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Abstract


The depths and areas of the scour holes around spur dikes are the most concerning issues regarding spur dike design. In this study, using a moving bed experiment, the influence of traditional rock-fill spur dikes and new permeable spur dikes with different permeabilities on riverbed scour under unsteady flow was studied, and the spatial characteristics of scour holes at dike heads were analyzed. The results show that with increases in the permeability coefficient of the spur dike, the depth and area of the scour hole at the dike head gradually decreases; however, when the permeability coefficient is more than 17.6%, the depth and area of the scour hole downstream of the dike body increases with an increase in the permeability coefficient. According to comprehensive evaluation, when the water permeability is 17.6%, the stability of the spur dike is at its best. The maximum depth of the scour hole at the dike head is affected by factors such as the spur dike permeability coefficient, effective scouring time, and width bottom protection structure. On this basis, a new formula for calculating the maximum depth of the scour hole at a dike head is proposed. These research results will be beneficial to the reliability of spur dikes and the sustainability of navigation channels.
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1. Introduction


A spur dike is a hydraulic structure which is widely used to redirect the flow of water and protect river banks from flow scouring. After a spur dike is arranged in a channel, the original flow characteristics and sediment movement of the channel change, resulting in severe scouring of the riverbed around the dike head. The geometrical characteristics of the scour hole at a dike head are important factors affecting the stability of spur dike structure and navigational safety. From the perspective of science and engineering, it is of great significance to reduce riverbed scouring around spur dikes to maintain the reliability of spur dikes and the sustainability of navigation channels.



Scour occurs due to the erosive action of flowing water [1] and is the main cause of structural failures in spur dikes [2]. The scour depth of a spur dike mainly depends on the length of the spur dike, flow parameters, and sediment characteristics [3,4,5]. Haghnazar et al. [6] and Fazli et al. [7] believe that the discharge and the geometry of spur dikes were important factors affecting channel scour. Increasing the Froude number, the slope of a spur dike, or the length of a spur dike would lead to an increase in the maximum scour depth and scour hole size. Kuhnle et al. [8] showed that the scour amount and the geometry of scour holes around spur dikes are related to the submergence rate of spur dikes. Masjedi et al. [9] studied the influence of time on the local scour of spur dikes under different flow intensities. The research results showed that scour intensifies with increases in flow intensity, and that maximum scour depth highly depends on the test duration. Nasrollahi et al. [10] studied the local scour of spur dikes using physical model tests and found that the scour hole characteristics of spur dikes are related to Froude number, spur dike permeability, the ratio of water depth to dike length, and the ratio of river channel width to dike length.



The permeability of spur dikes is a very important feature for protecting the riverbed from scouring [11]. Zhou et al. [12] and Osman and Saeed [13] studied the flow structure and scouring characteristics of permeable spur dikes and found that, compared with impermeable spur dikes, permeable spur dikes can avoid excessive scouring of the main river channel, reduce the local scouring depth near the spur dikes, and allow for greater safety. Elawady et al. [14] and Nath and Misra [15] studied the influence of spur dike permeability on the depth, width, and length of scour holes around spur dikes. The results showed that the depth, width, and length of scour holes all increase with decreases in permeability. Li and Altinakar [16] studied the impact of permeable hydraulic gate spur dikes on channel scour using a movable bed physical model and measured the maximum scour depth at the head of spur dikes. The test showed that when the relative length of spur dikes was 0.2 and the permeability ratio was 30%, the best efficiency for reducing the scour depth at the head of the dike could be obtained.



According to previous research results, the maximum scour depths of spur dikes depend on several factors, such as riverbed sediment, flow conditions, spur dike geometry, scour time, and spur dike permeability. Many researchers have determined the role of these parameters through field observation, laboratory experiments, and numerical simulation [1,17,18]. Different scholars have obtained different calculation formulas for scour hole depth from their own perspectives. In an early study [19,20,21] into spur dike scour depth calculation formulae, only the influence of incoming flow conditions was considered. Koshla established a formula for spur dike scour depth calculation that includes flow velocity, unit flow, Froude number, and water depth [22]. With the deepening of research, most scholars consider the influences of inflow conditions, riverbed sediment, and spur dike size, such as the formula proposed by Gill,      h s     h 0       = 8.375     (     d  50      h 0     )    0.25     (  B   B   −   L    )    6 7    − 1   [23], in research on the scour depth of a riverbed composed of a natural granular sand mixture. Some researchers [24] believe that the scour hole depth is related to the competent velocity of sediment. Only when the flow velocity near the spur dike exceeds the competent velocity will scour holes appear. Based on this, the scour depth should be related to the current difference between approach velocity and competent velocity, such as in the formula proposed by Ying:      h s     H 0       = α   1     (     u  max        −   u   c        gH  0       )     α 2      (    b 0     H 0    )    α 3      [25]. Some researchers believe that the duration of the scouring process is an additional parameter for the formation of scour holes, which is very important for the design of spur dikes. This is considered in the formula proposed by Pandy:      d  st      R L     = 0.02     (   F  sm    )    1.68     (  l   d  50     )   0.28    ( log   T )    [26]. Kothyari et al. [27] found that erosion rate mainly depends on the difference between the starting point of the total bed shear stress and the critical bed shear stress and proposed a new method to calculate the temporal variation in erosion depth around the breakwater in non-viscous sediments. Recently, artificial intelligence techniques have been used to predict scour depth. Sign et al. [28], in conjunction with experimental studies, considered a new form of multi-level integrated machine learning (ML) to determine the critical shear stress (CSS) of gravel particles in clay–silt–gravel, clay–silt–gravel, and clay–sand–gravel viscous mixtures. Pandey et al. [29] developed three novel machine learning techniques, including a gradient boosting decision tree (GBDT), a cascading forward neural network (CFNN) and kernel ridge regression (KRR), to accurately predict scour depth in the spur dike zones.



The above research [19,20,21,22,23,24,25,26,27,28,29] mainly focuses on the formation mechanism of scour holes at spur dike heads under constant flow. The calculation formula for scour hole depth is mainly applicable to impermeable spur dikes and does not consider the influence of spur dike permeability and bottom protection structure. Spur dike design should not only meet the regulation function of the waterway, but also take into account ecological restoration. Therefore, the influence of permeability on the depth of dike head scour holes needs to be studied emphatically. Based on the overflow weir engineering structure curve of hydraulic engineering, a new type of permeable spur dike structure was designed. Through movable bed tests, the sediment scouring characteristics of existing rock-fill spur dikes and new permeable spur dikes with different permeabilities were studied, the morphological characteristics of the scour holes at dike heads were analyzed, and a formula for calculating the maximum depth of scour holes was proposed.




2. Materials and Methods


The experiment was carried out in a rectangular concrete flume, which was 30 m long and 3 m wide. Natural quartz sand configured according to a natural granular composition with a d50 of 0.15 mm was selected as the model sand. Sand with a length of 15 m and a thickness of 0.3 m was laid in the test observation section. The experiment site and layout are shown in Figure 1.



The experiment used rock-fill spur dike as a comparison group to study the influence of the permeability capacity of spur dikes on the channel scour; therefore, the experimental flow discharge process and the length of spur dikes were fixed, and the inclination of the spur dike with the flow direction remained unchanged at 90°. In the test observation, the position of the dike axis was taken as the observation origin and the flow direction was in the positive direction.



2.1. Rock-Fill Spur Dike Model Design


The model spur dike was developed according to the design parameters of the spur dike in the Changjiang River. The average height of the prototype spur dike was 6 m, the top width was 3 m, the upstream slope was 1:1.5, the downstream slope was 1:2, and the longitudinal slope of dike head was 1:3, as shown in Figure 2. The experimental model was designed as a normal one, the width of the flume was 3 m, and the maximum flow discharge was 0.2 m3/s; therefore, according to the experimental conditions, the geometric scale λL was identified as 40. The scale and intensity of the vortex around the dike head were mainly affected by the structure of the dike head; therefore, it was necessary to ensure the model dike head was similar to the prototype. Due to the limitations of geometric scale, the model spur dike could only simulate a portion of the length of some spur dikes with long lengths; however, if the river width compression ratio of the prototype and model was identical, the flow pattern and sediment movement affected by the length of the spur dike could be similar [30,31,32]. The compression ratio μ calculation formula is shown as follows:


     μ = L / B = L   1     / B   1   



(1)




where L is the spur dike length; B is the river width; L1 is the model spur dike length; and B1 is the flume width.



According to the compression ratio range in the Changjiang River remediation project, μ was determined to be 0.3; hence, the model spur dike body length was determined to be 90 cm. The structure of model spur dike is shown in Figure 3.



The common spur dike in the Changjiang River is a rock-fill spur dike. According to the geometric scale, the diameter of the natural graded gravel constituted the model spur dike was 1–2 cm.




2.2. New Permeable Spur Dike Model Design


The overflow surface in the water conservancy project was used to smooth the water flow and reduce cavitation damage; therefore, the curve of spur dikes was designed by referring to the structure of the overflow surface. The downstream slope curve of the spur dike consisted of the top curve section (OA), the middle straight-line section (AB), and the tail arc section (BC), while the upstream slope curve of the spur dike consisted of the top curve section (OD) and the tail arc section (DE). The top curve segment was further optimized based on the WES curve. The upstream slope and downstream slope were 1:1.3 and 1:3.5, respectively. The curve of spur dike body is shown in Figure 4. The longitudinal section of the new spur dike is as shown in Figure 5.



To avoid affecting the waterway regulation effect, permeable spur dikes are an effective measure to protect and restore the river ecology. Maintaining a proper permeability coefficient for the dike body can effectively alleviate strong disturbance of the water around the spur dike and reduce the adverse impact on the river ecology [33]; therefore, the dike body was designed to be permeable, composed of permeable members. In order to determine the optimal permeability coefficient, five types of dike body members with different permeability coefficients were designed. The permeability coefficient α was calculated as follow:


   α =     S 1   S     ×   100 %   



(2)




where S1 is the projected area of the water permeable hole and S is the projected area of the impermeable dike body.



The longitudinal sections of the permeable members are shown in Figure 6.



The entire permeable spur dike body was formed of the dike head, dike body, and dike root, and the total length was 1.35 m, which was the same as that of the rock-fill spur dike. The stereogram of a spur dike with a permeability coefficient of 34.3% is shown in Figure 7.



The bottom of the new spur dike was composed of a geomembrane layer, a mortar block stone layer, a stone throwing layer, and a crushed stone layer, from the bottom upwards. In the experimental model, the bottom elevation of the dike was the same as that of the moving bed surface, and the bottom protection range stretched beyond the dike by 15 cm.




2.3. Flow Process Design


The average annual daily flow in the Hankou section of the middle reaches of the Changjiang river was used as the experimental flow process. Since the joint operation on the Three Gorges cascade reservoir on the Changjiang River in 2010, the maximum flow discharge in the Hankou station has been 64,904 m3/s, and the average flow velocity of the section during the peak period has been 2 m/s. In order to reduce the influence of the time scale distortion of the model, steady flow and unsteady flow were combined to carry out the cascade generalization of the flow process. The slope of the unsteady flow stage of the generalized flow process was the same as that of the prototype, and the total generalized flow volume was the same as the total natural flow volume. A comparison of the generalized flow process with the natural flow process is shown in Figure 8.



The correlation between the generalized process and the natural process was 0.99. The experimental flow discharge was designed according to the “flow zone method.” The reason for selecting the “flow zone” (fluid within a certain width and a certain depth around the spur dike) was to cover the range of water momentum exchange that may be generated during the scour process. The width of the flume was 3 m, the maximum range of the pump was 200 L/s, and the maximum water depth of the model test was 22.5 cm. According to the geometric scale, the area of the prototype river strip was calculated to be 1080 m2. According to the flow discharge and the average flow velocity of the section of Hankou station in the peak flood period, the area of the section was calculated to be 32,452 m2. As such, the area of the strip selected in the experiment was 1/30 of the entire cross-sectional area. Based on the maximum value of the generalized flow process and the flow discharge scale      λ Q     = λ   L      5 / 2     , the maximum flow discharge of the model was calculated to be 0.197 m3/s. The duration of the flow process simulated a natural hydrological year cycle, and the time scale was selected according to the resistance similarity    λ T     = λ   L    2   . The duration of model flow process was calculated to be 328 min. The model flow process is shown in Figure 9.



The experiment water flow was controlled by an automatic feedback device, and the energy was dissipated through two energy dissipation nets to make the water flow stable. Furthermore, the Froude number of the flow varied between 0.094 and 0.23.




2.4. Flow Velocity and Topographic Measuring Equipment


During the experiments, the flow velocity was collected using a Nortek ADV (Vectrino+) equipped with a side-looking head. Along the direction of water depth, the measurements were carried out at 0.2 h, 0.6 h, and 0.8 h, and the average value was calculated as the average velocity of the cross section. For every experiment, the velocity range was set to 1.0 m/s, the sampling rate was maintained at 100 Hz, and the data accuracy was realized at 0.001 m/s. The data accuracy was positively correlated with the signal correlation coefficient (COR) and the signal-to-noise ratio (SNR). The COR and SNR of the measured data were greater than 90% and 18 dB, respectively; thus, the velocity measurement data were proved to be true and reliable. The ADV was used to measure the flow velocity at the dike head and in the mainstream area. The arrangement of flow measurement points is shown in Figure 10.



A high-speed laser scanner (hydraulic physical model topography automatic measurement system of Southwest China Institute of Science) was used to collect the topographic data, and the scanning accuracy was 1 mm. Before the experiment begins, the riverbed was kept flat and the topographic data was measured. Then the water in the flume was accumulated slowly to the intended depth. The model flow process was released through the automatic flow feedback device to conduct the scour experiment. After the experiment, the water was drained slowly, and once the riverbed had dried up, the topography of the test section was measured. The topographic changes in the channel were obtained by subtracting the pre-experimental topographic data from the topographic data after the experiment. In order to ensure the accuracy of the data, the elevation of the topographic surveying instrument remained unchanged. The topographic surveying instrument is shown in Figure 11.





3. Results


3.1. Analysis of Channel Scour Characteristics


In order to verify the role of new permeable spur dikes in reducing channel scour compared with traditional spur dikes, the sediment scour characteristics of traditional spur dikes and new spur dikes with different permeabilities were studied. The traditional rock-fill spur dike has a certain impact on the channel riverbed after experiencing a hydrological annual flow process. The channel topography is shown in the Figure 12. Taking the flow direction as the positive X axis, the spur dike axis is 0 point, the upstream is positive, and the downstream is negative. The distance shown in the figure is converted back to the prototype according to the geometric scale.



It can be seen from Figure 12 that the influence of spur dike on channel topography was mainly concentrated within 40 m upstream and 160 m downstream of the spur dike; therefore, the section of the channel beyond 160 m downstream of spur dike, which experienced little topographic change, can be ignored. The local topographic maps of the channels around the new structure rock-fill spur dike and the spur dikes with different permeabilities are shown in Figure 13.



It can be seen from Figure 12 and Figure 13 that the local scour around spur dikes was concentrated in front and downstream of the dike head. The scour depth at the front of the dike head was generally smaller than that downstream of the dike head. The effects of traditional rock-fill spur dike and new structure rock-fill spur dike on scour holes at dike head were basically the same. The two scour holes at the front and downstream of the dike head were combined into a whole, forming a huge scour hole. The scour hole depth of the traditional rock-fill spur dike was nearly 6 m, and the scour hole depth of new structure rock-fill spur dike was nearly 5 m. In addition, the sediment was deposited at the downstream of the scour hole and formed a ridge about 100 m long and 10 m wide, with the highest ridge reaching 3 m.



The depth of the scour hole at the front of permeable spur dike head was generally less than that i downstream of dike head, and sediment deposition occurred at the outer edge of the scour hole and some distance downstream. The maximum depth of the scour hole in downstream of the permeable spur dike head was about 3 m, and the depth of the scour hole at the front of the dike head was about 1.5 m. The length and thickness of sediment deposition at the edge of the scour hole at the downstream of the dike head decreased with increases in the permeability coefficient. When the permeability coefficient was 34.3%, the sedimentation height downstream of the dike was only 0.5 m.



Because the channel scour laws of traditional rock-fill spur dikes and new structure rock-fill spur dikes were basically the same, the new structure rock-fill spur dike was taken as the control group to study the influence of spur dike permeability on the local scour of spur dikes. With the outer edge of scour hole as the boundary, the scour ranges of new structure rock-fill spur dike and spur dikes with different permeability coefficients were drawn, as shown in the Figure 14.



The following results can be obtained from the Figure 14:




	(1)

	
The scouring area around the rock-fill spur dike was much larger than that around the permeable spur dike, because the rock-fill spur dike was composed of rubble, and the permeability coefficient was much smaller than that of the permeable spur dike, resulting in a greatly reduced cross-section of the channel. The flow was concentrated at the front and downstream of the dike head, greatly increasing the flow velocity here, and intensifying the scouring.




	(2)

	
The two scour holes formed at the front and downstream of the permeable spur dike head are independent, and the two scour holes of spur dikes with different permeabilities had scouring in the same location. The area of the scour hole of the permeable spur dike was much smaller than that of the rock-fill spur dike.




	(3)

	
The scour holes occurred downstream of the dike body when the permeability coefficients of spur dikes were 23.2%, 28.8%, and 34.3%. The reason for this was that with an increase in the permeability coefficient, the current through the permeable holes increases, which leads to an increase in the flow velocity downstream of the dike body, intensifying the scour downstream of the dike body and forming scour holes.




	(4)

	
The scour areas around the new structure rock-fill spur dike, the spur dike with a permeability coefficient of α = 11.8%, the spur dike for which α = 17.6%, the spur dike for which α = 23.2%, the spur dike for which α = 28.8%, and the spur dike for which α = 34.3% were 5528 m2, 1457.75 m2, 895.7 m2, 1466.9 m2, 1309.5 m2, and 1618.1 m2, respectively. With an increase in the permeability coefficient, the scour area at the front and downstream of the dike head decreased gradually. However, when the permeability coefficient was greater than 17.6%, the scour area downstream of the dike body increased with an increase in the permeability coefficient. Therefore, the total scour area around the spur dike decreases first and then increases with an increase in the permeability coefficient. When the permeability coefficient was 17.6%, the total scour area was the smallest.










3.2. Analysis of Spatial Characteristics of Scour Holes


The huge scour hole downstream of the dike head is the main factor that results in spur dike instability. Therefore, it is of great engineering significance to study the spatial characteristics of the scour hole downstream of the dike head. The depth and slope of the scour hole are important morphological parameters. The lateral elevation and the longitudinal elevation of scour holes can reflect the influence of the spur dike on the depth and slope of scour holes. The cross-section (X = −30, Y = 59), where the scour hole depth is at the maximum, was taken as the characteristic cross-section, and the lateral elevation and longitudinal elevation near the spur dike were analyzed. The lateral elevation map took the dike axis as the zero point; thus, the upstream direction was positive, the downstream direction was negative, and the longitudinal elevation map took the dike root as the zero point, as shown in Figure 15 and Figure 16.



By combining Figure 15 and Figure 16, it can be determined that that the positions of the scour holes associated with permeable spur dikes were further away from the dike body than those associated with the rock-fill spur dikes, due to the bottom protection structure. Although the permeability coefficients of these permeable spur dikes were different, the locations of the scour holes were basically identical, which shows that the location of scour hole is independent from the permeability coefficient.



The maximum depths of scour holes at the head of traditional and new structure rock-fill spur dike were 6.02 m and 4.98 m, respectively, and the scour hole of the new structure rock-fill spur dike was smaller than that of the traditional one, which indicates that the curve of new structure spur dikes slows down water scouring. The depths of scour holes in permeable spur dikes were obviously less than those in rock-fill spur dikes, and the maximum depths of scour holes at the head of spur dikes with different permeability coefficients were 3.78 m, 3.52 m, 3.51 m, 3.43 m, and 3.27 m respectively. The maximum depth of scour holes at the dike heads decreased with an increase in the permeability coefficient of spur dikes, but the maximum depth of scour holes was basically around 3.5 m.



The slope of a scour hole can be simplified as the slope of the section at the location of scour hole in the lateral elevation map and the longitudinal elevation map. Through calculation, the slopes on the lateral and longitudinal axes of all scour holes were basically the same, indicating that the slopes of scour holes are almost the same. This is because the formation of a scour hole slope is mainly related to the sediment repose angle [34], so the slopes of scour holes are basically the same when using the same experimental sand.



This study showed that the area and volume of the main scour hole can be predicted according to the maximum scour depth by ignoring the small-depth scour around the main scour hole [35]. The volume of the scour hole is positively correlated with the product of the scour hole area and the maximum scour depth; that is, V ~ S × hmax [36]. There is a positive correlation between the scour hole area and the square of the maximum depth of the scour hole [37], and the ratio of the volume of scour to the cube of the maximum scour depth was found to be well represented by a constant value [38]. The model sand used throughout this experiment was the same, and the shape and slope of all scour holes were similar, so the volume of scour holes is directly related to the maximum depth.




3.3. Analysis of Maximum Depth of Scour Holes


The depth of the scour hole at the dike head is an important factor in studying the influence of the spur dike on channel scour. According to the previous summary and experiment analysis, the scour hole depth at the dike head is related to the current conditions, sediment characteristics, spur dike structure characteristics, and the scour duration of the current experiment. The sediment used in this test was not changed, so the influence of sediment particle size and unit weight were not considered. Only the permeability coefficient changed with regard to the structural characteristics of spur dike, so the permeability coefficient α is considered to be the influencing factor of the spur dike structure.



The velocity in the mainstream zone of the channel can reflect the influence of spur dike permeability on the velocity. Through analysis, it was found that the velocity in the mainstream zone of the channel decreased with an increase in permeability. When the spur dike was just unsubmerged (Q = 59.5 L/s) and when the spur dike was submerged for 5 cm (Q = 156.5 L/s), the law of the maximum velocity in the mainstream zone of the channel changing with the permeability coefficient of the spur dike was analyzed. The maximum flow velocity varied with the permeability coefficient, as shown in Figure 17.



It can be seen from the figure that the maximum velocity in the mainstream area decreases with an increase in the permeability coefficient, regardless of whether the spur dike is submerged or not. This is because the dike body is permeable, which reduces the water compression ratio, and some of the water flows into the downstream through the permeable hole, reducing the flow in the mainstream zone, so that the flow velocity in the mainstream zone is decreased.



In order to quantify the relationship between the maximum velocity in the mainstream zone and the spur dike permeability coefficient α, the maximum velocity under spur dikes with different permeability coefficient uαmax and the maximum velocity under rock-fill spur dike u0max were compared to obtain the relative maximum velocity uαmax/u0max. The relationship between the relative maximum velocity and the spur dike permeability coefficient is shown in Figure 18.



In this experiment, it was found that when the permeability coefficient of a spur dike was 34.3%, deep scour holes appeared downstream of the dike body, which affects its structural stability. Some scholars have found that the permeable coefficient of a spur dike is generally not any higher than 40%, according to actual engineering and physical model tests run on permeable pile dams [33]. According to the experimental results and previous studies, it can be deduced that when the permeability coefficient of a spur dike is higher than 40%, the spur dike will lose its channel regulation function and the practical significance of building a spur dike will be nullified. Therefore, the permeability of the new permeable groin was set as 0 < α < 40%. The relationship between the maximum velocity in the mainstream zone and the permeability coefficient of the spur dike is as follows:


   u   α max         = u     0 max       ( 1 − α )    0.6     ( 0 < α < 40 % )  



(3)







To verify the accuracy of the formula, the calculated value of the relative maximum flow rate was compared with the test value. The dotted line in the Figure 19 is the 95% confidence interval of the data.



It can be seen in the figure that the calculated value is in good agreement with the test value, and the correlation coefficient of the fitting formula is 0.9, indicating that the maximum flow velocity decreases with increases in the permeable coefficient of the spur dike, regardless of whether the spur dike is submerged or not. There is a good quantitative relationship between the maximum velocity uαmax of the channel and the spur dike permeability coefficient, so the spur dike permeability can be reflected by the maximum velocity uαmax of the channel (basically the same as the dike head velocity).



Scouring will start only when the dike head flow velocity uαmax is greater than the sediment competent velocity uc, which is the critical condition for channel scouring. However, scour holes cannot be formed instantaneously; the formation of scour holes is the result of time accumulation. Therefore, the scour hole depth hs is related to the effective sediment scouring time t0. The water release in this test simulated a complete hydrological year process, and the water release time was t. During the experimental process, the flow velocity varied with the flow discharge, and the dike head flow velocity was measured in real time using ADV during the experiment. The total length of time during the experiment when the dike head velocity was greater than the sediment competent velocity is represented by the effective scouring time t0.



When the grain size of sediment D ≥ 1 mm, gravity is dominant, and the cohesive force can be ignored. When D ≤ 0.01 mm, the cohesive force is dominant, and the gravity can be ignored. When D ≈ 0.1 mm, the interaction between gravity and adhesive force must be considered [28]. The model sand used in this experiment was natural quartz sand for which D50 = 0.15 mm, so it was necessary to consider the gravity and cohesive force of the sediment. The calculation formulas which consider the cohesive force of sediment mainly include the Yuqing Sha formula, the Ruijin Zhang formula, the Guoren Dou formula, the Cunben Tang formula, and the Hongwu Zhang formula (Formulas (4)–(8), respectively).



Yuqing Sha formula:


   u c   = [ 0.267     (   δ D   )     1 / 4     + 6.67       ×   10   6     (  0.7  − e   )   4     (   δ D   )   2   ]   1 / 2     h   1 / 5         γ s   − γ   γ  gD    



(4)







Ruijin Zhang formula:


   u c   =     (   h D   )    0.14      ( 17.6     γ s   − γ   γ   D + 6.05       ×   10     − 7       10 + h     D  0.72     )    1 / 2     



(5)







Guoren Dou formula:


   u c   = 0.32   [  ln  (  11  h   K s     )   ]    (    γ s   − γ   γ   gD + 0.19       gh δ + ε   k   D  )    1 / 2     



(6)







Cunben Tang formula:


   u c   =   1     1 + m       (   h D   )   m     ( 3.2     γ s   − γ   γ   gD +     (     ρ s    ′     ρ   s 0      ′     )    10    C   ρ D    )    1 / 2     



(7)







Hongwu Zhang formula:


   u c   = 1.21     K   s    (  h D  )   0.2     [    γ s   − γ   γ   gD + 2.88     (     γ s   − γ   γ  g  )    0.44      (     γ ′     γ c    ′     )    6.6      v  1.11      D  0.67      + 0.000256     (     γ ′     γ c    ′     )    2.5      g ( h   0   + h ) δ     (   δ D   )    0.5    / D ]    0.5    



(8)







The calculation results and measured results of the various formulas are shown in Figure 20 [39].



It can be seen from Figure 20 that the calculation results of various formulas for sediment with a small particle size (D < 1 mm) are relatively close to the test data. By calculating the competent velocity uc of sediment, which in this test was 0.25 m/s, the effective scouring time t0 can be obtained.



According to the analysis in Section 3.2 above, the bottom protection structure will affect the scour hole depth hs at the dike head. The bottom protection structure was not laid for the rock-fill spur dike because the rock-fill spur dike is composed of blocks with different particle sizes, and the bottom of the dike can be seen as the bottom protection structure. The relative width of rock-fill spur dike bottom protection was considered to be one. The permeable spur dike is composed of permeable components, and the bottom protection structure was laid. The bottom protection structure beyond the spur dike range was B1, and the relative width of permeable spur dike bottom protection was 1 + B1/B.



Therefore, in this experiment, the depth of the scour hole at the dike head was affected by the velocity at the dike head uαmax, the sediment competent velocity uc, the bottom protection width B1, and the effective scour time t0. The calculation formula is:


   h s     = f ( g ,   h ,   u     α max       ,   u   c     ,   t   0   ,   t  ,      B   1   ,   B )   



(9)







After dimensionless processing:


     h s   h   = f (     t 0   t  ,    u   α max       − u   c      gh      ,   1 +     B 1   B  )  



(10)




where    h s    is the depth of scour holes; h is the depth of the water;      h s   h    is the relative maximum scouring depth; t0 is the effective scouring time; t is the whole flow process time;      t 0   t    is the proportion of effective scouring time; uc is the competent velocity of sediment; uαmax is the velocity at dike head;      u   α max       − u   c      gh       is the competent motion Fr of dike head sediment; B1 is the width of bottom protection; B is the width of spur dike; and    1 +     B 1   B    is the relative width of bottom protection structure.



The calculation formula of scour hole depth at dike head is obtained through nonlinear fitting:


     h s   h   = 1.06   (     t 0   t   )  0.11     (    u   α max       − u   c      gh     )    1 / 2       ( 1 +     B 1   B  )    − 1 / 3     



(11)







The depth of the scour hole at the dike head calculated using the above formula was compared with the experimental value, as shown in Figure 21. The dotted line in the figure is the 95% confidence interval of the data.



It can be seen from Figure 21 that the calculated value is in good agreement with the experimental value, and the correlation coefficient of the fitting formula is 0.93. According to the above analysis, the scour hole at the dike head is mainly related to the flow velocity at the dike head, the width of bottom protection structure, and the effective scouring time, while the dike head flow velocity is directly affected by the permeability of spur dike. Therefore, the stability of a riverbed and the reliability of a spur dike can be ensured by appropriately increasing the permeability coefficient of the spur dike and strengthening the bottom protection of the spur dike during the waterway regulation and maintenance of spur dikes.





4. Discussion


In this study, the variation laws of the scour areas and the scour depths of the riverbeds around spur dikes were obtained under different permeability coefficients. The test results and those of previous studies [12,13] show that the maximum scouring depth and scouring area at dike head scour holes decrease with increases in the permeability coefficient of the spur dike. This study found that the depth and area of scour holes downstream of the dike body increased with increases in the permeability coefficient of the spur dike. A previous study [12] only showed that the siltation downstream of permeable spur dikes was smaller than that of solid dike but did not quantify the relationship with water permeability. In this study, the scour of the dam head and downstream of the dam body were considered comprehensively, and the relationship between the overall scour area and the permeability was quantified. With an increase in the dike permeability coefficient, the overall scour area showed a trend of first increasing and then decreasing. When the dike permeability coefficient is 17.6%, the overall stability of the spur dike structure is the best.



There are many formulas for calculating the maximum depth of scour holes at the dike head, but most of them are analyzed based on such factors as bed sediment, flow conditions, and the geometric characteristics of the spur dike, and they are mostly analyzed based on solid spur dikes; the influence of the permeability coefficient of the spur dike on the maximum depth of scour holes at the dike head is rarely considered. This study mainly focused on the analysis of permeable spur dikes. Under the same flow discharge, the permeability coefficient directly affected the velocity at the dike head, thus affecting the sediment initiation. By quantifying the relationship between the dike head flow discharge and the velocity at the dike head, the effective scour time with different permeability coefficient was calculated under the same flow process, and then a formula considering the dike head permeability coefficient, effective scour time, and the maximum scour hole depth was established.



Since only the permeability coefficient of the spur dike was altered in this experiment, and the flow process was relatively simple. Factors such as sediment conditions, flow conditions, and the geometry of the spur dike were not taken into consideration. However, this experiment focused on permeable spur dikes, considering factors such as bottom protection structure and effective scouring time. A formula for calculating the maximum depth of scour holes at the head of a permeable spur dike has been put forward, which provides a reference for the design of permeable spur dikes. Subsequently, multi-factor variable experiments can be conducted to further obtain a more widely applicable calculation formula.




5. Conclusions


Movable bed experiments were conducted to study the effects of new permeable spur dikes and the rock-fill spur dike on channel scour, and the following conclusions were obtained:




	(1)

	
The maximum depth and area of scour holes at the head of the spur dike decrease with an increase in the spur dike permeability coefficient. When the permeability is greater than 17.6%, the depth and area of scour holes downstream of the dike body will increase. Overall, the structure is the most stable when the permeability coefficient of the spur dike is 17.6%.




	(2)

	
The maximum depth of the scour hole at the head of a permeable spur dike is mainly affected by the permeability coefficient of the spur dike, the width of the bottom protection structure, and the effective scouring time, among which the permeability coefficient of the spur dike is the most important factor.
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Figure 1. Experiment arrangement (unit: cm). 
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Figure 2. Example of spur dike engineering. 
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Figure 3. Sectional view of spur dike (unit: cm). 
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Figure 4. Curve of the spur dike body (unit: cm). 
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Figure 5. The longitudinal section of the new spur dike (unit: cm). 
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Figure 6. Longitudinal profile of permeable member: (a) a permeability coefficient of 34.3%, (b) a permeability coefficient of 28.8%, (c) a permeability coefficient of 23.2%, (d) a permeability coefficient of 17.6%, (e) a permeability coefficient of 11.8% (unit: cm). 
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Figure 7. Stereogram of a permeable spur dike. 
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Figure 8. Flow process comparison. 
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Figure 9. Model flow process. 
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Figure 10. Layout of velocity measuring points. 
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Figure 11. Topographic surveying instrument. 
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Figure 12. Channel topography map of the area around the traditional rock-fill spur dike. 
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Figure 13. Local scour topographic map of channel: (a) new structure rock-fill spur dike, (b) the spur dike for which α = 11.8%, (c) the spur dike for which α = 17.6%, (d) the spur dike for which α = 23.2%, (e) the spur dike for which α = 28.8%, (f) the spur dike for which α = 34.3%. 
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Figure 14. Scour range map. 
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Figure 15. Lateral elevation. 
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Figure 16. Longitudinal elevation. 






Figure 16. Longitudinal elevation.



[image: Sustainability 15 00570 g016]







[image: Sustainability 15 00570 g017] 





Figure 17. Diagram showing the relationship between the maximum flow velocity in the mainstream zone and the permeability coefficient of the spur dike. 
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Figure 18. Relation diagram of relative maximum velocity and spur dike permeability coefficient. 
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Figure 19. Comparison between calculated value and test value. 
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Figure 20. Comparison diagram of calculation results and measurement results of various formulas. 
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Figure 21. Comparison between calculated value and experimental value. 






Figure 21. Comparison between calculated value and experimental value.



[image: Sustainability 15 00570 g021]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file26.jpg





media/file8.jpg
90

135






media/file27.png
100 -
80 -
ER
S/
= 60 l
New structure rock-fill I
40 a=11.8% '
o aiT6% |
20 F—— a=232% dike
| —— a=28.8% | axis
— a=34.3% O |

0 ! ! | 1
-100 =80 —-60 40 20 0 20





media/file34.jpg
1.1

gy e,y

0.6

1.1

1.0

0.9

0.8

0.7





media/file13.png





media/file31.png
11.8%
17.6%
23.2%
28.8%

New structure rock-fill
o =34.3%

Traditional rock-fill

-_—a

—

a:

20

—4r—a

—6

60 80 100 120

Y/(m)

40





media/file39.png
== =Yuqing Sha = =« = Cunben Tang

'b . T Ruijin Zhang Hongwu Zhang .- °§9
~  100f-° = = = = Guoren Dou
2
O -
S~ N
~ -
O ™ »
~ o
10 A A lllllll A & ' lllllll A L lLlllll A L lllllll L A lllllll
0.001 0.01 0.1 1 10 100

d/mm





media/file12.jpg





media/file18.jpg
Flow direction

0sT e Teel

R

00€






media/file9.png
90

15

!

135






media/file14.jpg
1x10*

natural process
generalized process

0 30 60 90 120 150 180 210 240 270 300 330 360

T(d)





media/file35.png
1.1

1.0} ‘-
I! -
P “A
0.9 F e
08F 7
0.7F
0.6 1 1 1 1
0.6 0.7 0.8 0.9 1.0

1.1





media/file20.jpg
measuing biidge

Transverse
ariving displacement
plafom  horizontal coordinate X transducer.

=5

refaence
clevation H

=
w

bed surface measuring sensor

secton





media/file23.png
Y (m)

120 _77 -1.0 -1.0 -1.0- 7 -0.5— ! _()5 s 105
100 L . < —_— < e,
g0l _;_ _05_—_— 05, 5 -05 —
60 ; :f-——~mw_,05«::3*;:;i;5'-05:_'?Gtg;liii:
wp w0 o 05

Lo Y

O 1 s 1 . 1 . 1 " 1 N 1 N D)
-360 -320 -280 -240 -200 -160 -120
X (m)





media/file5.png
90 . 7.5

| 135 | | 60 |

(a) Longitudinal section diagram (b) Cross sectional diagram

R

(c) Planform





media/file36.jpg
Calculated value
© o o o o
h & 9 o ©

&
=

e
©

0.3

0.5 0.6 0.7
Experimental value

0.8

0.9






media/file15.png
7x10*

6x10}
5x10*
4><104_'
O 3x10%

2x10*

(m’/s)

1x10*

IIIIIIIIIIIIIIIIIIII

natural process
generalized process

........................

0 30 60 90 120 150 180 210 240 270 300 330 360
I'(d)






media/file19.png
300

50

75

35

e

~ Flow direction






media/file28.jpg
-140 -120 -100 80 -60_ 40 20 0 20 40






media/file2.jpg





media/file32.jpg
Uy (C/S)

100

90

80

70

60

50

40

30

= unsubmerged(Q=59.5 L/s)
A submerged (O=156.5 Lis)

A

20 30 40
a (%)





nav.xhtml


  sustainability-15-00570


  
    		
      sustainability-15-00570
    


  




  





media/file11.png
15

11

11.5






media/file6.jpg
15

m

19.5

52.5

ot

72

1|






media/file24.jpg
-
&=
| e

@ T

2, o

=
R ) St 003 0 3 0
For em
B i e il
® o 2 of w
o NG g\, = o G .
S H ([ E
o = b # 7 e [N
St a0-w @00 0 B 8 S0 @0 w0 0 B 0
$o) - Yo
W | [ o ™
_w — » T
£ o . £ o " . S
2 < S §i B
o B | i
= i .

Seo-1-120-100 30 0 0 20 0 2 0
X

[ e

e

pezsessresse

pbbbiiesisss





media/file29.png
Traditional rock-fill
New structure rock-fill

—— a=11.8%
— a=17.6%
— a=23.2%
— a=28.8%
- a=34.3%

-140 —-120 -100 —80

60 —40  —20
X/(m)

20

40






media/file1.png
energy

. dissipation dike axi
variable netwlz)rk flow direction SPUT 15 © axis
frequency —>V
drive computer WA :
A§||[|[|;l;|;ll T
1200 | 1500 1 300 |
T R
pumper
electromagnetic
flowmeter

N

| reservoir






media/file41.png
0.70 >

0.65 - . x
0.60 | s L
L I d
2055} +95% - 87 .
> -
D ,
-45 050 B Ve
B ool )
= 045 s g
O - W .
0.40 | e

035 -~ m”

0.30 7 1 . 1 . 1 . 1 . 1 . L . 1 .
0.30 035 040 045 050 055 0.60 0.65 0.70

Experimental value






media/file37.png
0.9 - .
0.8 - o

g P 7 iy 7~

Tg 07 — . 7/ ./

B W

=06 3" Fs

= Gl

2 _ s g -

S0.5F e
04 L %
0.3 # 1 | " 1 N 1 1 1

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Experimental value






media/file10.jpg





media/file7.png
52.5

15

t

72






media/file40.jpg
0.70

0.65 . o
0.60 S LI

o - -

S05s5f vosv - 8",
6]

Bosof

g

Zoast S

o
0.40

035

0.30 L " L s L L
030 035 040 045 050 055 0.60 0.65 0.70

Experimental value






media/file33.png
U, (cm/s)

100

60

40

30

90
80

70

50

®  unsubmerged(Q=59.5 L/s)
A  submerged (O=156.5L/s)

A

20 30 40





media/file16.jpg
QO (L/s)

200
160
120
80
40

0 27 54 81

108 135 162 189 216 243 270 297 324
T (min)





media/file38.jpg
===Yuging Sha = - = Cunben Tang
-~ Ruijin Zhang=—— Hongwu Zhang

Guoren Dou






media/file3.png





media/file22.jpg
¥(m)

1208

ol 3 e

Xm)






media/file17.png
O (L/s)

200
160}
120}
801
40(

................

0 27 54 81 108 135 162 189 216 243 270 297 324
T (min)






media/file4.jpg
£

e
N>/

(© Planform.





media/file30.jpg
——Traditional rock-fil
ew siructure rock-fll
18%
—a176%

—a343%

40 60 80 100 120
Yi(m)





media/file25.png
120

10
(a) - 2 2 |
100 E i -1.0
-1.0 o
80 o' 5 '
E 60 F 05
By .
40 £ =
] .o Spur -0.5
20 : -05 dike 05
0 '0"1 ‘ . 1 ‘ . area |[{§ 0.5
—-160—140—-120—-100 —80 —60 —40 —20 0 20 40
X (m)
120 05
(C) 05 -0.5
100 By 0.5
_I.O 0.0
80 F 0.0 -1.0
= 0.5 — -
N T N\ O
N -1.0
40
o 0.0
20§ o0 dike
0 . . . : : : area [|0.5 |
—-160—140—-120—-100 —80 —60 —40 —20 0 20 40
X (m)
120 05
(e) i 0.5 1.0
100 k
0.5
80F
= i - 1.0 =
B T
e 2.0
40 F
i o0 Sl spur 0.5
20§ dike 05
0 : : . : . . area . .
—-160—140—-120—-100 —80 —60 —40 —20 0 20 40
X (m)

| O EOT 5
IPIDD! &=

(IO 19 o |
N ot

Nt

SO
ououounon

oIV N VTATST UL Y

TR et

ShoinononenoinS NSNS

1
O

L L OO — MWL

ShohonhohononSNSNSNOW

IS = =1 =1 =1 =10

Y (m)

Y (m)

Y (m)

12
0 (b) 8 E.S
100 F - . -0.5
: 0.5
-1.0
2.0
& WO 2%
0.5
40 F
spur
20 e -0.5 dike [| 05
" 0.0 area || 05
-160—-140—120—100 —80 —60 —40 —20 0 20 40
X (m)
120 (d) e TR
100 F 0.0 06“5 0.0
0.0 ke
80 F 0.0 0.0 g '%
A 0.5 -1.0
60 o 25 0.5
) 1.2 0~
40 F
-1.0 spur
20F 50:5 dike
. area 05
-160—140-120-100 —-80 —60 —40 —20 0 20 40
X (m)
120 (f) -1.0 .0
100 £ P " 10
80 AL o -1.0 0.5
60k -1.0 =2 05
0.5 26
40k 0.0 ol
"_’?0 spur
20F ' dike
O 1 -0.‘5 1 1 1 110 area 1 1
-160—-140—-120—-100 —80 —60 —40 -20 0 20 40

X (m)

SO =N
OSNONONO W

0
I
|
2

-2.

e

1
ANNNEB B LLINN—— O . Fr s
SN NE NGO NOUNOULOWL

L |
¥, 1V, )

LSOO MWL
B e L 2 OUROUALAC LA

n

'
SOOI





media/file0.jpg
gy
dissipation

spur dike axis
network. i

varisble
frequency
drive  computer

flow direction

sanding section

1200 1500 L
pumper

Clectromagnetic
flowmeter






media/file21.png
Transverse

driving displacement
base level platform horizontal coordinate X transducer
. o < ™
| A measuring bridge 4 _—

. A l bed surface measuring sensor

reference

elevation H h2

L/ : . section






