

  water-13-02118




water-13-02118







Water 2021, 13(15), 2118; doi:10.3390/w13152118




Article



Scour Features at Wood Bundles



Simone Pagliara 1[image: Orcid], Deep Roy 2[image: Orcid] and Michele Palermo 2,*[image: Orcid]





1



Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, 8049 Zurich, Switzerland






2



DESTEC—Department of Energy, Systems, Territory and Construction Engineering, University of Pisa, 56122 Pisa, Italy









*



Correspondence: michele.palermo@ing.unipi.it; Tel.: +39-050-2217929







Academic Editor: Miguel Ortega-Sánchez



Received: 10 July 2021 / Accepted: 28 July 2021 / Published: 31 July 2021



Abstract

:

Structures like blunt-nosed chevrons, log deflectors and double-winged log frames help in modifying the flow regime in the channel by concentrating the flow and increasing navigability. Moreover, they create scour pools in the downstream stilling basin, which can be used either as fish refuge or as an in-stream storage site for previously dredged material. In this respect, the use of wood debris in the channel in the form of wood bundles has gained attention for the ability of these structures to integrate into the surrounding fluvial habitat and to divert the flow partially towards the central part of the channel when placed in curves. Considering the absence of studies dealing with wood bundles as a restoration structure, the aim of this paper is to analyse the scour mechanism and equilibrium scour morphology of wood bundles in straight and curved channels. In doing so, a wide range of hydraulic conditions, structure positions and configurations were tested. Thereafter, dimensional analysis was carried out to derive useful empirical relationships to predict the maximum scour depth and length as well as the maximum dune height based on a novel, equivalent Froude number, which accounts for the effects of channel curvature and structure position. Moreover, the various resulting scour morphology types were classified, and conditions of their existence were determined depending on the abovementioned Froude number and other key hydraulic parameters.






Keywords:


curved channel; equilibrium morphology; scour; wood bundles












1. Introduction


River systems are a crucial component of the fresh water resources of the world. Due to overwhelming anthropogenic activity and climate change, most of the world’s rivers have undergone degradation in terms of sediment-carrying potential and channel stability. The restoration of such rivers can be done either passively by promoting proper land use and irrigation [1] or more actively by installing low-head river restoration structures to enhance grade control and aquatic habitat [2]. Recently, the emphasis of hydraulic engineers has been on the use of eco-friendly structures (such as cross weirs, log frames and chevrons), which can modify the sediment-carrying potential of the rivers and create low- velocity localised scour zones to be used by fish and other organisms as resting spots in their migration path. In curved channels, the flow is asymmetric in nature because of the centrifugal force acting on it, and this increases the scour along the outer channel bank. In such a situation, some of these structures (such as J-Hook vanes) can be placed in the vicinity of the outer bank to divert the high flow gradients towards the centre of the channel and thereby protect the outer bank from failure.



Several studies can be found in the literature addressing in-stream scour phenomena. Among early research, Refs. [3,4] made important contributions in analysing local scour processes. Following this, various studies [5,6,7,8] carried out investigation of scour phenomena corresponding to specific hydraulic structures. The authors of [9,10] compiled the various empirical equations used to quantify scour geometry features and showed their advantages and limitations. In addition, efforts were made by researchers to model the scour mechanism using a semi- or fully analytical approach like Newton’s second law or the phenomenological theory of turbulence [11,12,13].



With regard to low-head river restoration structures, progress was made in characterizing the scour in the vicinity of specific structures. The authors of [14] provided an important study regarding the scour pattern due to W-weirs located at the meandering bend of a channel, whereas [15] analysed the effectiveness of vanes to restrict erosion of river banks in curved channels. In [16], the authors investigated the local 3-D scour features occurring in correspondence with W-weirs and cross-vanes in straight channels. Following this, the authors of [17,18] estimated the major scour parameters due to J-Hook vanes in straight and curved channels, respectively, under clear water conditions. Moreover, the morphological features of both unprotected and protected stilling basins for block ramps in curved channels were studied by [19,20], respectively. More recently, experimental tests were conducted by the authors of [21] to classify the equilibrium scour morphology and develop empirical equations to predict the maximum scour depth due to blunt-nosed chevrons in straight channels.



Among wood-made structures, the engineering applicability and hydraulic behaviour of log vanes, log deflectors and double-winged log frames were studied by [22,23,24], respectively. These structures are used to enhance bank protection and increase the biodiversity in the channel by promoting pisciculture and growth of other aquatic organisms. Apart from this, the presence of large woody debris (diameter > 0.1 m and length > 2 m) results in significant flow alterations and an increase in the percentage of organic material in the channel as well as the generation of nesting regions for reptiles and birds and enhanced fish migration [25]. A detailed review of the existing studies on such in-stream wood debris was done by the author of [26], who concluded that the removal of debris from the channel can lead to a decrease in the roughness and friction factor, thereby increasing the overall conveyance (see also [27]). However, an essential quantity of debris is required to be maintained in the channel to create and sustain hydraulic diversity and desirable fluvial habitat.



Based on the above literature survey, it can be said that, to the best of the authors’ knowledge, there are no studies dealing with the analysis of the various equilibrium scour morphology types and major parameters governing the scour in the vicinity of large woody debris (wood bundles) in both straight and curved channels. Therefore, in this paper, we undertook an extensive experimental campaign to study the scour characteristics at wood bundles under a variety of hydraulic conditions and structure positions. The number of structures in a series arrangement was also varied. Dimensional analysis allowed us to deduce a novel, equivalent densimetric Froude number, which served as the basis for explaining and quantifying the scour mechanism. Crucial geometric features of the localised scour hole and dune, like the maximum scour depth and length and the maximum dune height, were predicted by deriving empirical equations having good accuracy.



The equilibrium scour morphological features are classified, and the usefulness of such structures in creating eco-friendly scour pools towards the central part of the channel in river bends is highlighted.




2. Materials and Methods


Tests on wood bundles were carried out at the hydraulics laboratory of the University of Pisa in a channel composed of an initial straight portion followed by a curved portion. The straight portion was 12 m long, 0.5 m wide and 0.5 m deep. The curved portion of the channel was 3.7 m long, 0.5 m wide and 0.5 m deep and was characterised by a radius of curvature (R) equal to 2 m. In the straight portion, tests were carried out by placing an isolated wood bundle in the vicinity of the channel bank at a distance of d from the channel entrance, where d/B = 16 (Figure 1a). Moreover, the transversal structure position was defined by b/B = 0.15. B and b denote the channel width and transversal distance of centre of mass of the wood bundle structure from the inner channel bank, respectively.



Thereafter, the same tests were repeated with structure series containing two or three structures, with n denoting the number of structures in a series arrangement. Following this, similar tests were conducted by placing an isolated wood bundle in the curved portion of the channel for each of the two angular positions of the structure in the curve (α), defined as α = 0.52 rad and 1.04 rad (Figure 1a). Likewise, two different transversal positions were also tested, i.e., in the inner bank vicinity, defined by b/B = 0.15, and in the outer bank vicinity, defined by b/B = 0.85 (in curved channels, b denotes the transversal distance of the centre of mass of the wood bundle from the inner bank). In addition, for curved channels, tests with multiple wood bundles were carried out with identical hydraulic conditions and structure positions as those for an isolated structure. The positions of the wood bundle shown in Figure 1a correspond to the five different transversal and longitudinal positions of the structure tested in the current study and denote the position of the first wood bundle in the case of the series arrangement.



As shown in Figure 1b,c the wood bundle was constructed from four different types of cylindrical logs tied together with metallic strings and having the following characteristics: Type 1 (length = 0.09 m, diameter = 0.01 m and angle with horizontal = 1.19 rad), Type 2 (length = 0.16 m, diameter = 0.02 m and angle with horizontal = 0.34 rad), Type 3 (length = 0.145 m, diameter = 0.04 m and horizontal) and Type 4 (length = 0.145 m, diameter = 0.008 m and horizontal). Three Type 1 and Type 2 logs were stacked in the longitudinal direction and locked together using a single Type 3 and two Type 4 logs placed transversally. lst and wst denote the length and width of the composite structure, respectively, and are defined by lst/B = 0.32 and wst/B = 0.29. The structure was inclined at an angle of 0.24 rad with the channel bank in all cases. The type of wood used for these structures may vary according to in situ availability. However, the selected wood should not be subjected to a rapid degradation in wet environments. In terms of scour features, the specific roughness of the wood is reasonably negligible, as manufactured pieces of wood are combined.



Figure 2a–d show the plan and cross-sectional views of a wood bundle series arrangement consisting of three structures along with important hydraulic and scour parameters in straight and curved channels. The structural arrangement and other parameters for a single wood bundle or wood bundle series with two structures are similar. In all test conditions, the structures were placed on a stone support to prevent sinking during the experiment. Moreover, zm−1, zm−2 and zm−3 denote the maximum scour depth occurring in the upstream vicinity of the first, second and third structure in the wood bundle series, respectively. zmb is the maximum scour depth occurring in the vicinity of the outer bank when the structure/structure series is located at the inner bank. Likewise, zM−1, zM−2 and zM−3 are the maximum heights of dune downstream of the first, second and third structure, respectively. On the other hand, lm−1, lm−2 and lm−3 are the maximum scour lengths occurring in the vicinity of the first, second and third structure in the series, respectively, and lM denotes the overall maximum dune length. Notably, in curved channels, the various scour lengths are measured along the curved abscissa. The height of the structure is given by hst. Q and htw are the flow discharge and tailwater levels, respectively. Δy is the difference in the water level upstream and downstream of the structure. The distance between two consecutive wood bundles in a series arrangement is given by s. For straight channels, s/B = 0.26 and 0.52 were tested, whereas for all tests in curved channels, s/B = 0.26.



All the tests were conducted with uniform bed material, characterized by the following granulometric properties: median diameter d50 = 1 mm, sediment non-uniformity parameter σ = (d84/d16)0.5 = 1.15, where dxx signifies the sediment diameter size for which xx% of material is finer. The bed material and water density are denoted by ρs and ρ, respectively. In the present study, ρs = 2467 kg/m3 and ρ = 1000 kg/m3. The bed material was chosen in accordance with the criterion d50 > 0.8 mm to avoid viscous and sediment cohesive effects [28]. Figure 3a,b show the equilibrium scour morphology due to wood bundles in curved and straight channels, respectively. Figure 3c shows the curve of the channel in which a series of three structures is located. The experimental conditions and results are listed in Table 1.



For all the tests, clear water conditions were maintained and the flow intensity (U/Uc) varied between 0.72 to 0.99, where U and Uc are the mean and critical flow velocity, respectively. Uc was calculated according to the methodology proposed by [29,30]. Before each test, the channel bed was levelled and made horizontal. During the test, discharge was kept constant, and the tailwater was controlled by means of a tailgate located at the downstream end of the channel. Tests were continued until the onset of equilibrium scour conditions, which took approximately 6 h. In order to ensure the equilibrium condition of the scour morphology, some longer tests of a 12 h duration were conducted, and the difference between bed scour values at 6 and 12 h were found to be negligible (around 1 mm). At the end of the test, the discharge was stopped, and water was slowly drained from the channel so as not to disturb the deformed bed.



Extensive measurements of the water depth and significant points of scour were taken with a point gauge having an accuracy of 0.1 mm. In addition, the entire test section was surveyed using a “Leica Geosystems BLK 360” laser scanner, and a detailed point cloud of the bed morphology was recorded. Subsequent data processing and analysis using Cyclone software allowed for the development of high precision scour maps (±1 mm) of the entire stilling basin. The accuracy of the laser scanner was further validated with readings from the point gauge, and the difference was less than 1 mm.




3. Results and Discussion


3.1. Dimensional Analysis


Dimensional analysis was performed in order to identify the main parameters governing the scour process due to wood bundles inserted in straight and curved channels. First, the diffusion length parameter (zm + htw) was defined according to [5,11,21]; then, (zm + htw) was expressed as a function of the following parameters:


   (   z m  +  h  t w    )  = f  (  B , Q ,  h  s t   , g ,  l  s t   , Δ ρ , ρ , n , b , s ,  d  50   , R , α  )  ,  



(1)







Non-dimensional parameters were derived by applying the theorem of Buckingham and Incomplete Self-Similarity [31], which have been used to develop empirical equations capable of predicting morphological features of the scour and dune formations. By assuming Q, hst and ρ are repeating variables, the resulting 11 non-dimensional groups can be written as follows:


     (   z m  +  h  t w    )     h  s t     = f  (   B   h  s t     ,   g  h  s t  5     Q 2    ,    l  s t      h  s t     ,   Δ ρ  ρ  , n ,  b   h  s t     ,  s   h  s t     ,    d  50      h  s t     ,  R   h  s t     , α  )  ,  



(2)







Moreover, by rearranging some of the non-dimensional groups in Equation (2), we obtain the following functional relationship:


     (   z m  +  h  t w    )     h  s t     = f  (   B   h  s t     ,  F  d e q   ,    l  s t    B  ,   Δ ρ  ρ  , n ,  s B  ,    d  50    B  ,   B − b  R  , α  )  ,  



(3)







Here, Fdeq is defined as the densimetric Froude number, characterized by the following expression:


   F  d e q   =  Q  B  h  s t     g  d  50     Δ ρ  ρ          ,  



(4)







The densimetric Froude number accounts for the effects of discharge, bed sediment characteristics and structure geometry (but not for the asymmetric distribution of flow velocity). The same parameter was used by [21] to analyse the scour phenomena due to chevrons inserted in straight and curved channels, and a similar one was adopted by [6] to investigate scour phenomena due to various hydraulic structures.




3.2. Maximum Scour Depth and Length


The global maximum scour depth is defined as zm = max (zm−1, zm−2, zm−3) for wood bundles inserted in straight channels and in the outer bank of curved channels and as zm = max (zm−1, zm−2, zm−3, zmb) for wood bundles inserted in the inner bank of curved channels. Within the tested ranges of parameters, zm usually occurred upstream of the first wood bundle in the case of series arrangements. In this study, the ratios Δρ/ρ = 1.467, d50/B = 0.002 and lst/B = 0.32 were kept constant, and the parameters B/hst and s/B did not affect the maximum scour depth in the investigated range (i.e., 6.3 ≤ B/hst ≤ 7.4 and 0.26 ≤ s/B ≤ 0.52). Furthermore, the effects of n and α on (zm + htw) are negligible for the tested ranges (i.e., 1 ≤ n ≤ 3 and 0.52 ≤ α ≤ 1.04). Based on these considerations, Equation (3) can be rewritten as


     (   z m  +  h  t w    )     h  s t     = f  (   F  d e q   ,   B − b  R   )  ,  



(5)







For the tested conditions, (zm + htw)/hst was plotted against Fdeq (Figure 4), along with the plot of Equation (6), which predicts experimental data pertaining to structures located in straight channels (Figure 4a) (and in the inner bank of a curved channel, as shown in Figure 4b). Note that Equation (6) is valid for 1 < Fdeq < 3 and 0.85 < (zm + htw)/hst < 2.9.


     (   z m  +  h  t w    )     h  s t     = 0.854 · exp  (  0.283 ·  F  d e q    )  ) ,  



(6)







However, the scour due to wood bundles inserted in the outer bank of a curved channel is underestimated by Equation (6) (Figure 4c,d). This occurs because velocities in proximity toof the outer bank are greater with respect to the inner bank, thus causing a deeper scour. To account for this phenomenon, Fdeq was replaced by a modified densimentric Froude number F*deq in Equation (6):


     (   z m  +  h  t w    )     h  s t     = 0.854 · exp  (  0.283 ·  F  d e q  *   )  ,  



(7)







The modified densimetric Froude number accounts for the radius of curvature R and for the distance of the centre of mass of the wood bundle from the inner bank b, i.e., for the asymmetric distribution of flow velocity, and it was found to be equal to


   F  d e q  *  =  F  d e q   ·  [  − 86 ·    (  1 −   B − b  R   )   2  + 154 ·  (  1 −   B − b  R   )  − 67  ]  ,  



(8)







By substituting Equation (8) in Equation (7), the non-dimensional parameter (zm + htw)/hst can be satisfactorily predicted for all the tested configurations, as shown in Figure 5 (R2 = 0.80). Thus, Equations (7) and (8) are valid within the following ranges: 0.99 ≤ F*deq ≤ 4.2; 6.3 ≤ B/hst ≤ 7.4; lst/B = 0.32; 0 ≤ (B − b)/R ≤ 0.213; 1 ≤ n ≤ 3; 0.52 rad ≤ α ≤ 1.04 rad; 0.26 ≤ s/B ≤ 0.52. It is worth noting that F*deq = Fdeq for straight channels, i.e., for R tending to infinity. Thus, for straight channels, Equation (7) becomes analytically identical to Equation (6).



The scour length due to wood bundles inserted in straight and curved channels was investigated following a similar approach. Maximum scour length (lm) = max(lm−1, lm−2, lm−3) usually occurs in the vicinity of the first structure in a series arrangement. Within the range of tested parameters, (lm + htw)/hst was plotted against F*deq in Figure 6, and the following expression was derived (R2 = 0.70):


     (   l m  +  h  t w    )     h  s t     = 2.777 · exp  (  0.346 ·  F  d e q  *   )  ,  



(9)







The relationship is valid within the following ranges: 0.99 ≤ F*deq ≤ 4.2; 6.3 ≤ B/hst ≤ 7.4; lst/B = 0.32; 0 ≤ (B − b)/R ≤ 0.213; 1 ≤ n ≤ 3; 0.52 rad ≤ α ≤ 1.04 rad; 0.26 ≤ s/B ≤ 0.52.



Finally, the depth of the scour occurring near the outer bank zmb was investigated in the case of wood bundles inserted along the inner bank of a curved channel, i.e., (B − b)/R = 0.213. Namely, zmb was investigated only in the above case because, for straight channels, i.e., (B − b)/R = 0, the scour in proximity of the far bank does not pose a serious threat to bank safety. In addition, for wood bundles inserted in the outer bank of curved channels, i.e., (B − b)/R = 0.038, zmb is accounted for by zm−1, zm−2 and zm−3. Therefore, the parameter (zmb + htw)/hst was plotted against F*deq in Figure 7, and the data trend was interpolated using Equation (10) (R2 = 0.84):


     (   z  m b   +  h  t w    )     h  s t     = 0.287 · exp  (  0.737 ·  F  d e q  *   )  ,  



(10)







The equation is valid within the following ranges: 0.99 ≤ F*deq ≤ 2.4; 6.3 ≤ B/hst ≤ 6.9; lst/B = 0.32; (B − b)/R = 0.213; 1 ≤ n ≤ 3; 0.52 rad ≤ α ≤ 1.04 rad, s/B = 0.26.




3.3. Maximum Dune Height


The height of the dune zM = max (zM−1, zM−2, zM−3) is a significant scour feature, which should be quantified for design purposes. Based on the dimensional arguments illustrated above, the following predicting equation was derived for the non-dimensional maximum dune height and plotted in Figure 8 (R2 = 0.60).


     (   z M  +  h  t w    )     h  s t     = 0.659 + 0.233 ·  F  d e q  *  ,  



(11)







The equation is valid within the following ranges: 0.99 ≤ F*deq ≤ 4.2; 6.3 ≤ B/hst ≤ 7.4; lst/B = 0.32; 0 ≤ (B − b)/R ≤ 0.213; 1 ≤ n ≤ 3; 0.52 rad ≤ α ≤ 1.04 rad; 0.26 ≤ s/B ≤ 0.52.




3.4. Scour Geometry Features


The equilibrium scour morphology types due to wood bundles in straight and curved channels are classified and their fields of existence are established to aid in the design of such structures. Various occurring scour morphologies for wood bundle series with two structures (n = 2) are shown in Figure 9. The corresponding scour morphologies for n = 1 or n = 3 are similar. In straight channels for (B − b)/R = 0, two different morphology types were observed, i.e., Type As (Figure 9a) and Type Bs (Figure 9b). In Type As, separate scour zones were formed in the vicinity of the wood bundle structure, which in turn remained confined by an elongated dune that extended downstream from the structure arrangement. Conversely, in Type Bs the scour zone in the vicinity of each structure became more pronounced and extended in nature. An additional elongated scour zone was formed along the far bank of the channel. The dune region became more enhanced and extended further downstream compared to that in Type As.



Following this, the analysis was extended to curved channels in the case of structure position along the inner bank, i.e., (B − b)/R = 0.213. Figure 9c and d show Types Ai and Bi applicable for this case, corresponding to Types As and Bs in straight channels. Type Ai exhibited strong similarity with that of straight channels, resulting in scour formations near the individual wood bundle structures, along with a dune. In addition, for curved channels, the flow entering the stilling basin was asymmetric and concentrated towards the outer bank due to the action of centrifugal acceleration, resulting in a shallow scour region in the outer bank vicinity in Type Ai. Conversely, for Type Bi, this effect was more pronounced, and increased shear stresses occurring near the outer bank caused a deep and elongated scour region (Figure 9d). The dune region also increased in dimension and extended downstream into the channel running parallel to the scour along the outer bank.



Figure 9e,f show the morphology Types Ao and Bo in the case of structure position along the outer bank in curved channels, i.e., (B − b)/R = 0.038. In general, the scour region in the vicinity of the first structure in the series for this position was more enhanced and elongated in nature compared to that in the previous two structure positions due to the increased scour potential caused by the channel curvature. Type Ao was characterized by scour formations in the vicinity of the wood bundles, followed by a dune extending downstream into the channel. Both the dune and scour regions became more elongated and deeper in the case of Type Bo. However, on comparing Type Bo with Type Bi, it can be said that in the case of the former, the increased flow gradient was partially diverted toward the channel axis, which led to the formation of an elongated scour in the central part of the channel. This could prove to be beneficial in terms of offering better bank protection and creating eco-friendly scour pools that could serve as fish nurseries and/or promote the growth of aquatic flora and fauna.



The fields of existence of the equilibrium scour morphology types described above were established based on the parameters hst/htw, R/htw and F*deq, following the methodology proposed by [20,24]. Therefore, in Figure 10a, hst/htw values are plotted against corresponding F*deq for (B − b)/R = 0. Keeping F*deq constant by lowering the tailwater level, a transition from Type As to Bs occurred. This could be explained by a corresponding decrease in the jet diffusion length, which caused a proportional increase in the shear stress and scouring capacity, resulting in Type Bs being characterised by more pronounced scour holes in the structure vicinity and far bank of the channel [12,13]. In addition, when other parameters were constant, higher Froude numbers could be associated with higher velocity, which facilitates scour formation and results in scour morphology Type Bs (Figure 9b). Figure 10b,c show plots of R/htw vs. F*deq in the case of the inner bank position, i.e., (B − b)/R = 0.213 and outer bank position, i.e., (B − b)/R = 0.038, respectively. However, the fields of existence of the different scour morphologies in these cases showed the same characteristics as those of straight channels. For both inner and outer bank positions, a transition from Type Ai (Ao) to Type Bi (Bo) could be obtained by a decrease in htw or an increase in F*deq values for otherwise constant hydraulic and geometric conditions. Moreover, Type Ai and Ao did not occur for Froude numbers greater than two in the curved channels because of the effect of channel curvature, which facilitated the formation of extended scour zones in the outer bank vicinity, resulting in Type Bi or Bo (Figure 9d,f).



Figure 11 shows scour maps corresponding to tests 4 and 3, with identical discharge, structure position and geometry (Q = 0.008 m3/s, n = 1 and (B − b)/R = 0) but with different tailwater level and scour morphology, such as (a) htw = 0.06 m and Type As and (b) htw = 0.042 m and Type Bs. In fact, by decreasing the tailwater level we obtained a transition from Type As to Bs, which corroborates the findings reported in Figure 10a. In Figure 12, two scour maps are presented, corresponding to tests 38 and 49, with similar hydraulic and structure characteristics (Q = 0.011 m3/s, n = 2, α = 1.04 rad and htw = 0.07 m) but with (a) inner bank position, i.e., (B − b)/R = 0.213 and Type Bi and (b) outer bank position, i.e., (B − b)/R = 0.038 and Type Bo. On comparison of the two figures, it can be concluded that the scour in the vicinity of wood bundles becomes more pronounced in case of Type Bo compared to that in Bi due to the effect of the channel curvature. However, the wood bundles located at the outer bank are successful in partially directing the stream flow towards the centre of the channel, which results in an eco-friendly scour pool, as shown in Figure 9f. In general, in both straight and curved channels, the localised scour holes in the vicinity of the wood bundle structure can act as resting spots for fish, and the elongated dune region can be used as a spawning site. However, in case of Type Bi and Bo, suitable countermeasures should be designed to ensure bank protection. The central scour pool formed in the case of Type Bo can help to create and sustain bio-diversity in the channel.





4. Conclusions


Isolated and series arrangements of wood bundle structures were tested in straight and curved channels under a variety of longitudinal and transversal structure positions and hydraulic conditions. Rigorous dimensional analysis was carried out to deduce key parameters governing the scour phenomena, including the modified densimetric Froude number F*deq, accounting for both the effects of structure transversal position and channel curvature on the scour process. Empirical equations were developed to predict the main features of the scour and dune region, including maximum scour depth and length as well as the maximum dune height, and had good accuracy. For every structure position, i.e., straight, inner channel bank and outer channel bank, two different types of scour morphology were classified, and their fields of existence were quantified based on F*deq and hst/htw or R/htw. By decreasing the tailwater level or by increasing the Froude number, a transition from Types AS, Ai, Ao to the corresponding Types Bs, Bi, Bo could be obtained. In all cases, prominent scour pot holes occurred, particularly in the vicinity of the first structure in the series, which could be used by fish as shelter. Elongated dunes were also formed, which could be used for spawning purposes. On comparison of Types Bi and Bo in the cases of inner bank and outer bank positions, respectively, in curved channels, we see that, in case of the latter, the structure was effective in partially redirecting the asymmetric flow towards the centre of the channel. This led to the generation of an elongated scour region along the channel axis, which could promote biodiversity. In summary, this paper presents novel experimental results that can facilitate the design of large wood debris bundles as grade-control and eco-restoration structures in straight and curved rivers.
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Figure 1. (a) Experimental channel showing longitudinal and transversal wood bundle positions in straight and curved channel. (b,c) Plan and side views of the individual wood bundle structure adopted in the study. 
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Figure 2. (a) Plan and (b) cross-sectional views of the wood bundle structure series along with important hydraulic and scour parameters in the case of straight channels; (c) plan and (d) cross-sectional views of the wood bundle structure series in the case of curved channels. 
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Figure 3. Equilibrium scour morphology in (a) curved and (b) straight channels. The black arrow shows the flow direction. (c) Curve of the channel, including a series of three structures during a test. The direction of the flow is from top to bottom. 






Figure 3. Equilibrium scour morphology in (a) curved and (b) straight channels. The black arrow shows the flow direction. (c) Curve of the channel, including a series of three structures during a test. The direction of the flow is from top to bottom.
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Figure 4. (zm + htw)/hst vs. Fdeq for wood bundles inserted in (a) a straight channel, i.e., (B − b)/R = 0; (b) the inner bank of a curved channel, i.e., (B − b)/R = 0.213; (c) the outer bank of a curved channel, i.e., (B − b)/R = 0.038. Figure (d) summarizes all the channel types. 






Figure 4. (zm + htw)/hst vs. Fdeq for wood bundles inserted in (a) a straight channel, i.e., (B − b)/R = 0; (b) the inner bank of a curved channel, i.e., (B − b)/R = 0.213; (c) the outer bank of a curved channel, i.e., (B − b)/R = 0.038. Figure (d) summarizes all the channel types.
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Figure 5. (zm + htw)/hst vs. F*deq for wood bundles inserted in (a) a straight channel, i.e., (B − b)/R = 0; (b) the inner bank of a curved channel, i.e., (B − b)/R = 0.213; (c) the outer bank of a curved channel, i.e., (B − b)/R = 0.038. Figure (d) summarizes all the channel types. 






Figure 5. (zm + htw)/hst vs. F*deq for wood bundles inserted in (a) a straight channel, i.e., (B − b)/R = 0; (b) the inner bank of a curved channel, i.e., (B − b)/R = 0.213; (c) the outer bank of a curved channel, i.e., (B − b)/R = 0.038. Figure (d) summarizes all the channel types.
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Figure 6. (lm + htw)/hst vs. F*deq for wood bundles inserted in a straight channel ((B − b)/R = 0) and the inner ((B − b)/R = 0.213) and outer ((B − b)/R = 0.038) banks of a curved channel, along with the plot of Equation (9). 






Figure 6. (lm + htw)/hst vs. F*deq for wood bundles inserted in a straight channel ((B − b)/R = 0) and the inner ((B − b)/R = 0.213) and outer ((B − b)/R = 0.038) banks of a curved channel, along with the plot of Equation (9).
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Figure 7. (zmb + htw)/hst vs. F*deq for wood bundles inserted in the inner ((B − b)/R = 0.213) bank of curved channel for different values of α, along with the plot of Equation (10). 
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Figure 8. (zM + htw)/hst vs. F*deq for wood bundles inserted in a straight channel ((B − b)/R = 0) and the inner ((B − b)/R = 0.213) and outer ((B − b)/R = 0.03) banks of curved channel, along with the plot of Equation (11). 






Figure 8. (zM + htw)/hst vs. F*deq for wood bundles inserted in a straight channel ((B − b)/R = 0) and the inner ((B − b)/R = 0.213) and outer ((B − b)/R = 0.03) banks of curved channel, along with the plot of Equation (11).
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Figure 9. Scour morphology types for wood bundles in straight and curved channels: Types (a) As and (b) Bs for the straight channel, i.e., (B − b)/R = 0; Types (c) Ai and (d) Bi for the curved channel inner bank position, i.e., (B-b)/R = 0.213; Types (e) Ao and (f) Bo for the curved channel outer bank position, i.e., (B − b)/R = 0.038. 
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Figure 10. Fields of existence of scour morphology types for wood bundles corresponding to (a) the straight channel position, i.e., (B − b)/R = 0, (b) the inner bank position, i.e., (B − b)/R = 0.213 and (c) the outer bank position, i.e., (B − b)/R = 0.038. 
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Figure 11. Scour maps for (a) test 4, having Type As, and (b) test 3, having Type Bs. All dimensions are in metres, and the flow is from left to right. 
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Figure 12. Scour maps for (a) test 38, having Type Bi, and (b) test 49, having Type Bo. All dimensions are in metres and the flow is from left to right. 
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Table 1. Summary of experimental conditions and results.
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Test No.

	
Q

	
n

	
b/B

	
(B−b)/R

	
s/B

	
α

	
hst

	
htw

	
zm

	
lm

	
zM

	
zmb




	
(m3/s)

	
(-)

	
(-)

	
(-)

	
(-)

	
(rad)

	
(m)

	
(m)

	
(m)

	
(m)

	
(m)

	
(m)






	
1

	
0.005

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.034

	
0.058

	
0.400

	
0.024

	
-




	
2

	
0.005

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.039

	
0.040

	
0.200

	
0.029

	
-




	
3

	
0.008

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.042

	
0.072

	
0.450

	
0.022

	
-




	
4

	
0.008

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.060

	
0.036

	
0.240

	
0.019

	
-




	
5

	
0.011

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.078

	
0.030

	
0.220

	
0.018

	
-




	
6

	
0.011

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.063

	
0.066

	
0.450

	
0.023

	
-




	
7

	
0.011

	
1

	
0.15

	
0

	
-

	
-

	
0.073

	
0.071

	
0.048

	
0.350

	
0.024

	
-




	
8

	
0.005

	
2

	
0.15

	
0

	
0.26

	
-

	
0.079

	
0.041

	
0.027

	
0.270

	
0.018

	
-




	
9

	
0.011

	
2

	
0.15

	
0

	
0.26

	
-

	
0.079

	
0.073

	
0.046

	
0.280

	
0.026

	
-




	
10

	
0.011

	
2

	
0.15

	
0

	
0.26

	
-

	
0.079

	
0.063

	
0.081

	
0.400

	
0.027

	
-




	
11

	
0.005

	
2

	
0.15

	
0

	
0.26

	
-

	
0.079

	
0.033

	
0.058

	
0.380

	
0.027

	
-




	
12

	
0.011

	
2

	
0.15

	
0

	
0.52

	
-

	
0.079

	
0.072

	
0.028

	
0.300

	
0.016

	
-




	
13

	
0.011

	
2

	
0.15

	
0

	
0.52

	
-

	
0.079

	
0.065

	
0.044

	
0.340

	
0.026

	
-




	
14

	
0.005

	
2

	
0.15

	
0

	
0.52

	
-

	
0.073

	
0.038

	
0.047

	
0.240

	
0.026

	
-




	
15

	
0.005

	
2

	
0.15

	
0

	
0.52

	
-

	
0.073

	
0.034

	
0.059

	
0.310

	
0.027

	
-




	
16

	
0.011

	
3

	
0.15

	
0

	
0.26

	
-

	
0.079

	
0.072

	
0.070

	
0.360

	
0.026

	
-




	
17

	
0.005

	
3

	
0.15

	
0

	
0.52

	
-

	
0.079

	
0.036

	
0.054

	
0.330

	
0.028

	
-




	
18

	
0.013

	
3

	
0.15

	
0

	
0.26

	
-

	
0.073

	
0.088

	
0.053

	
0.350

	
0.030

	
-




	
19

	
0.011

	
3

	
0.15

	
0

	
0.52

	
-

	
0.079

	
0.070

	
0.063

	
0.310

	
0.023

	
-




	
20

	
0.011

	
1

	
0.15

	
0.213

	
-

	
0.52

	
0.073

	
0.071

	
0.072

	
0.370

	
0.045

	
0.033




	
21

	
0.005

	
1

	
0.15

	
0.213

	
-

	
0.52

	
0.073

	
0.041

	
0.058

	
0.320

	
0.024

	
0.002




	
22

	
0.008

	
1

	
0.15

	
0.213

	
-

	
0.52

	
0.073

	
0.045

	
0.069

	
0.350

	
0.034

	
0.069




	
23

	
0.008

	
1

	
0.15

	
0.213

	
-

	
0.52

	
0.073

	
0.061

	
0.045

	
0.280

	
0.036

	
0.003




	
24

	
0.011

	
1

	
0.15

	
0.213

	
-

	
0.52

	
0.073

	
0.066

	
0.083

	
0.400

	
0.048

	
0.083




	
25

	
0.008

	
2

	
0.15

	
0.213

	
0.26

	
0.52

	
0.079

	
0.058

	
0.055

	
0.320

	
0.029

	
0.012




	
26

	
0.011

	
2

	
0.15

	
0.213

	
0.26

	
0.52

	
0.079

	
0.070

	
0.070

	
0.370

	
0.036

	
0.061




	
27

	
0.005

	
3

	
0.15

	
0.213

	
0.26

	
0.52

	
0.079

	
0.039

	
0.045

	
0.300

	
0.021

	
0.011




	
28

	
0.008

	
3

	
0.15

	
0.213

	
0.26

	
0.52

	
0.079

	
0.060

	
0.049

	
0.280

	
0.024

	
0.014




	
29

	
0.011

	
3

	
0.15

	
0.213

	
0.26

	
0.52

	
0.079

	
0.070

	
0.073

	
0.360

	
0.028

	
0.073




	
30

	
0.005

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.040

	
0.036

	
0.240

	
0.017

	
0.005




	
31

	
0.005

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.037

	
0.053

	
0.320

	
0.026

	
0.002




	
32

	
0.008

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.048

	
0.071

	
0.440

	
0.036

	
0.035




	
33

	
0.008

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.057

	
0.042

	
0.290

	
0.029

	
0.007




	
34

	
0.011

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.065

	
0.058

	
0.380

	
0.037

	
0.035




	
35

	
0.011

	
1

	
0.15

	
0.213

	
-

	
1.04

	
0.073

	
0.072

	
0.071

	
0.440

	
0.043

	
0.018




	
36

	
0.005

	
2

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.038

	
0.033

	
0.210

	
0.014

	
0.006




	
37

	
0.008

	
2

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.060

	
0.044

	
0.320

	
0.029

	
0.013




	
38

	
0.011

	
2

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.070

	
0.059

	
0.370

	
0.041

	
0.039




	
39

	
0.005

	
3

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.038

	
0.040

	
0.280

	
0.020

	
0.013




	
40

	
0.008

	
3

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.058

	
0.050

	
0.340

	
0.033

	
0.027




	
41

	
0.011

	
3

	
0.15

	
0.213

	
0.26

	
1.04

	
0.079

	
0.073

	
0.059

	
0.370

	
0.036

	
0.036




	
42

	
0.011

	
2

	
0.85

	
0.038

	
0.26

	
0.52

	
0.068

	
0.071

	
0.103

	
0.780

	
0.027

	
-




	
43

	
0.005

	
2

	
0.85

	
0.038

	
0.26

	
0.52

	
0.072

	
0.040

	
0.070

	
0.310

	
0.028

	
-




	
44

	
0.005

	
1

	
0.85

	
0.038

	
-

	
0.52

	
0.074

	
0.042

	
0.079

	
0.300

	
0.028

	
-




	
45

	
0.005

	
1

	
0.85

	
0.038

	
-

	
0.52

	
0.074

	
0.036

	
0.091

	
0.360

	
0.022

	
-




	
46

	
0.011

	
1

	
0.85

	
0.038

	
-

	
0.52

	
0.074

	
0.072

	
0.142

	
0.900

	
0.033

	
-




	
47

	
0.011

	
1

	
0.85

	
0.038

	
-

	
0.52

	
0.074

	
0.063

	
0.124

	
0.960

	
0.023

	
-




	
48

	
0.008

	
3

	
0.85

	
0.038

	
0.26

	
0.52

	
0.076

	
0.058

	
0.102

	
0.670

	
0.029

	
-




	
49

	
0.011

	
2

	
0.85

	
0.038

	
0.26

	
1.04

	
0.073

	
0.071

	
0.097

	
0.920

	
0.050

	
-




	
50

	
0.008

	
2

	
0.85

	
0.038

	
0.26

	
1.04

	
0.074

	
0.060

	
0.067

	
0.580

	
0.030

	
-




	
51

	
0.005

	
2

	
0.85

	
0.038

	
0.26

	
1.04

	
0.074

	
0.040

	
0.053

	
0.480

	
0.027

	
-




	
52

	
0.005

	
1

	
0.85

	
0.038

	
-

	
1.04

	
0.075

	
0.042

	
0.051

	
0.380

	
0.028

	
-




	
53

	
0.011

	
1

	
0.85

	
0.038

	
-

	
1.04

	
0.075

	
0.072

	
0.093

	
0.670

	
0.036

	
-
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