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Abstract:



Paired impermeable or porous obstructions are used to create scour pool habitat. We investigated local scour pools created by paired porous obstructions using laboratory experiments. To examine the influence of porous obstructions on local scour depths and volumes, various densities in the porous obstructions, ratio of obstruction width to channel width and submergence ratio were evaluated. A local scour pool developed when the flow blockage (product of density in the porous obstructions and ratio of obstruction width to channel width) and the ratio of the obstruction width to channel width were ≥5.0 and ≥0.4, respectively. The depth of the scour pool increased with increasing flow blockage, while scour depth reduced as the submergence ratio increased. The scoured volume had a strong relationship with the scour depth around the porous obstructions. Results of the predictive equations were considered reliable for estimating the maximum scour depth and scoured volume around porous obstructions in clear-water conditions.
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1. Introduction


In the past, channels were straightened to prevent flooding but it caused the destruction of riverine ecosystems [1]. Recently, stream restoration works have been extensively conducted to return degraded ecosystem and natural functions [1,2]. One of the main objectives of these works is to create locally varied flow conditions, and promote scour pools and riffles. There are a lot of instream habitat structures such as deflectors, rock vanes, and spur dikes. A usual design of instream habitat structure is the use of flow deflectors, which are recognized as one of the best tools for habitat restoration techniques [3,4]. Deflectors provide various flow conditions by constricting and diverting the water, thereby enhancing ecosystem diversity. Consequently, local scour is developed around the deflector, so that scour pools are created. The scour pools are characterized by deep water depth and slow current. Gorman and Karr [5] observed that water depth and current velocity have a strong relationship with species and habitat diversity. The scour pools can offer favorable places for fishes because they can hold and feed during low flow conditions, and take refuge during high flow conditions [6]. In order to successfully plan, design, and construct restoration projects that provide a variety of flow conditions and favorable habitats for fishes, two parameters should be considered: (i) maximizing scour pool habitat and (ii) minimizing potential for bank scour [3,7].



There are many studies on size and location of scour pools caused by single deflectors and spur dikes in terms of orientation, height, and length. Thompson [8] conducted flume experiments on the effect of scour pools at low and high deflectors, and concluded that high deflectors have been proven much more useful to create scour pool habitat. Some previous research reported that the orientation of deflectors is associated with the volume of scour pools [3,7,9]. Maximum scour was observed at spur dikes oriented perpendicular to the flow [3]. The dikes oriented downstream caused less turbulence and local scour, and thus downstream orientation reduced scour pool volume and depth [9]. In addition, downstream orientation of dikes triggers the flow to be directed to banks, thereby requiring more protection on the banks. Rodrigue-Gervais et al. [4] examined the impact of submergence ratio (flow depth/deflector height) on scour holes around paired impermeable deflectors. When the submergence ratio increased, the depth and volume of scour holes decreased. Biron et al. [3] investigated characteristics of scour holes in terms of the angle, height, and length of paired impermeable deflectors which are installed on each bank of a channel. The deflectors oriented upstream and downstream resulted in 26%~30% and 5%~10% smaller scour depths than deflectors that were normal to the banks, respectively. The scoured volume and potential for bank erosion increased as the submergence ratio decreased.



Most studies have used impermeable single and paired structures, and have evaluated the orientation, height, and length of the deflectors, including the ratio of the length of the deflector to the channel width (i.e., the contraction ratio). Recently, to restore more natural streams, porous obstructions such as vegetation have been advocated for use, because they not only create scour holes but also improve water quality by removing contaminants [10]. Bennett et al. [1] conducted laboratory experiments in a flume using fine sands within a compound channel. Porous obstructions were placed alternately along the channel, affecting the flow and bed morphology. They observed that the channel response was significantly influenced by density of the porous obstructions and that the obstructions could be used to adjust the meander wavelengths and scour depth of pools in a straight channel. Kim et al. [11] showed that the depth of scour holes increases as the density and width of porous obstructions increase.



Studies using laboratory flumes have developed empirical or dimensionless equations to predict maximum scour depth and scour volume near impermeable structures [3,7]. Thompson [8] proposed functions for pool volume and depth around single impermeable structures. Rodrigue-Gervais et al. [4] obtained predictive equations for depth and volume of scour pools associated with paired structures. Kang et al. [12] investigated flow patterns around single spur dikes and permeability effects. Nepf [13] showed some results of flow characteristics around single porous structures and examined the effect of submergence ratio and density on flow fields and sediment transport. To our knowledge, scour pools and volume around paired porous structures for habitat restoration have not yet been investigated.



In this study, we investigated the influence of the density and contraction ratio of paired porous obstructions on the development of scour pools using laboratory experiments (Figure 1). Simple rectangular paired porous obstructions consisting of circular cylinders in a staggered array were used in a straight open channel, placed along both side walls. In the laboratory experiments, we varied the ratio of the obstruction width to the channel width and submergence along with various densities of porous obstructions under flow conditions below the threshold of sediment motion. Changes in the bed topography around the paired porous obstructions were observed and the impacts of the density, contraction ratio, and submergence ratio on the depth and volume of local scour pools were analyzed.


Figure 1. Schematic view of the flow and bed morphology around the paired obstructions.
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2. Experimental Setup


Laboratory experiments were conducted in a flume 10 m long (L), 0.4 m wide (W), and 0.4 m deep with Plexiglas side walls, and a recirculating flume in which sediment is not recirculated (Figure 2). The flow rate was controlled at a rate of 0.0032 m3/s by a manual valve. Initially, a low flow rate was used to saturate the sand bed and avoid scouring. A plastic mesh screen was installed to minimize water-surface oscillation and remove large-scale disturbances at the upstream entrance to the channel. The channel slope was set to 1/800. The water depth was measured at 0.05 m upstream from obstructions (x = 2.35 m). Based on flow depth at x = 2.35 m, the Froude number was from 0.26 to 0.49, which indicates that all experiment cases were carried out at a subcritical flow.


Figure 2. Experimental channel: (a) top view; (b) initial channel with porous obstructions in cross-section.
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The rectangular shape of paired obstructions was constructed using circular aluminum cylinders 5 mm in diameter (D) and bamboo sticks 2.5 mm in diameter (D) in a staggered array. In the flume, the porous obstructions were either emergent or submerged, to test both conditions (emergent: h/hp = 1.0, submerged: h/hp = 1.6, where h and hp are the water depth and height of the obstructions, respectively). The leading edges of the obstructions were positioned 2.4 m downstream of the channel entrance based on a previous experiment [3] and empirical equation [14] (Figure 2). In Daily and Harleman [14], the entrance length for fully developed flow can be estimated by empirical equation which is in the range of 50 to 100 water depth. In the experiment of Biron et al. [3], the obstructions were located 2.1 m downstream of the entrance. Thus, the entrance length in this experiment was adequate. To investigate the effect of the ratio of the obstruction width to the channel width, four obstruction widths (0.04, 0.08, 0.12, and 0.16 m) were considered, corresponding to ratios of the obstruction width to the channel width 2Wv/W of 0.2, 0.4, 0.6, and 0.8. Density in the porous obstruction was described by a frontal area per unit volume a (m−1). In this study, various densities in the porous obstructions were tested from 5.6 to 25.0 m−1. The experimental parameters for the obstructions are summarized in Table 1. Thus, the experiments for determining how the density of the porous obstructions, the ratio of obstruction width to channel width (2Wv/W), and submergence ratio (h/hp) affect scour pool dimensions were carried out. In addition, experiments on scour pools forming around paired impermeable obstructions were conducted to compare the development of scour pools around paired porous and impermeable obstructions.



Table 1. Experimental parameters.







	
Exp No.

	
Wv (m)

	
2Wv/W

	
D (m)

	
a (m−1)

	
hu (m)

	
h/hp

	
2aWv/W






	
1

	
0.04

	
0.2

	
-

	
-

	
-

	
1.0

	
-




	
2

	
0.04

	
0.2

	
0.005

	
25

	
0.030

	
1.0

	
5.0




	
3

	
0.08

	
0.4

	
-

	
-

	
-

	
1.0

	
-




	
4

	
0.08

	
0.4

	
0.005

	
25

	
0.035

	
1.0

	
10.0




	
5

	
0.08

	
0.4

	
0.0025

	
12.5

	
0.033

	
1.0

	
5.0




	
6

	
0.08

	
0.4

	
0.005

	
6.25

	
0.032

	
1.0

	
2.5




	
7

	
0.12

	
0.6

	
0.005

	
25

	
0.041

	
1.0

	
15.0




	
8

	
0.12

	
0.6

	
0.0025

	
22.2

	
0.036

	
1.0

	
13.3




	
9

	
0.12

	
0.6

	
0.0025

	
12.5

	
0.036

	
1.0

	
7.5




	
10

	
0.12

	
0.6

	
0.005

	
11.1

	
0.033

	
1.0

	
6.7




	
11

	
0.16

	
0.8

	
0.0025

	
5.6

	
0.035

	
1.0

	
3.4




	
12

	
0.16

	
0.8

	
0.005

	
25

	
0.045

	
1.0

	
20.0




	
13

	
0.16

	
0.8

	
0.0025

	
12.5

	
0.039

	
1.0

	
10.0




	
14

	
0.16

	
0.8

	
0.005

	
6.25

	
0.037

	
1.0

	
5.0




	
15

	
0.08

	
0.4

	
0.005

	
25

	
0.036

	
1.6

	
10.0




	
16

	
0.12

	
0.6

	
0.005

	
25

	
0.038

	
1.6

	
15.0




	
17

	
0.12

	
0.6

	
0.0025

	
12.5

	
0.036

	
1.6

	
7.5




	
18

	
0.12

	
0.6

	
0.005

	
11.1

	
0.034

	
1.6

	
6.7




	
19

	
0.12

	
0.6

	
0.0025

	
5.6

	
0.033

	
1.6

	
3.4




	
20

	
0.16

	
0.8

	
0.005

	
25

	
0.042

	
1.6

	
20.0




	
21

	
0.16

	
0.8

	
0.0025

	
12.5

	
0.037

	
1.6

	
10.0








Notes: Wv (m) and W (m) are an obstruction width and channel width, respectively; D (m) is diameters of the cylinder and bamboo stick; a (m−1) is the density in the porous obstruction; h/hp is the submergence ratio; hu (m) is water depth at 0.05 m upstream from the obstructions.








The flume was filled with a 20-cm layer of sediment with a median diameter of 0.76 mm. Before each case, the sand was smoothed with a rigid plastic board and the sediment beds in the porous obstructions were manually smoothed to set similar initial conditions for each case. The flow condition was below the threshold of sediment motion, such that there was no sediment transport upstream of the obstructions (τ*/τ*c = 0.88), where τ*c was obtained using Iwagaki’s formula [15]. Therefore, sediment transport was only induced by the porous obstructions. This indicates that recirculation of sediment is not required.



The experiments were conducted until maximum scour depth reached steady state. Preliminary 12-h tests for three cases (Exp No. 4, 5, 12) were carried out to determine the duration of experimental runs (Figure 3). The result showed that approximately 95% of the maximum scour depth (ds) normalized by scour depth value at the end of the runs (dse) was achieved at t/te = 0.7, where t is the time and te is the steady state time. Thus, the experiments lasted for a duration of 10-h, which is sufficient to develop scour depth around paired porous obstructions. The bed elevation was measured using a laser bed profiler (IL-065, Keyence, Corporation, Itasca, IL, USA) mounted on the flume. After each experiment, the flow was stopped and the water was allowed to drain slowly to avoid changes in bed topography. The bed elevation was measured every 5.0 and 0.3 cm in the longitudinal and lateral directions, respectively, except in and near the obstructions (2.3 m to 2.8 m downstream), where the measurement was conducted every 2.5 cm in the longitudinal direction. The scans were interpolated and plotted using Surfer 10.0 software (Golden Software, Golden, CO, USA). Changes in the bed topography were identified based on differences between the bed elevations before and after the experiment.


Figure 3. Evolution of scour depth with time using values normalized with equilibrium values.
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3. Results and Discussion


3.1. Changes in Bed Topography


Morphological responses to porous obstructions in an open channel are associated with density in the obstructions and the ratio of the obstruction width to the channel width. However, solid obstructions of the same size as porous obstructions result in different morphological behaviors. To investigate these differences in morphological changes between solid and porous obstructions, we first observed morphological behavior around solid obstructions.



Figure 4a shows changes in the bed topography around emergent solid obstructions with a width of 0.08 m and a length of 0.4 m. Significant local scour was observed in front of the solid obstructions, extending upstream and to the sides of the obstructions. Relatively little erosion took place between the solid obstructions and the sediment was deposited downstream of the obstructions. Changes in the bed topography was observed for various flow blockage, which is a parameter defined by the product of the density in the porous obstructions and the ratio of the obstruction width to channel width (2aWv/W), as shown in Figure 4. As in the experimental results, the scour and deposition patterns for the porous obstructions differed substantially from those observed for the solid obstructions. Local scouring near the leading edge of the obstructions was significantly weaker or not observed. When local scour was observed near the leading edge, scour also occurred inside the porous obstructions, because the flow penetrated through the obstructions. In addition, unlike the scour patterns for the solid objects, high local erosion was observed between or downstream of the obstructions, creating scour pools in the open channel. These results imply that the flow that diverted around the porous obstructions converges in the small region between the obstructions and that the flow velocity increased (Figure 4). For 2aWv/W = 2.5 (a = 6.25 m−1), a local scour pool did not develop between the porous obstructions, although some scour was observed near and within each obstruction, indicating that the effect of contraction was negligible. For 2aWv/W = 5.0 (a = 12.5 m−1), a local scour pool appeared between and downstream of the porous obstructions. For higher flow blockage (2aWv/W = 10.0), a local scour pool not only was observed, but also merged with the local scour at the leading edge of the obstructions induced by diversion of the flow and elevated turbulence. As the scour pool developed, its depth increased with increasing flow blockage. Based on analysis of the experimental results, a scour pool developed when the flow blockage 2aWv/W was approximately >5.0 because the flow accelerated through the contraction. A local scour pool did not develop when the ratio of the obstruction width to the channel width 2Wv/W was <0.4 because the flow induced by the obstructions was independent [16]. We found that the scoured region induced by acceleration of the flow moved further downstream as the flow blockage decreased. In addition, for same flow blockage, smaller scour depth was observed when the submergence ratio increased (Figure 4e,f). The scour depth was approximately 1.2 times greater for h/hp = 1.0 for 2aWv/W = 20.0.


Figure 4. Changes in bed topography. The solid lines are the porous obstructions and the flow is left to right. (a) Solid obstructions (Wv = 0.08 m, h/hp = 1.0); (b) Porous obstructions (2aWv/W = 2.5, h/hp = 1.0); (c) Porous obstructions (2aWv/W = 5.0, h/hp = 1.0); (d) Porous obstructions (2aWv/W = 10.0, h/hp = 1.0); (e) Porous obstructions (2aWv/W = 20.0, h/hp = 1.0); (f) Porous obstructions (2aWv/W = 20.0, h/hp = 1.6).
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3.2. Lateral Bed Variaion near the Porous Obstructions


Section 3.1 describes development of local scour pools between or downstream of porous obstructions, which can provide aquatic habitat. However, high local erosion may affect the stability of the porous obstructions. Therefore, to understand the influence of flow blockage on the local scour pools and stability of the porous obstructions, we observed local erosion around the obstructions.



Figure 5 compares the lateral bed profiles for various flow blockages and submergence ratio of porous obstructions at x = 2.55 m, near the middle of the porous obstructions. For 2aWv/W = 5.0 (a = 25 m−1, h/hp = 1.0), erosion was observed near the lateral edges of the obstructions, while the bed elevation remained unchanged near the center of the channel. These results imply that there is no effect of contraction, and thus local scouring occurred independently. Local scour pools formed between the obstructions and their depths increased with increasing flow blockage (Figure 5b–d). These results confirm that a scour pool is created between obstructions when the ratio of the width of the obstructions to the channel width is ≥0.4 and the flow blockage is ≥5.0. Localized scour was accompanied by an expansion of lateral erosion due to an excessive submerged angle of repose (Figure 5). Local scour between the obstructions results in a steep bed slope, so that the sediment particles slide down until the local bed slope becomes stable. The extent of lateral erosion increased with increasing flow blockage; particularly for 2aWv/W = 20.0 (a = 25 m−1, h/hp = 1.0), considerable lateral erosion was observed within the obstructions. Such extensive erosion within the obstructions may expose the structure of the foundation bed, causing instability in the obstructions and possible collapse of obstructions. Similar patterns of local scour between the obstructions for h/hp = 1.6 were observed, and the degree of scour was almost influenced by the flow blockage, indicating that local scour pools were created due to an increase in the bed shear stress resulting from acceleration of flow between obstructions. For 2aWv/W = 20.0 (a = 25 m−1, h/hp = 1.6), although the porous obstructions were submerged, lateral erosion was observed expanding into the obstructions. Thus, lateral erosion affecting the stability of the obstructions is strongly influenced by the ratio of the obstruction width to the channel width.


Figure 5. Lateral bed profiles at x = 2.55 m: (a) 2aWv/W = 5.0 (h/hp = 1.0; Exp No. 2); (b) 2aWv/W = 10.0 (h/hp = 1.0; Exp No. 4); (c) 2aWv/W = 15.0 (h/hp = 1.0; Exp No. 7); (d) 2aWv/W = 20.0 (h/hp = 1.0; Exp No. 12); (e) 2aWv/W = 15.0 (h/hp = 1.6; Exp No. 16); (f) 2aWv/W = 20.0 (h/hp = 1.6; Exp No. 20).
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3.3. Scour Pool


In the experimental data, scour pools were observed between the porous obstructions due to flow acceleration, and the degree of scour increased with the flow blockage (Figure 5). Figure 6 shows the maximum scour depth dse at steady state versus the flow blockage, where the scour depth is normalized by the water depth at the upstream entrance h0. In this figure, an increase in scour depth is indicated by a positive value, and the dashed and solid linear lines are fitted to scour depth in order to emphasize their difference.


Figure 6. Maximum scour depth versus flow blockage.
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When a scour pool was not created, maximum scour depth was observed around the leading edge of the obstructions. On the other hand, the maximum value was found at the scour pool as the scour pool was created. For lower flow blockage (2aWv/W < 5.0), the scour depth was similar for h/hp = 1.0 and 1.6. However, for the flow blockage of 2aWv/W ≥ 5.0, scour depth for h/hp = 1.0 was deeper than that for h/hp = 1.6. We found that as scour pools developed between and downstream of the obstructions, the depth of the scour pool increased with the flow blockage. The maximum scour depth was also affected significantly by the submergence ratio, which was similar to the result of Biron et al. [3].



Local scour pools are beneficial to stream ecosystems, so the scoured regions associated with the porous obstructions are advantageous. The scour regions produced by the obstructions have many environmental benefits; they provide not only aquatic habitat, but also shelter for fish in the event of flooding [6]. Figure 7 shows the scoured volume around the porous obstructions with the maximum depth of the scour pool. To determine whether there was a strong relationship between the scoured volume and scour depth, a regression analysis was performed. For solid obstructions, Rodrigue-Gervais et al. [4] proposed a predictive equation in which the scoured volume around the solid obstructions increased with scour depth to the power of 3.0. The present experimental results for the solid obstructions were consistent with the predictive equation proposed by Rodrigue-Gervais et al. [4]. However, as described in Section 3.1, the scour pattern around the porous obstructions was quite different from that for the solid obstructions, due to different scour mechanisms. For solid obstructions, scour is locally developed around each obstruction due to acceleration and horseshoe vortices [17]. On the other hand, for porous obstructions, incoming flow can penetrate through porous obstructions. Thus, some flow continues through the obstructions or is diverted away from the obstructions. The diversion of flow and small-scale turbulence induce scour within and around the obstructions [11]. In the experiments, the scoured volume increased with increasing scour depth to the power of 1.13 regardless of the submergence ratio with a coefficient of determination of 0.75 (Figure 7):


Vol = 0.04(dse)1.13



(1)






Figure 7. Scoured volume around the porous obstructions with scour depth.
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Our results reveal that an increase in the flow blockage (2aWv/W) results in greater depth and volume of scour pools. It can be seen that there is a dissemblance in the scour behavior according to the flow blockage. When 2aWv/W < 5.0 and 2Wv/W < 0.4, a scour pool is not created. Local scour only occurs next to the porous obstructions and the greater scour depth is observed at the edge of the obstructions due to higher edge velocity. For 2aWv/W ≥ 5.0 and 2Wv/W ≥ 0.4, the scour pool is created between the paired obstructions and maximum scour depth always takes place at the scour pool. For 2aWv/W ≥ 5.0 and 2Wv/W ≥ 0.4, the flow accelerates between the porous obstructions and the flow becomes greater with an increase in the flow blockage, which is related to a flow diversion [11,12,18]. When the flow blockage increases, the diverging flow from the porous obstructions increases due to higher drag, leading to greater magnitude of the velocity and turbulence at the center of the channel. In particular, the flow between paired obstructions is similar to a turbulent jet at higher flow blockage [16].



Another key finding is an influence of submergence ratio on the scour pool. The submergence ratio of the porous obstructions affects the potential to create a scour pool, and thus a lower ratio increases the depth and volume of a scour pool. This is in agreement with the results of Thompson [8], Biron et al. [3], and Rodrigue et al. [4] who concluded that the extent and depth of scour decrease with an increase in submergence ratio at the same discharge and approaching flow depth, even though they conducted experiments with impermeable paired obstructions. The porous obstructions with h/hp = 1.0 generate a high velocity at the edge due to flow deflection in the horizontal plane. However, for h/hp = 1.6, flow is vertically deflected as well. If more flow is deflected over the obstructions, the acceleration of flow decreases at a contraction region [19]. This indicates that as the submergence ratio increases, the flow deflection in the horizontal plane decreases, and this implication is more pronounced because more flow is able to pass over the obstructions. This has important effects for creating a scour pool because less acceleration of flow at the contraction region reduces the depth and volume of scour pool.



Our results suggest that high flow blockage and low submergence ratio are better suited for developing scour pool habitat in channels. However, for the same discharge and approaching depth, higher flow blockage (i.e., higher ratio of obstruction width to channel width) results in structural instability of the porous obstructions due to excess lateral erosion. From the perspective of construction cost, a suitable combination of the flow blockage and submergence ratio that simultaneously maximizes volume of scour pool and ensures the safety of the porous obstructions is required. Thus, to establish an ideal combination, further experiments need to be conducted for varying submergence ratio, discharge, and approaching depth. Furthermore, other factors in natural streams such as channel shape, variable sediment discharge, and size, and so on, need to be investigated for optimal design of paired porous obstructions.





4. Conclusions


We investigated local scour pools associated with discrete paired porous obstructions using laboratory experiments. To investigate the impacts of the flow blockage and submergence ratio on scour pool habitat, variable densities in the obstructions, ratio of the patch width to the channel width, and submergence ratio were considered.



The features of local scour development around the porous obstructions differed from those around solid obstructions. The process and location of maximum scour appeared depending on the flow blockage, ratio of obstruction width to channel width, and submergence ratio. When 2aWv/W ≥ 5.0 and 2Wv/W ≥ 0.4, a scour pool was created between and downstream of the porous obstructions, and the maximum scour depth occurred at the scour pool. For 2aWv/W < 5.0 and 2Wv/W < 0.4, local scour was only observed around each obstruction and a scour pool was not created. The scour depth increased as the flow blockage increased. The submergence ratio of the porous obstructions affected the potential to create a scour pool and the scour depth increased with the decrease in the submergence ratio. Current experimental results showed that the volume of a scour pool had a strong relationship with scour depth around the paired porous obstructions which is valuable to aiding in the design of instream habitat structures.
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