangular debris located above the bed 309 

 310 

Fig. 6. Variations of the dimensionless scour depth against dimensionless debris area for the tests 311 

with debris located near the water surface, non-slotted pier: a) Fr=0.22, b) Fr=0.19, and c) 312 

Fr=0.17,and slotted pier: d) Fr=0.22, e) Fr=0.19, and f) Fr=0.17 313 

 314 

Figure 6 shows the variations of the dimensionless scour depth (dsm/D) versus 315 

dimensionless debris area (Ad/D
2) for debris located near the free flow surface. The dimensionless 316 

scouring depth increases with increasing debris blockage for the non-slotted bridge pier tests 317 

(Figure 6a). The increase in the maximum scour depth with increasing blockage area can be 318 

attributed to the increased flow velocity beneath the debris due to the reduction of the flow passage 319 

area. On the other hand, a fraction of the flow passes through the slot opening and weakens the 320 

downward flow upstream of the pier for the slotted pier cases (Figure 6b).  321 

The increase in flow velocity beneath the debris is not significant compared to the non-322 

slotted piers and a relatively constant dimensionless scour depth is observed for all of the tests 323 

with slotted piers with different Ad/D
2 values.  324 
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In contrast, Figure 7 shows the dimensionless scouring depth versus the dimensionless 325 

debris area for the cases where the debris is near the channel bed. As shown in Figure 7, the 326 

protective effect of the debris itself, which acts as a countermeasure against the impact of erosive 327 

flows, is more effective than the protective effect of the slot inside the pier. It should be noted that 328 

Ad/D
2=0 in Figures 6 and 7 represents the no-debris conditions. 329 

Fig. 7. Variations of the dimensionless scour depth against dimensionless debris area for the tests 330 

with debris located near the channel bed, non-slotted pier: a) Fr=0.22, b) Fr=0.19, and c) 331 

Fr=0.17,and slotted pier: d) Fr=0.22, e) Fr=0.19, and f) Fr=0.17 332 

 333 

Variations of the percentage reduction in the maximum scour depth compared to the 334 

slotted pier without the presence of debris RS-ND are shown in Figure 8. RS-ND is computed as: 335 

𝑅𝑆−𝑁𝐷 =
𝑑𝑠𝑚−𝑑𝑆−𝑁𝐷

𝑑𝑆−𝑁𝐷
× 100        (2) 336 

where dS-ND denotes the maximum scour depth around the pier in the tests with slotted piers and 337 

no-debris conditions. 338 

 339 

 340 

Fig. 8. Variations of the maximum scour depth in the slotted or debris loaded piers compared to 341 

that of the slotted pier without debris 342 

 343 

Debris types D1, D2, D3, and D4 located near the water surface increase the maximum 344 

scour depth up to 19%, 26%, 83%, and 70% for the slotted pier, and up to 118%, 159%, 150%, 345 

and 137% for the standard pier conditions, respectively. The observed results are somewhat 346 

different when the debris is located near the bed. While for the non-slotted pier tests, the maximum 347 

scour depth increases up to 21%, 190%, and 48% for D1, D3, and D4 debris types located on the 348 

bed, it decreases up to 12% for the D2 debris. Also, for the slotted pier with debris located adjacent 349 
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to the bed, the slot reduces the maximum scour depth for debris types D1, D2, and D4. However, 350 

dsm decreases up to 102% compared to the slotted debris without.  351 

Figure 9 shows the dimensionless contour map of the bed scour and the effect of the slot, 352 

debris and the debris position on the scour hole for debris D2 and Fr3, for half of the channel. The 353 

scour hole spreads around the pier and the maximum scour depth upstream of the pier is 1.15D for 354 

the NS-ND-Fr3 test (Figure 9a). The scour extends to a distance of about 3D downstream of the 355 

pier. After the addition of debris D2 under the water surface, i.e. in the NS-D2-Fr3 test, the scour 356 

expansion area upstream of the pier narrows and the upstream slope of the scour hole increases 357 

(Figure 9b). The maximum scouring depth increases to 1.275D. After adding the slot at the pier 358 

model (Figure 9c), the maximum scour depth significantly reduces to 0.9D. The presence of a slot, 359 

in addition to reducing the scour depth compared to the no-slot mode, also significantly reduces 360 

the slope of the scour hole. Changing the position of the debris from the water surface to near the 361 

bed surface has led to a general deformation of the scour hole compared to other tests (Figure 9d). 362 

Accordingly, the maximum scour depth reduces to 0.525D. Also, the development of scour holes 363 

is weakened upstream of the pier and stopped downstream, which can be due to the effect of debris 364 

on the flow structure and the weakening of the downflow and subsequently, the weakening of the 365 

horseshoe vortex and wake vortex downstream of the pier. This finding is in agreement with results 366 

obtained by Ebrahimi et al. (2018), Müller et al. (2001), Vijayasree et al. (2019). 367 

 368 

Fig. 9. Contour plots of scour depth around the pier in different tests, a) NS-ND-Fr3, b) NS-D2-369 

Fr3, c) S-D2-Fr3, and d) S-D2-Fr3-Bed 370 

 371 

Figure 10 shows the contour maps of the dimensionless scour depth for D3 and D4 debris 372 

types in two positions near the water surface and adjacent to the bed.  The accumulation of debris 373 
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near the bed leads to a reduction in the maximum scouring depth as well as a reduction in the 374 

scouring area around the pier. The combination of slot and debris reduces the erosion around the 375 

pier for the S-D4-Fr3-Bed test. It shrinks the main scour hole near the pier and a secondary scour 376 

hole forms relatively far downstream from the pier that will not have much impact on the stability 377 

of the bridge structure. It should be noted that the secondary scour hole downstream of the pier in 378 

the presence of debris installed at the initial bed elevation was not observed by Ebrahimi et al. 379 

(2018) for masonry bridges with piers with a large length to diameter ratio. 380 

 381 

Fig. 10. Contour plots of scour depth around the pier in different tests, a) S-D3-Fr3, b) S-D3-Fr3-382 

Bed, c) S-D4-Fr3, and d) S-D4-Fr3-Bed 383 

Table 2 shows a comparison of the results obtained in the present study with data available 384 

in the literature with particular reference to the effect of slot and debris on the changes of maximum 385 

scour depth. The studies used in this table are the closest in terms of piers, flows, and slots 386 

dimensions to the present study. Accordingly, Chiew (1992), Kumar et al., (1999), and Grimaldi 387 

et al., (2009b) reported a 9%, 19%, and 30% reduction in the maximum scour depth, respectively, 388 

due to the slot in the pier. However, the results of the present study showed that although the slot 389 

in the pier alone leads to a 39% reduction in the maximum scour depth, the presence of debris can 390 

lead to a decrease or increase in the maximum scour depth compared to a standard pier without 391 

debris depending on the debris location. Accordingly, if the debris is located near the water surface, 392 

, the maximum scouring depth can be reduced up to 32% or increased up to 11%, depending on 393 

the shape of the accumulated materials. In contrast, if objects accumulate near the bed, the 394 

maximum scour depth may decrease up to 55% or increase up to 23% depending on the shape of 395 

the accumulated material. The maximum percentage increase in the dsm was reported by [89] for 396 

the debris loaded pier. It should be noted that different shapes and sizes of debris produce different 397 
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scour depths. As a consequnce, the results presented in the present paper are limited to the tested 398 

range of debris characteristics. 399 

 400 

Table 2. Effects of slot and debris on the variations of the maximum scour depth* 401 

 402 

Conclusion 403 

Many rivers normally carry materials such as leaves, branches, roots and tree trunks, a 404 

phenomenon naturally observed with the decay of riparian vegetation. Accumulation of these 405 

materials in the vicinity of hydraulic structures such as bridge piers can lead to problems in their 406 

proper operation. In this study, the effect of debris accumulated upstream of a slotted cylindrical 407 

bridge pier model was investigated experimentally. Four debris models were investigated under 408 

three different flow conditions. The results showed that, although the slot alone could reduce the 409 

maximum scour depth around the pier by up to 39%, the presence of debris could affect its 410 

performance. The maximum scouring depth around the pier decreased compared to the no-debris 411 

conditions for some shapes of debris and increased for others, indicating that the accumulation of 412 

floating objects can have a significant effect on the stability of the bridge structure. The position 413 

of debris accumulation also affects the performance of the slot and the geometry of the scour hole. 414 

In general, debris near the bed can lead to a reduction of scouring as a result of the sheltering effect. 415 

This sheltering can be different depending on the shape of the accumulation of the debris upstream 416 

of the pier. It can be concluded that the accumulation of debris upstream of the pier has an 417 

important effect on the performance of the slot in the protection of the pier against scour and it is 418 

necessary to be careful in rivers that carry large quantities of debris. Further research with different 419 
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flows, sediments, bridge piers, slots and debris conditions is needed to provide a general guide to 420 

slot operation in the presence of debris for use in hydraulic and structural bridge pier design.  421 
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 663 

Table 1. Summary of the experimental conditions 664 

Test code 
Q  

(lit/s) 

H  

(mm) 

D 

 (mm) 

b  

(mm) 

U/Uc 

(-) 

Fr  

(-) 

Lx  

(mm) 

Ly  

(mm) 

Lz  

(mm) 

NS-ND-130 12.9 130 40 10 0.83 0.220  -  -  - 

NS-ND-160 15.3 160 40 10 0.80 0.191  -  -  - 

NS-ND-180 16.7 180 40 10 0.77 0.175  -  -  - 

S-ND-130 12.9 130 40 10 0.83 0.220  -  -  - 

S-ND-160 15.3 160 40 10 0.80 0.191  -  -  - 

S-ND-180 16.7 180 40 10 0.77 0.175  -  -  - 

S-D1-130 12.9 130 40 10 0.83 0.220 12 200 12 

S-D2-130 12.9 130 40 10 0.83 0.220 24 200 24 

S-D3-130 12.9 130 40 10 0.83 0.220 24 200 24 

S-D4-130 12.9 130 40 10 0.83 0.220 100 200 12 

S-D1-160 15.3 160 40 10 0.80 0.191 12 200 12 

S-D2-160 15.3 160 40 10 0.80 0.191 24 200 24 

S-D3-160 15.3 160 40 10 0.80 0.191 24 200 24 

S-D4-160 15.3 160 40 10 0.80 0.191 100 200 12 

S-D1-180 16.7 180 40 10 0.77 0.175 12 200 12 

S-D2-180 16.7 180 40 10 0.77 0.175 24 200 24 

S-D3-180 16.7 180 40 10 0.77 0.175 24 200 24 

S-D4-180 16.7 180 40 10 0.77 0.175 100 200 12 

NS-D1-130 12.9 130 40 10 0.83 0.220 12 200 12 

NS-D1-160 15.3 160 40 10 0.80 0.191 12 200 12 

NS-D1-180 16.7 180 40 10 0.77 0.175 12 200 12 

NS-D2-130 12.9 130 40 10 0.83 0.220 24 200 24 

NS-D2-160 15.3 160 40 10 0.80 0.191 24 200 24 

NS-D2-180 16.7 180 40 10 0.77 0.175 24 200 24 

NS-D3-130 12.9 130 40 10 0.83 0.220 24 200 24 

NS-D3-160 15.3 160 40 10 0.80 0.191 24 200 24 

NS-D3-180 16.7 180 40 10 0.77 0.175 24 200 24 

NS-D4-130 12.9 130 40 10 0.83 0.220 100 200 12 

NS-D4-160 15.3 160 40 10 0.80 0.191 100 200 12 

NS-D4-180 16.7 180 40 10 0.77 0.175 100 200 12 

NS-D1-130-Bed 12.9 130 40 10 0.83 0.220 12 200 12 
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 672 

 673 

 674 

 675 

 676 

 677 

NS-D2-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24 

NS-D3-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24 

NS-D4-130-Bed 12.9 130 40 10 0.83 0.220 100 200 12 

S-D1-130-Bed 12.9 130 40 10 0.83 0.220 12 200 12 

S-D2-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24 

S-D3-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24 

S-D4-130-Bed 12.9 130 40 10 0.83 0.220 100 200 12 

NS-D1-160-Bed 15.3 160 40 10 0.80 0.191 12 200 12 

NS-D2-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24 

NS-D3-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24 

NS-D4-160-Bed 15.3 160 40 10 0.80 0.191 100 200 12 

S-D1-160-Bed 15.3 160 40 10 0.80 0.191 12 200 12 

S-D2-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24 

S-D3-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24 

S-D4-160-Bed 15.3 160 40 10 0.80 0.191 100 200 12 

NS-D1-180-Bed 16.7 180 40 10 0.77 0.175 12 200 12 

NS-D2-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24 

NS-D3-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24 

NS-D4-180-Bed 16.7 180 40 10 0.77 0.175 100 200 12 

S-D1-180-Bed 16.7 180 40 10 0.77 0.175 12 200 12 

S-D2-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24 

S-D3-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24 

S-D4-180-Bed 16.7 180 40 10 0.77 0.175 100 200 12 
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 680 

Table 2. Effects of slot and debris on the variations of the maximum scour depth* 681 

Reference Slot location Debris 
Maximum change 

in dsm (%) 

Chiew (1992) NB ND -20 

Chiew (1992) NW ND -30 

Kumar et al. (1999) FD ND -30 

Heidarpour (2002)  NW ND -18 

Grimaldi et al. (2009b) FD ND -30 

Melville and Dongol (1992) NS NW +49 

Pagliara and Carnacina (2011)  NS NW +195 

Pasokhi-Dargah et al. (2018)  NS NW +42 

Ebrahimi et al. (2018) NS NW +33 

Ebrahimi et al. (2018) NS NB -12 to +7 

Cantero-Chinchilla et al. (2018)  NS NW +75 

present study FD ND -39 

present study FD NW -32 to +11 

present study FD NB -55 to +23 

*NB: near the bed, NW: near the water surface, FD: full depth, NS: no-slot, ND: no debris, 682 
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Figure legends 700 

Fig. 1. a) schematic view of the experimental flume (Not to scale), b) slot and debris position, c) 701 

a photo of the pier and debris located on the bed, and d) different debris types used in the 702 

experiments 703 

Fig. 2. Variations of the dimensionless maximum scour depth for slotted and non-slotted piers 704 

and different debris conditions (Fr=0.22) 705 

Fig. 3. Variations of the dimensionless maximum scour depth (dsm/D) against Froude number 706 

(Fr) in different tests: a) ND, b) D1, c) D2, d) D3, e) D4, f) D1-Bed, g) D2-Bed,  h) D3-Bed, and 707 

i) D4-Bed. 708 

Fig. 4. Variations of the maximum scour depth in the slotted or debris loaded piers compared to 709 

that of the control test 710 

Fig. 5. Schematic view of flow around different debris types at different positions: a) cylindrical, 711 

b)inverse pyramid, c) rectangular debris located just below the free water surface, d) cylindrical, 712 

e) inverse pyramid, and f) rectangular debris located above the bed (Note: the velocity vectors 713 

shown in the figure are hypothesised and not observed) 714 

Fig. 6. Variations of the dimensionless scour depth against dimensionless debris area for the tests 715 

with debris located near the water surface, non-slotted pier: a) Fr=0.22, b) Fr=0.19, and c) 716 

Fr=0.17,and slotted pier: d) Fr=0.22, e) Fr=0.19, and f) Fr=0.17 717 

Fig. 7. Variations of the dimensionless scour depth against dimensionless debris area for the tests 718 

with debris located near the channel bed, non-slotted pier: a) Fr=0.22, b) Fr=0.19, and c) 719 

Fr=0.17,and slotted pier: d) Fr=0.22, e) Fr=0.19, and f) Fr=0.17 720 

Fig. 8. Variations of the maximum scour depth in the slotted or debris loaded piers compared to 721 

that of the slotted pier without debris 722 

Fig. 9. Contour plots of scour depth around the pier in different tests, a) NS-ND-Fr3, b) NS-D2-723 

Fr3, c) S-D2-Fr3, and d) S-D2-Fr3-Bed 724 

Fig. 10. Contour plots of scour depth around the pier in different tests, a) S-D3-Fr3, b) S-D3-Fr3-725 

Bed, c) S-D4-Fr3, and d) S-D4-Fr3-Bed 726 


