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The turbulence characteristics within flows over water-worked (WGB) and screeded 9 

gravel beds (SGB) were examined by measuring the instantaneous flow velocity field 10 

using a two-dimensional particle image velocimetry system. To compare the responses 11 

of a WGB and an SGB to velocity and various turbulence characteristics, the flow 12 

Froude number was kept identical for both the beds that remained immobile. The 13 

roughness structures of both the beds were measured using a laser scanner. The results 14 

showed that the bed surface roughness was higher in the WGB than in the SGB. 15 

However, the longest axis of WGB gravels were oriented streamwise owing to the 16 

action of water work, but SGB gravels were randomly poised. The distribution of bed 17 

roughness fluctuations was negatively skewed in the WGB and positively skewed in 18 

the SGB. Double averaging methodology was applied to analyze the flow parameters. 19 

In this paper, the vertical profiles of the double-averaged (DA) streamwise velocity 20 

and the turbulence parameters, specifically the spatially averaged (SA) Reynolds shear 21 

and normal stresses, form-induced shear and normal stresses, turbulent kinetic energy 22 

(TKE) and form-induced TKE fluxes, quadrant analysis of SA Reynolds shear stress, 23 

etc., are presented and analyzed critically by focusing on comparisons between a 24 

WGB and an SGB. Comparative study reveals that in the near-bed flow zone, the SGB 25 

underestimates the turbulence parameters compared to the WGB. Therefore, in order 26 

to represent the prototypical flow in laboratory, the experiments should be performed 27 

in a WGB. 28 

 29 

I. INTRODUCTION 30 

 31 

Flow over a gravel bed, especially in the near-bed flow zone, has been of continued research 32 

interest for several decades owing to its practical importance.1–8 Gravel-bed flow is heavily 33 

influenced by colossal fluid–particle interactions, such as wake flow downstream of gravels, 34 

accelerated flow over gravel crests, and decelerated flow in interstices of gravels. These complex 35 

fluid–particle interactions give rise to spatial flow heterogeneities and are to enhance temporal 36 

intermittency in the near-bed flow.9–13 It is therefore important to understand the turbulent flow 37 
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characteristics that arise from these complex turbulence mechanisms by resolving spatial flow 38 

heterogeneities. This enables us to accurately estimate the resistance to a hydraulically macro-39 

rough flow (e.g. a mountainous river flow over a gravelly or a bouldery bed) and/or to predict the 40 

particle transport rate. In a natural river, the flow velocity plays a significant role in developing 41 

the bed surface topography formed by various roughness elements. Specifically, the gravels at 42 

the bed surface move if the flow velocity exceeds the threshold velocity for gravel motion. Thus, 43 

the surface topography of a natural gravel bed exhibits spatially multifaceted, three-dimensional 44 

organization (orientation, alignment, spacing, and clustering of the gravel deposits), because it is 45 

created by transport processes as a result of continual deposition and reworking by several flood 46 

cycles. In this way, a so-called water-worked gravel bed (WGB) is formed in a natural river. 47 

In contrast, laboratory experimental flume studies typically use a simulated gravelly riverbed 48 

that is prepared by randomly depositing mixed gravels into the flume to reach a given thickness. 49 

The gravel-bed surface is then scraped and leveled, forming a screeded gravel bed (SGB). The 50 

statistical distributions in terms of bed surface topography of an SGB are unable to appropriately 51 

represent a WGB, even though the bed surface formed by the gravels has the same particle size 52 

distribution. The WGB can however be produced in a laboratory flume transporting the gravel 53 

deposits by the flow. Notably the laboratory gravel bed can be deemed acceptable provided that 54 

the orientation, alignment, spacing, and clustering of gravels are analogous to the conditions in 55 

the prototype and that the distribution of the scaled gravel size is similar to that of the natural 56 

gravel bed. Importantly, the signature of bed roughness characteristic is effectively transmitted to 57 

the time-averaged flow characteristics, turbulence parameters, and resistance to flow. 58 

Although extensive experimental studies on rough-bed flow have been performed, most have 59 

used SGBs. SGB surface topographies are quite different from those of natural gravel riverbeds. 60 

Only a handful of researchers performed experimental studies on WGBs, which more closely 61 

resemble natural gravel beds. Cooper and Tait14 and Hardy et al.15 performed various 62 

experiments and concluded that the time-averaged flow over a WGB is spatially heterogeneous 63 

and strongly influenced by the relative submergence. Further, Cooper and Tait16 performed 64 

experiments using both WGBs and SGBs to examine the spatial features of time-averaged 65 

streamwise velocity in the near-bed flow zone. They observed that the distribution of bed surface 66 

fluctuations was almost symmetric and positively skewed in a WGB, but negatively skewed in 67 

an SGB. Furthermore, the standard deviation of the bed surface fluctuations in a WGB was 68 

found to be higher than that in an SGB. The effects of the bed surface geometry and roughness 69 

were reflected by the differences between the flow characteristics over the WGB and SGB. Other 70 

researchers also studied turbulent flow characteristics over WGBs in order to explore the effects 71 

of bed roughness on the streamwise velocity, Reynolds shear stress (RSS), Reynolds normal 72 

stresses, and form-induced shear stress profiles.17–22 Despite these experimental studies, a 73 

detailed turbulence analysis that compares the higher-order turbulence statistics (i.e., turbulent 74 

kinetic energy (TKE) flux and form-induced TKE flux), conditional RSS, and specific temporal 75 

flow pictures of WGBs and SGBs is not available. 76 

 77 

http://dx.doi.org/10.1063/1.5044479


3 
 

 78 
 79 

FIG. 1. Schematic of turbulent flow over a macro-rough bed with flow sublayers. 80 

 81 

Further in order to resolve the spatial flow heterogeneity, area averaging of the time-averaged 82 

quantities is performed over the layer parallel to the mean bed surface, called the double-83 

averaging methodology (DAM).23–27 In DAM, the local time-averaged quantity   is 84 

decomposed as   =   +  , where   is the fluctuations in   with respect to the double-85 

averaged (DA) quantity  . By Reynolds decomposition, an instantaneous quantity  is given 86 

by  =   + , where  is the fluctuations in  with respect to  . Here, the angle bracket - 87 

indicates the intrinsic spatial average. Below the crest of roughness elements, a roughness 88 

geometry function  (z) (= Af/A0) that contributes to a superficial DA flow is introduced as a 89 

multiplier of the intrinsic DA flow quantity  .8 Here, Af(z) is the fluid-occupied area at an 90 

elevation z below the crest (z < 0, where z has an origin at the crest and is positive above the 91 

crest) and A0 is the total area over which the average is calculated. The roughness layer is divided 92 

into two sublayers: the form-induced and interfacial sublayers (Fig. 1). The form-induced 93 

sublayer is the flow region between the top of the roughness layer and the roughness crest, while 94 

the interfacial sublayer is the flow region below the crest. These sublayers are influenced by 95 

individual roughness elements. 96 

The aim of this study was therefore to examine the spatially averaged (SA) turbulent flow 97 

characteristics over a WGB and an SGB prepared using the same gravel samples. This paper thus 98 

highlights how the bed surface topography of a WGB influences the turbulence characteristics in 99 

the near-bed flow zone differently from that of an SGB when the same gravels and flow 100 

conditions are used. It therefore provides improved descriptions of the differences between WGB 101 

and SGB turbulence characteristics such as the DA streamwise velocity, SA RSS, Reynolds 102 

normal stresses, TKE flux, RSS quadrant analysis, form-induced shear stress, form-induced 103 

normal stresses, etc. However, the flow characteristics were measured only in the vertical plane 104 

along the streamwise direction, because a two-dimensional particle image velocimetry (PIV) 105 

system was employed. 106 

 107 

II. EXPERIMENTAL APPARATUS AND PROCEDURE 108 

 109 
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 110 
 111 

FIG. 2. Schematic of (a) the experimental apparatus (plan view) and (b) the flume test section 112 

showing the laser pulser and PIV camera (both connected to a synchronizer to aid in capturing 113 

frames produced during laser emission), as well as the computer used for data processing. 114 

 115 

Experiments were performed in the Grandi Modelli Idraulici laboratory at the Università della 116 

Calabria, Italy. A 9.6 m long, 0.485 m wide, 0.5 m deep rectangular tilting flume was used. The 117 

inlet of the flume consisted of a stilling tank, an uphill slipway, and a honeycomb designed to 118 

dampen the flow disturbances. The flow depth in the flume was regulated by adjusting the 119 

downstream tailgate. A tank was attached downstream of the tailgate to collect the outflow. A 120 

gravel trap was placed over the tank to collect transported gravel particles. The flow discharge in 121 

the flume was metered using a calibrated Thomson weir fitted at the outlet of the tank. The 122 

experimental bed was prepared using coarse gravels with a unimodal size distribution (4 < d < 6 123 

mm) having a median size of d50 = 4.81 mm. The geometric standard deviation g (= (d84/d16)0.5) 124 

of the gravel sample was 1.18 (< 1.4), which indicates that the gravel particles were uniform. The 125 

gravels were considerably non-spherical (approximately elliptical cross-section tapering toward 126 

each end), having the average longest, intermediate and shortest axial lengths of individual 127 

gravels of a = 12.3 mm, b = 5.9 mm and c = 4.5 mm, respectively. The flume walls were made of 128 

glass enabling to visualize the flow. All measurements were taken within a 1 m long zone 6.3 m 129 

to 7.3 m from the flume inlet. To ensure the fully developed flow, the flow development length 130 

was calculated from the boundary layer thickness formula28 ( = 0.33 xu*/U, where x is the 131 
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streamwise distance, u* is the shear velocity, and U is the maximum flow velocity) and found to 132 

be 2.24 m from the inlet. In addition, the velocity profiles within the test section were found to 133 

be fully developed, which confirmed the fully developed flow in the test section. Furthermore, 134 

the uniformity of flow in the test section was ascertained by measuring the flow profile with a 135 

point gauge. During flow measurements for both the WGB and SGB, the flow depths were 136 

maintained same by regulating the adjustable downstream tailgate. Thus, the flow Froude 137 

numbers were identical. A schematic diagram of the experimental flume and instruments is 138 

shown in Fig. 2(a). 139 

The flow field over the gravel bed was measured using a two-dimensional (2D) particle image 140 

velocimetry system manufactured by TSI (Fig. 2(b)). It consisted of a Nikon 12-bit charge-141 

coupled device (CCD) camera, model 630091 POWERVIEW Plus 4M, with 2048 × 2048 square 142 

pixels and a frame rate of 15 Hz, as well as a double-pulse Nd:YAG laser, model EverGreen 200 143 

manufactured by Quantel, with a pulse energy of 200 mJ at wavelength of 532 nm. The Laser 144 

pulser and the camera were synchronized by a LaserPulse Synchronizer Model 610036. Two 145 

(one spherical and one cylindrical) lenses were attached to the laser head nozzle to illuminate the 146 

flow with a light sheet having a thickness of 2 mm. Although the PIV system used in this study 147 

can work at 15 Hz, it was operated at 7.25 Hz owing to a PC port frequency limitation. Further, 148 

the double-frame mode was used to achieve a satisfactory spatiotemporal resolution, where two 149 

images were captured within a very short time equaling 1000 μs. This inter-frame time (time 150 

delay) between the two laser pulses should be long enough for determining the displacement of 151 

the seeding particles in the pair of images with sufficient resolution. On the other hand, inter-152 

frame time should be short enough to avoid particles with an out-of-plane velocity component 153 

leaving the laser sheet between subsequent pulses. It means that the inter-frame time was fixed to 154 

optimize the particle image displacement between the two captured frames according to the flow 155 

velocity. It was set during preliminary tests for the regulation of the amount of seeding particles 156 

to be used during the experiments. To discuss further, it follows that in the space domain, 157 

considering a mean flow velocity of 0.43 m s–1 and the fixed inter-frame time, we were able to 158 

measure only eddies greater than 0.43 mm. However, the actual size of the eddy was imposed by 159 

the spatial resolution of the PIV measurements. Having known the inter-frame time and 160 

computed the displacement of a seeding particle, the instantaneous velocity of the particle was 161 

estimated. 162 

The INSIGHT 4G-2DTR software was used to control data acquisition and to process the 163 

resulting data. Titanium dioxide particles with a mean size of 3 µm and mass density of 4.26 × 164 

103 kg m–3 were used as seeding particles and fed into the flow upstream. The seeding particles 165 

were fine enough to become ambient fluid particles even though their mass density was greater 166 

than that of water.29,30 Furthermore, care was taken to feed the seeding particles into the flow in a 167 

manner that satisfied the general criteria for an accurate PIV measurement.31 The laser sheet 168 

illuminated the test section in order to aid in visualizing the seeding particle motion captured by 169 

the camera placed parallel to the laser sheet.19,32,33 The base of the PIV camera was aligned 170 

parallel to the average bed level having an elevation of lens centerline (cross-hair) 5 cm from the 171 

average bed level (Fig. 2(b)),19 enabling us to identify the flow below the crest with no excessive 172 

reflection of the laser light from the bed surface. However, in some locations along the laser 173 

sheet, the camera visual field was to some extent blocked by some gravels immediate across the 174 

laser sheet. 175 

The images were divided into several small rectangular frames called interrogation areas 176 

(IAs), was 170  170 mm2. No overlapping IAs were considered, as they would have increased 177 
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the computation time significantly without improving the results. During the experiments, the 178 

laser sheet along with the camera was shifted to each measuring location, and then the flow 179 

measurements were taken. Altogether 3000 pairs of images were captured on a vertical plane 180 

along the flume centerline in order to measure the flow field over a period of 414 s at each 181 

streamwise location, such as 0.06 m, 0.26 m, 0.46 m, 0.66 m, and 0.94 m from the starting point 182 

of the test section. This duration of the test significantly exceeded that recommended for 183 

measurements in boundary layer flow.34,35 The image particle size was less than 1 pixel. Thus, to 184 

minimize the effect of peak locking, first of all the images were pre-processed by using a filter 185 

(already available in the INSIGHT 4G-2DTR software), which optimized the particle image 186 

diameter with respect to the peak estimator. This filter subtracted the background image of a 187 

seeding particle (that is the fixed part of the image itself) in order to make more apparent the 188 

moving seeding particles (that is the variable part) and to improve the signal to noise ratio. Then, 189 

the Gaussian interpolation was used in order to determine the correlation peaks and the average 190 

seeding particle displacement over an interrogation area with a sub-pixel accuracy. The image 191 

analysis provided 43 velocity profiles on a vertical plane in the streamwise direction, covering an 192 

area of 120 × 100 mm2 with a spatial resolution of 2.7 mm in both vertical and streamwise 193 

directions at each measuring location. No data cleaning process was used in analyzing the data.  194 

In the first phase, gravel particles were placed in the flume and screeded manually to form the 195 

SGB and the bed surface fluctuations were measured using a laser scanner (Leica ScanStation 196 

P20), having an accuracy of ±3 mm at 50 m and ±6 mm at 100 m. The average bed slope was 197 

found to be 0.7%. Next, the WGB was produced by initiating flow over the SGB in a manner 198 

that could transport the surface gravels. The flow depth h used to prepare the WGB was 0.088 m, 199 

as measured from the gravel crest. The threshold flow velocity Uc needed to initiate bed-particle 200 

motion was determined via Neill’s36 empirical formula to be 0.59 m s−1. This is less than the 201 

average flow velocity Uavg (= Q/(Bh), where Q is the flow discharge and B is the flume width) of 202 

0.82 m s−1. Gravel transport rate (gs) for the WGB preparation declined from 7.2 × 10−2 kg m−1 203 

s−1 to 3 × 10−4 kg m−1 s−1 over a period of 28.5 h because no gravel was fed. The flow was 204 

stopped at the end of this phase. Then, the bed surface fluctuations were measured using the laser 205 

scanner and the average bed slope was found to be 0.4%. 206 

In the second phase, the flume was cleaned and the gravel particles were again placed in the 207 

flume and manually screeded to create a new SGB. The bed slope of the new SGB was identical 208 

to that of the earlier SGB (= 0.7%) in order to understand the effects (before and after) of the 209 

water-work on the flow characteristics and bed topographies. By analyzing the bed surface 210 

fluctuations of the entire test section derived from the detrended laser scans of the bed 211 

topography, the crests of gravels having the highest elevation, considered to be the crest level, 212 

were obtained. Then they were compared with the lower boundary of the flow field obtained 213 

from the PIV images. 214 

From the bed surface fluctuations, the virtual bed levels (mean bed levels corresponding to z = 215 

–zc or z1 = 0, where zc is the crest level) were computed for the WGB and SGB (Fig. 1). The 216 

WGB and SGB gravel crest levels zc (z = 0 or z1 = zc) were estimated to be 0.00196 m and 217 

0.00283 m, respectively, above the virtual level. The average roughness heights k were 218 

approximately equal to the standard deviations of the bed surface fluctuations. They were found 219 

to be 1.25 mm and 1.04 mm for the WGB and SGB, respectively. These values can be 220 

interpreted as the characteristic roughness of the two different beds.37,38 The bed surface 221 

fluctuations measured along the WGB centerline that form the bed roughness follow an 222 

asymmetric distribution with a skewness of −0.93 and a kurtosis of 3.26 (Fig. 3(a)). In contrast, 223 
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the fluctuations along the SGB centerline follow an asymmetric distribution with a skewness of 224 

0.04 and kurtosis of 2.41 (Fig. 3(b)). 225 

 226 

 227 
 228 

FIG. 3. The probability density functions and histograms of bed surface fluctuations as a function 229 

of mean surface elevation along the flume centerline in (a) the WGB and (b) the SGB. 230 

 231 

 232 
 233 

FIG. 4. Autocorrelation functions at different spacing to determine horizontal length scales for 234 

the WGB and SGB. 235 

 236 

The autocorrelation function Rlx was calculated to determine the horizontal length scales λx for 237 

both the WGB and SGB (Fig. 4) as 238 

http://dx.doi.org/10.1063/1.5044479


8 
 

 239 

 
1

1
[ ( ) ( )]

N n

lx j j
i

R z x z x n x
N n






  
  , (1) 240 

 241 

where lx is the sampling length in x direction (= nδx), i = 1, 2, 3, n, n is the number of points in 242 

x direction, N is the total number of points in x direction, and δx is the sampling interval in x 243 

direction. In this study, we considered δx = 2 mm. The correlation length can be identified from 244 

the points with an intermediate distance l apart in which there exists a change of gradient of l in a 245 

data plot of log(1 – 2
lR ) versus log(l).39 246 

It is possible to identify that the streamwise length scale λx for the WGB is smaller than that 247 

for the SGB, although the streamwise length scales for both the beds are larger than d50. They are 248 

2.210–2 m and 1.710–2 m for the WGB and SGB, respectively. This trend demonstrates that the 249 

bed roughness structure is more elongated in x direction in the WGB than the SGB. 250 

Flow measurements for WGB and SGB were taken with h = 0.1 m and Uavg = 0.43 m s−1 < Uc 251 

(= 0.6 m s−1). Since the threshold flow velocity was calculated to be 0.6 m s−1 at h = 0.1 m using 252 

Neill’s36 formula, this indicates a clear-water condition. In recent past,8,23,32 accurate estimation 253 

of the u* was achieved by extending the RSS profiles linearly to the roughness crest as u* (= (−254 

u w  )0.5
cz z ). Therefore, in this study, the u* in the WGB and SGB were obtained from the RSS 255 

profiles to be 0.068 m s−1 and 0.077 m s−1, respectively. In addition, using the bed slope method 256 

(u* = (ghS)0.5), the u* values in the WGB and SGB were determined to be 0.063 m s−1 and 0.083 257 

m s−1, respectively. The percentage errors between two results were –7.3% and 7.8% for the 258 

WGB and SGB, respectively. Here, one can notice that the u* in the WGB is smaller than that in 259 

the SGB, although the roughness in the former is higher than that in the latter. The reason is 260 

attributed to the lesser bed slope in the WGB than that in the SGB. The flow Reynolds number R 261 

(= 4Uavgh/; where  = 10−6 m2 s−1 at 20 °C) and flow Froude number Fr (= Uavg/(gh)0.5, where g 262 

is the gravitational acceleration) were determined to be 1.72  105 and 0.432, respectively. The 263 

shear particle Reynolds numbers R* (= u k/) in the WGB and SGB were calculated to be 85 264 

and 81, respectively. In both the cases, the values of R* were greater than 70, which confirmed 265 

that the rough-turbulent flow prevailed. To ascertain the two-dimensionality of the flow field in 266 

the central part of the flume, flow measurements were performed at four different spanwise 267 

positions along the streamwise direction of the test section. Examination of the DA streamwise 268 

velocity and SA RSS profiles reveals that at least in the central portion of the flume (0.075 m 269 

off the centerline), the two-dimensionality of the flow was satisfactorily preserved. 270 

 271 
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 272 
 273 

FIG. 5. Variations of roughness geometry functions  in the WGB and SGB with the vertical 274 

distance z1 (= z + zc). 275 

 276 

For z ≤ 0 (below the crest), the roughness geometry function  was used as a multiplier to 277 

convert the intrinsic DA flow quantity to a superficial DA flow quantity.8,40,41,42 The distributions 278 

of the geometric function for the WGB and SGB are shown in Fig. 5. 279 

 280 

III. RESULTS AND DISCUSSION 281 

 282 

A. DA velocity 283 

 284 

The contours of the dimensionless time-averaged velocities u  (= ū/u*, where ū is the time-285 

averaged streamwise velocity) on a central vertical plane in the WGB and SGB are shown in 286 

Figs. 6(a) and 6(b), respectively. The horizontal and vertical axes of the contours in 287 

dimensionless form are represented as x (= x/L, where L is the test section length) and z  (= z/h), 288 

respectively. As is traditionally observed in a hydraulically rough flow, the flow velocities in 289 

both the beds increase with the vertical distance z having streamwise spatial variations in the 290 

near-bed flow zone owing to the roughness structures. It is evident that the near-bed flow 291 

velocity in the SGB is influenced by the randomly poised roughness elements. On the other 292 

hand, the near-bed flow in the WGB is roughly streamlined over the organized roughness 293 

structure formed by gravels with their longest axis oriented streamwise owing to water work, 294 

although the WGB roughness size is higher than the SGB roughness size.  295 

 296 
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 297 
 298 

FIG. 6. Dimensionless time-averaged velocity u   contours on a plane along the flume centerline 299 

in (a) the WGB and (b) the SGB. 300 

 301 

In order to substantiate the near-bed flow heterogeneity, the instantaneous velocity vectors are 302 

plotted in Figs. 7(a) and 7(b) for the WGB and SGB, respectively. It is apparent that the near-bed 303 

velocity vectors in the WGB are less scattered than that in the SGB. In essence, two issues 304 

related to the roughness structures have now come up: the WGB organized (gravels with their 305 

longest axis oriented streamwise) and the SGB irregular (randomly poised roughness elements) 306 

bed roughness fluctuations having former with higher roughness size than latter. Then, the 307 

immediate question arises: how do the roughness structures affect the temporal and spatial 308 

velocity fluctuations that are associated with the estimates of different turbulence parameters? 309 

There is no doubt that the higher roughness size in the WGB causes to increase the temporal 310 

velocity fluctuations. Besides, the organized bed fluctuations in the WGB induce increased 311 

spatial velocity fluctuations at a quasi-regular roughness scale. Conversely, the randomly poised 312 

roughness elements in the SGB having a shorter roughness size can also induce both the 313 

temporal and spatial velocity fluctuations, but at a slightly reduced magnitude relative to the 314 

WGB case. The reason for lesser spatial velocity fluctuations in the SGB is associated with 315 

manually screeded bed having randomly oriented gravels (Note: it means that the bed roughness 316 

elements do not have organized roughness fluctuations). In the succeeding subsections dealing 317 
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with the turbulence parameters, the effects of the WGB and SBG roughness structures on 318 

temporal and spatial velocity fluctuations (in near-bed flow zone) involved in various turbulence 319 

parameters will be clearly reflected. 320 

 321 

 322 
 323 

FIG. 7. Instantaneous velocity vectors at first measuring section (x = 6.3 m) for (a) WGB and (b) 324 

SGB. The vector  0.25 m s–1 refers to a scale with a magnitude of ( 2 2u w )0.5 = 0.25 m s–1. 325 

 326 

To fit the data plots to a logarithmic law in the flow layer within the end of the wall shear 327 

layer and the crest, the dimensionless DA streamwise velocity u+ (= ū/u*, where ū is the DA 328 

streamwise velocity) and z+ (= (z + z)/z, where z is the zero-plane displacement) were taken 329 

into consideration. In order to plot the experimental data, the logarithmic law is expressed as 330 

 331 
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 333 

where is the von Kármán coefficient (= 0.41), 0z  = z0/z, and z0 is the zero-velocity level. The 334 

values of z and z0 are calculated using the method proposed by Dey and Das8 to be 2.21 × 10−3 335 

and 1.9 × 10−3 m, respectively, for the WGB below the crest. Likewise, the values of z and z0 336 

are 4.81 × 10−3 and 3.59 × 10−3 m, respectively, for the SGB. This indicates that the z and z0 of 337 

the WGB are shallower than those of the SGB. 338 

 339 

 340 
 341 

FIG. 8. Variations of the dimensionless DA streamwise velocity u+ with the dimensionless 342 

vertical distance z in the WGB, SGB, and Pokrajac et al.43 Red and blue dashed lines indicate 343 

the tops of the form-induced WGB and SGB sublayers, respectively. 344 

 345 

Figure 8 depicts that below the crest, the u+ profiles in the WGB and SGB exhibit an 346 

inflection owing to the effects of the roughness geometry function. This result suggests a mixing-347 

type flow within the interstices of gravels and a momentum sink that appears in the interfacial 348 

sublayer. Owing to interfacial flow within the gravels, the u+ profiles are provoked to follow a 349 

third-order polynomial law below the crest (z+  1).8 Importantly, the u+ profiles do not follow 350 

the logarithmic law immediately above the crest. Rather they follow a linear law up to the top 351 

edge of the roughness layers (z+ = 4.7 and 3.4 in the WGB and SGB, respectively) owing to the 352 

extended effect of the bed roughness, and thereafter exhibit a logarithmic variation with z, as was 353 

observed by Mignot et al.,12 Sarkar et al.40 and Pokrajac et al.43 Further, to understand the 354 

dispersion of the time-averaged streamwise velocity profiles u   with respect to the DA 355 

streamwise velocity profile u+, the standard error to the mean (SEM) analysis was performed 356 

for both the beds. The dimensionless standard error e (=  /(nu*), where  is the standard 357 

deviation of u   profiles with respect to the u+ profile, and n is the number of u   profiles 358 

measured in streamwise direction) was computed and shown in the form of error bars (Fig. 8). 359 

The standard average errors eavg of the u+ profiles in the WGB and SGB were 0.033 and 360 

0.036, respectively. The comparison between u+ profiles in the WGB and SGB indicates that 361 
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the u+ in the near-bed flow zone of the former is greater than that which occurs in the latter 362 

(Fig. 8). The reason is attributed to the WGB roughness structure. Owing to the water work, the 363 

roughness structure had a tendency to orient the gravels to their longest axis a in the streamwise 364 

direction and intermediate axis b spanwise to them, while that in the SGB was randomly poised. 365 

This makes the near-bed flow to be relatively streamlined in the WGB than in the SGB, although 366 

the roughness in the former is higher than that in the latter. Further, the u+ profiles of this study 367 

are compared with that of Pokrajac et al,43 which attains a higher magnitude than those in the 368 

WGB and SGB. The reason is attributed to the geometrically regular roughness size in Pokrajac 369 

et al.43 than those in the WGB and SGB. 370 

In essence, it is apparent that after a certain distance (z+  3), the u+ profile in the SGB starts 371 

to increase, becoming slightly greater than that in the WGB near the free surface (Fig. 8). This 372 

implies that in the near-bed flow zone, the magnitude of u+ in the WGB is greater than that in 373 

the SGB owing to differences in bed surface roughness orientation. However, the effect of the 374 

bed roughness decreases as z+ increases and one moves toward the free surface. 375 

 376 

B. SA Reynolds shear stress and form-induced shear stress 377 

 378 

For steady, uniform flow over a macro-rough bed, the spatially averaged RANS equations 379 

provide a modified concept of the total fluid shear stress  .8,17,32,44 The   is expressed as 380 

 381 

 f uw v            , (3) 382 

 383 

where f is the form-induced shear stress (= –uw  ),  is the mass density of fluid, ũ and w  384 

are the spatial velocity fluctuations in the streamwise and vertical directions, respectively,  uw  385 

is the SA RSS (= –u w  ), u and w are the temporal velocity fluctuations in the streamwise 386 

and vertical directions, respectively,  v  is the DA viscous shear stress (= dū/dz), and  is 387 

the coefficient of fluid kinematic viscosity. The   must be balanced by gravity, and therefore it 388 

has the linear profile   ( z   1)  ( 2
*u )−1 = 1 − z . The shear stresses ( ,  uw , f, and  v389 

) are made dimensionless by multiplying by ( 2
*u )−1 and represented as  ,  uw ,  f , and 390 

v . 391 

The variations of  uw  with z  in the WGB and SGB are shown in Fig. 9(a). The peak values 392 

of  uw  occur at z  = 0.2 and 0.27 in the WGB and SGB, respectively, and then decrease as z  393 

increases further. In both the beds, the  uw  profiles follow the linear law (linear gravity line) 394 

with z  after reaching their peaks. The  uw  values start to decrease from z  = 0.15 and 0.2 in 395 

the WGB and SGB, respectively, as z  decreases. However, for z  < 0.14, the rate of decrease of 396 

 uw  becomes faster in the SGB than in the WGB. Damping of  uw  in the near-bed flow zone 397 

occurs owing to decreased temporal velocity fluctuations.8,12,33,40,45 The results obtained in this 398 

study are compared with those in Dey and Das8 and Nikora et al.24 It shows that the all the  uw  399 

profiles follow the similar trend, except that of Nikora et al.24 The  uw  profiles depart from the 400 

linear gravity line and dampen within the respective form-induced and interfacial sublayers, 401 
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resulting from the effects of near-bed flow heterogeneity. Further, the comparison illustrates that 402 

in the near-bed flow zone, a higher roughness in the WGB induces a greater value of  uw  than 403 

that in the SGB that possessed a smaller roughness. According to Nezu and Nakagawa,46 404 

temporal velocity fluctuations (u and w) are highly influenced by the bed roughness. To be 405 

explicit, in this study, the bed roughness of the WGB is higher than that of the SGB, giving rise 406 

to higher u and w and resulting in greater  uw  values in the former than in the latter. This result 407 

is in conformity with the findings of Dey and Das8 and Nikora et al.24 Further, for the RSS 408 

profiles in both the beds, the standard errors were computed and made dimensionless by dividing 409 
2
*u . The average standard errors eavg for the WGB and SGB were computed as 0.025 and 410 

0.031, respectively. 411 

 412 

 413 
 414 

FIG. 9. Variations of the dimensionless (a) SA RSS  uw  and (b) form-induced shear stress  f  415 

with the dimensionless vertical distance z  in the WGB and SGB. The results obtained in this 416 

study are compared with those in Dey and Das8 and Nikora et al.24 417 

 418 

Figure 9(b) presents the variations of  f  with z  in the WGB and SGB. The  f  starts to 419 

develop at z  = 0.1 and 0.14 in the WGB and SGB, respectively. This level, which represents the 420 

lower extremity of the wall shear layer, is considered to be the threshold of form-induced 421 

sublayer development.8,25 Hence, this criterion is used to determine that the thicknesses of the 422 

form-induced sublayers in the WGB and SGB are 0.1h and 0.14h, respectively. Within the form-423 

induced sublayer, the  f  profiles grow gradually as z  decreases. In the WGB, the magnitude 424 

of  f  attains its peak close to the crest ( z  = 0.025), while in the SGB, the peak appears in the 425 

upper portion of the form-induced sublayer ( z  = 0.09). Thereafter, the values associated with 426 

both the beds start to decline as z  decreases. The magnitudes of spatial velocity fluctuations ( u  427 

and w ) are responsible for this trend in  f . Within the form-induced sublayer, large u  and 428 
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w  values give rise to higher  f  values. Below the crest ( z  < 0), these values are small and 429 

thus  f  reduces significantly.8,12,32,40,47 The standard errors of the  f  profiles in the near-bed 430 

flow zone are larger than those above the roughness layer, where they are negligible for both the 431 

beds. Like the RSS profiles, the standard errors of  f  profiles were computed and made 432 

dimensionless by dividing 2
*u . The average standard errors eavg are 0.001 and 0.0012 for the 433 

WGB and SGB, respectively. Further, owing to the spatial variability of roughness elements over 434 

entire test section, variations in the spatial velocity fluctuations are relatively high than the 435 

temporal velocity fluctuations. Therefore, in this study, the error bars associated with the u  and 436 

w  in Fig 9(b) are to some extent larger than those associated with the u and w in Fig. 9(a).  437 

For the comparison, the  f  profiles of Dey and Das8 and Nikora et al.24 are also shown in 438 

Fig. 9(b). The comparison corroborates that they follow similar trends, but with different 439 

magnitudes. According to Dey and Das8 and Sarkar et al.,40 higher bed surface roughness 440 

produces large u  and w  values, yielding an increased magnitude of  f . In this study, the bed 441 

roughness in the WGB is higher than that in the SGB, but smaller than those in Dey and Das8 442 

and Nikora et al.24 As a result, the  f  in the WGB attains a higher value than that in the SGB, 443 

but remains smaller than  f  and  f  in Dey and Das8 and Nikora et al.24, respectively. This 444 

indicates that in the near-bed flow zone, the flow is more heterogeneous in the WGB than in the 445 

SGB. 446 

The variations of  uw ,  f ,  v , and   with z  in the WGB and SGB are presented in 447 

Figs. 10(a) and 10(b). In both the beds, the  uw  profiles dominate throughout the flow depth, 448 

except in close proximity to the bed. In the near-bed flow zone ( z  < 0.2), the time-averaged 449 

flow becomes spatially heterogeneous, leading to a decrease in  uw , although the reduction in 450 

uw  is compensated for by  f  and  v . As a result, the   profiles depart from the linear 451 

gravity profile. This is resulted from the form-induced fluctuations owing to the influence of the 452 

local flow heterogeneity. Moreover, in the near-bed zone, besides the form-induced fluctuations, 453 

a form-drag-induced stress is also prevalent.24 However, little progress has so far been made to 454 

estimate the form-drag-induced stress, because its precise estimation can only be obtained from 455 

the integration of the pressure distribution across the frontal surface of the gravels.8,45 Hence, in 456 

this study, the   in both the WGB and SGB are not equaling unity near the crest. Similar 457 

observations have also been reported by previous researchers.8,12,32,40,41,45 In both the beds, the 458 

  profiles follow the linear gravity line above the wall shear layer ( z   0.2), as is typically 459 

observed in a zero-pressure gradient flow, approximately equaling the magnitudes of  uw , while 460 

the magnitudes of  f  and  v  are negligible. From Figs. 10(a) and 10(b), one notices that the 461 

RSS peaks appear well above the form-induced sublayer. This implies that u and w reach their 462 

maxima at this level owing to an intense turbulent mixing process in the near-bed flow zone. 463 

This fits with the observations of Manes et al.32 and Ferraro et al.41  464 

 465 
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 466 
 467 

FIG. 10. Variations of the dimensionless SA RSS  uw , form-induced shear stress  f , DA 468 

viscous shear stress  v , and total shear stress   with the dimensionless vertical distance z  469 

in (a) the WGB and (b) the SGB. 470 

 471 

 472 
 473 

FIG. 11. Variations of the dimensionless form-induced shear stress to SA RSS ratio  f / uw  474 

with the dimensionless vertical distance z  in the WGB and SGB. 475 

 476 

Figure 11 illustrates variations of the dimensionless form-induced shear stress to SA RSS ratio 477 

 f / uw  with z  in the WGB and SGB. The  f / uw  profiles start to grow near the top of the 478 

roughness layer and then gradually increase as z  decreases in both the beds. In the WGB, the 479 

f / uw  attains its peak at the crest ( z  = 0), while the peak appears just below the crest ( z  = 480 
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−0.025) in the SGB. Thereafter, they both decrease rapidly with z . The reduction in  f / uw  481 

within the interfacial sublayer ( z  < 0) is associated with the reduction in  f  relative to  uw482 

.8,40 Comparing the  f / uw  profiles in the WGB and SGB, it indicates that the former is 483 

greater than the latter. According to Dey and Das,8 the magnitude of peak of  f / uw  depends 484 

on the roughness size. The peak of  f / uw  is larger at higher roughness sizes than at lower 485 

ones. In this study, the bed surface roughness of the WGB is larger than that of the SGB, 486 

producing a larger peak  f / uw  in the former than in the latter. 487 

 488 

C. SA Reynolds and form-induced normal stresses 489 

 490 

The streamwise and vertical SA Reynolds normal stresses are expressed as uu = u u   491 

and ww = w w  , respectively, and made dimensionless as ( ˆuu ,  ˆww ) = (uu , ww)  492 

( 2
*u )−1. The dimensionless form-induced normal stresses are expressed in a similar manner as (493 

uu ,  ww ) = (uu  , ww  )  ( 2
*u )−1 in the streamwise and vertical directions, respectively. 494 

The behavior of the dimensionless SA streamwise Reynolds normal stress  ˆuu  with respect to 495 

z  in the WGB and SGB is shown in Fig. 12(a). In both the beds, the  ˆuu  increases with z  496 

within the form-induced sublayer attaining a peak value above the crest. The peak of  ˆuu   497 

2.91 in the WGB occurs just above the crest ( z  = 0.025), whereas the peak of  ˆuu   1.95 in 498 

the SGB occurs near the top of the form-induced sublayer ( z  = 0.09). In both the cases, the 499 

ˆuu  decreases with further increases in z . According to Dey and Das,8 Sarkar et al.,40 and 500 

Ferraro et al.,41 intense fluid mixing that occurs in the presence of bed roughness is to increase 501 

ˆuu  in the form-induced sublayer. However, the  ˆuu  reduces within the interfacial sublayer 502 

owing to damping of the fluid mixing intensity.8,40,41  503 

A consistency in the trends is found when the  ˆuu  profiles of this study are compared with 504 

those of Dey and Das8 and Nikora et al.24 (Fig. 12(a)). The  ˆuu  profiles attain their peaks near 505 

the crest for all the cases, except that for Nikora et al.24 The possible reason is attributed to the 506 

loosely packed gravels in Nikora et al.24 A close examination of Fig. 12(a) suggests that the main 507 

discrepancy in these profiles lies in the magnitudes of  ˆuu . For a given z , the  ˆuu  in the 508 

WGB has a greater magnitude than that in the SGB, implying that the WGB exhibits a greater u 509 

fluctuations than the SGB. However, the magnitudes of  ˆuu  in the WGB remain smaller than 510 

those in Dey and Das8 and Nikora et al.24 owing to greater u in the latter two cases than the 511 

former. According to Nezu and Nakagawa,46 u is directly associated with the bed roughness. To 512 

be precise, in this study, the higher bed roughness associated with the WGB causes its u 513 

fluctuations to be enhanced, increasing the magnitude of  ˆuu  in the WGB relative to that in the 514 

SGB. The  ˆuu  profiles have average standard errors eavg of 0.017 for the WGB and 0.028 515 

for the SGB. 516 
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 517 

 518 
 519 

FIG. 12. Variations of the dimensionless SA (a) streamwise  ˆuu  and (b) vertical Reynolds 520 

normal stress  ˆww  with dimensionless vertical distance z  in the WGB and SGB. The results 521 

obtained in this study are compared with those in Dey and Das8 and Nikora et al.24 522 

 523 

Figure 12(b) shows how the dimensionless SA vertical Reynolds normal stress  ˆww  varies 524 

with z  in the WGB and SGB. In the WGB, the  ˆww  reaches its peak ( ˆww   0. 58) at z  = 525 

0.37, whereas in the SGB, the peak ( ˆww   0.75) appears at z  = 0.44. Thereafter, the 526 

magnitudes of  ˆww  decrease gradually as z  increases in both the beds. This suggests that 527 

above the crest, fluid mixing is induced by bed roughness, which enhances w fluctuations.8,41 528 

However, the effects of mixing on w within the interfacial sublayer are weaker than those above 529 

the crest resulting in a lower  ˆww . The  ˆww  profiles of Dey and Das8 and Nikora et al.24 are 530 

also shown in Fig. 12(b) for the comparison with those obtained in this study. Similar to Fig. 531 

12(a), the peak values in  ˆww  profiles for three cases occur above the crest, whereas for Nikora 532 

et al.,24 it is found to be below the crest. The reason is same as stated earlier. It is evident from 533 

Fig. 12(b) that the  ˆww  profile in the WGB achieves a higher magnitude than that in the SGB. 534 

It implies that the higher bed roughness associated with the WGB, relative to the SGB, induces 535 

to increase the w fluctuations and in turn, the magnitude of  ˆww  is enhanced in the WGB. This 536 

phenomenon corresponds to the findings of Dey and Das,8 Nikora et al.24 and Sarkar et al.40 The 537 

average standard errors eavg in  ˆww  profiles calculated for the WGB and SGB are 0.015 and 538 

0.011, respectively. 539 

 540 

z
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 541 
 542 

FIG. 13. Variations of the dimensionless (a) streamwise  uu  and (b) vertical form-induced 543 

normal stress  ww  with the dimensionless vertical distance z  in the WGB and SGB. The 544 

results obtained in this study are compared with those in Dey and Das8 and Nikora et al.24 545 

 546 

The behaviors of the dimensionless streamwise form-induced normal stress  uu  in the 547 

WGB and SGB are presented in Fig. 13(a). In both the beds, the  uu  profiles grow as z  548 

decreases, starting from z  = 0.1 and z  = 0.14, respectively. In the WGB, the peak of  uu  549 

exists just above the crest ( z  = 0.01), whereas in the SGB, the peak occurs near the middle of 550 

the form-induced sublayer ( z  = 0.06). However, the  uu  decreases with a further decrease in 551 

z  in both the beds. This suggests that within the form-induced sublayer, the  uu  increases 552 

owing to increased spatial velocity fluctuations u , whereas within the interfacial sublayer, the 553 

uu  decreases with u . Above the form-induced sublayer, the  uu  is almost negligible in both 554 

the beds. The average standard errors eavg of the  uu  profiles are of 0.009 and 0.012 for the 555 

WGB and SGB, respectively. Figure 13(a) demonstrates that the  uu  in the WGB is greater 556 

than that in the SGB owing to the higher u  in the former. However, the WGB  uu  is found to 557 

be less when it is compared with that of Nikora et al.24 This confirms that u  are directly 558 

associated with the roughness size. The  uu  profiles of Dey and Das8 are slightly smaller in 559 

magnitude than those obtained in the WGB. The roughness structure formed by the gravels in the 560 

WGB was well organized (as discussed in section IIIA), whereas in Dey and Das,8 the roughness 561 

structure was randomly poised. This may result in smaller values of  uu  in Dey and Das8 than 562 

those in the WGB. 563 

Figure 13(b) shows the dimensionless vertical form-induced normal stress  ww  variations in 564 

the WGB and SGB. Further, in order to have an enlarged view, the  ww  profiles in the near-bed 565 
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flow zone are shown in inset in Fig. 13(b). As with the  uu  profiles, the  ww  profiles reflect 566 

similar trends in both the beds. The  ww  profiles in the WGB and SGB reach their peaks at z  567 

= 0.025 and 0.075, respectively. For z  < 0, the  ww  decreases significantly with z . The 568 

magnitude of  ww  depends on the variations in the spatial velocity fluctuations w .8,12,40,41,48 569 

The comparative study suggests that the  ww  values in both Dey and Das8 and Nikora et al.24 570 

are much larger than those obtained in this study. This occurs as a result of much higher 571 

roughness elements used in Dey and Das8 and Nikora et al.24 than those in the WGB and SGB, 572 

because higher roughness induces greater w . Reverting to this study, Fig. 13(b) shows that there 573 

exists a difference between the peak values in the WGB and SGB. The possible reason behind 574 

this is their difference in roughness size. In the  ww  profiles, the average standard errors eavg 575 

for the WGB and SGB are of 0.0003 and 0.0001, respectively. One can notice that the error 576 

bars associated with  uu  profiles are longer than those with  ww  profiles. The reason is 577 

attributed to the spatial flow variability in the streamwise direction than that in the vertical 578 

direction.  579 

 580 

D. DA Prandtl mixing length 581 

 582 

The mixing length concept was introduced first by Prandtl.49 The mixing length (l) is defined 583 

as the average length travelled by the fluid parcels from their generation to degeneration to 584 

change their momentum in the ambient fluid. To apply this concept to flow over a macro-rough 585 

bed, one must double-average the Prandtl mixing length. Thus, the DA Prandtl mixing length l 586 

in flow over a gravel bed can be given by 587 

 588 

 
0.5( )

d d

u w
l

u z

  
  

  
. (4) 589 

 590 

The DA Prandtl mixing length l is expressed in dimensionless form as  l̂  = l/ks. Figure 14 591 

shows how the  l̂  varies with z  in the WGB and SGB. In the context of existing (traditional) 592 

understanding of l in a hydraulically rough flow, l varies linearly with z within the wall shear 593 

layer (z  0.2h).23 It is however evident that the  l̂  in the WGB almost varies linearly with z  up 594 

to z  0.2h, complying with the traditional variation. On the other hand, in case of the SGB, the 595 

l̂  remains almost invariant with z  in the close proximity of the bed up to z  0.05h; however, it 596 

varies linearly for 0.05  z   0.2. Thereafter, the values of  l̂  in both the beds grow slowly 597 

becoming almost invariant with z  as one moves upward. The possible reason for the departure 598 

of the near-bed  l̂  profile in the SGB from that in the WGB is attributed to the effects of 599 

randomly poised roughness structures in the SGB. Owing to the randomly poised roughness 600 

structures in the SGB, the flow velocity decelerates in the near-bed flow zone (as earlier 601 

discussed in section IIIA). In addition, smaller roughness size in the SGB than that in the WGB 602 

is to produce lesser near-bed u and w in the SGB than those in the WGB. As a result, in the 603 

near-bed flow zone, the  l̂  in the SGB is found to be smaller than that in the WGB. The average 604 
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standard errors eavg of the  l̂  profiles vary within the range of 0.37 for the WGB and 0.66 for 605 

the SGB. 606 

 607 

  608 
 609 

FIG. 14. Variations of the dimensionless DA Prandtl mixing length  l̂  with the dimensionless 610 

vertical distance z  in the WGB and SGB. 611 

 612 

E. SA turbulent kinetic energy and form-induced turbulent kinetic energy fluxes 613 

 614 

 615 
 616 

FIG. 15. Variations of the dimensionless SA (a) streamwise Fku and (b) vertical TKE flux Fkw 617 

with the dimensionless vertical distance z  in the WGB and SGB. The results obtained in this 618 

study are compared with those in Mignot et al.12 619 

 620 

0.1 1 10 100

l

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

WGB (eavg=

SGB (eavg=

Crest level

z

http://dx.doi.org/10.1063/1.5044479


22 
 

The SA TKE fluxes are made dimensionless as (Fku, (Fkw) = (fku, fkw ) × 3
*u . Variations 621 

of the dimensionless SA streamwise Fku and vertical Fkw TKE fluxes with z  in the WGB and 622 

SGB are shown in Figs. 15(a) and 15(b), respectively. Since the flow measurement was two-623 

dimensional, the streamwise and vertical TKE fluxes are therefore estimated using fku = 0.75(624 

u u u u w w      ) and fkw = 0.75(u u w w w w      ), respectively.23 In Fig. 15(a), the Fku in the 625 

WGB starts positive, reaching its peak just above the crest ( z  = 0.025). It then decreases as z  626 

increases further, but remains positive until z  = 0.1. The Fku profile in the SGB follows a trend 627 

similar to that in the WGB. The positive peak of Fku in the SGB appears at z   0.01 and the 628 

sign of the Fku changes after z  = 0.088. According to Dey and Das,8 Mignot et al.,12 and 629 

Sarkar et al.,40 a positive Fku value indicates a streamwise transport of the TKE flux, whereas a 630 

negative value suggests an upstream transport of the TKE flux. Figure 15(a) depicts that the Fku 631 

in the WGB is greater than that in the SGB, implying the WGB to have higher u and w than the 632 

SGB. However, the Fku in the WGB remain smaller than that in Mignot et al.12 owing to higher 633 

u and w in the latter than that in the former. Moreover, the u and w fluctuations are directly 634 

associated with the bed roughness, as discussed earlier. To be explicit, in this study, owing to the 635 

higher roughness in the WGB than that in the SGB, the Fku is greater in the former than in the 636 

latter. 637 

In Fig. 15(b), the Fkw profiles in the WGB and SGB start with small negative values within 638 

the interfacial sublayer and attain their respective negative peaks at z  = 0.025 and 0. The 639 

absolute magnitude of Fkw then starts to diminish with further increases in z , becoming 640 

positive for z  > 0.1 and 0.088 in the WGB and SGB, respectively. Negative and positive Fkw 641 

values indicate downward and upward transport of vertical flux, respectively.8,23,40,45 For the 642 

comparison, the Fkw profile of Mignot et al.12 is shown in Fig. 15(b). The comparative study 643 

suggests that for a given z , the magnitude of Fkw follows a sequence of Fkw in Mignot et al.12 644 

> Fkw in the WGB > Fkw in the SGB. The reason for such sequence is attributed to descending 645 

sizes of roughness, as described earlier in reference to the Fku profiles. 646 

According to Dey and Das,8 Sarkar et al.,40 and Sarkar and Dey,45 the streamwise and vertical 647 

TKE flux profiles provide information about the bursting events. The combination of a positive 648 

Fku and a negative Fkw gives rise to sweep or Q4 events (that is, the inrush of fluid parcels). 649 

Conversely, the combination of a negative Fku and a positive Fkw gives rise to ejection or Q2 650 

events (that is, the arrival of slowly moving fluid parcels). In this study, the sweep events are 651 

dominant up to z  = 0.1 and 0.088 in the WGB and SGB, respectively (Fig. 15(a)). In contrast, 652 

the ejection events are dominant at z  > 0.1 and 0.088 in the WGB and SGB, respectively (Fig. 653 

15(b)). 654 

The dimensionless streamwise and vertical form-induced TKE fluxes are obtained using 655 

(Ffu, Ffw) = (ffu, ffw)  3
*u , respectively, where ffu is the streamwise form-induced TKE 656 

flux expressed as 0.75(ũũũ + uww   ) and ffw is the vertical form-induced TKE flux expressed 657 

as 0.75(uuw    + www   ). The behaviors of Ffu and Fkw with respect to z  in the WGB and 658 

SGB are shown in Figs. 16(a) and 16(b), respectively. In both the beds, the Ffu starts with 659 

positive values within the interfacial sublayer and increases gradually with z . In the WGB, the 660 

Ffu reaches its positive peak above the crest ( z  = 0.025), whereas the peak appears at z  = 0.01 661 

in the SGB. Thereafter, both values tend to decrease with z . In both the beds, the Ffu nearly 662 

vanishes above the form-induced sublayer. The ũ fluctuations in the WGB are higher than those 663 
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in the SGB, as evident from Fig. 13(a)), resulting in higher Ffu in the former than in the latter at 664 

a given z.  665 

 666 

 667 
 668 

FIG. 16. Variations of the dimensionless streamwise form-induced TKE flux Ffu and vertical 669 

form-induced TKE flux Ffw with the dimensionless vertical distance z  in (a) the WGB, (b) the 670 

SGB, and (c) Dey and Das8. 671 

 672 

In both the beds, the Ffw profiles that are negative start to grow within the interfacial 673 

sublayer as z  increases (Figs. 16(a) and 16(b)). The Ffw profiles reach their respective negative 674 

peaks at z   0.039 and 0.06 in the WGB and SGB, respectively. However, the magnitudes of 675 

Ffw gradually decrease after achieving their negative peaks as one moves toward the top edge of 676 

the form-induced sublayer, and thereafter become negligible. One can argue that w  is 677 

significantly weaker than ũ, resulting in a Ffw that is smaller than a Ffu at a given z. 678 

Comparison of Figs. 16(a)–16(c) shows that the magnitudes of form-induced TKE fluxes in the 679 

WGB are greater than those in the SGB, whereas they remain smaller than those in Dey and Das8 680 

in the near-bed flow zone. This can be interpreted as the effects of the difference in bed 681 

roughness in the three cases. 682 

 683 

G. Conditional statistics of Reynolds shear stress 684 

 685 

Conditional statistical analysis of the RSS provide insight into the dynamics of coherent 686 

structure in turbulent flow.50 In this analysis, the temporal velocity fluctuations u and w are 687 

decomposed into four quadrants in the uw plane. To differentiate stronger and weaker events, 688 

the hole size H and the detection function i,H(t) are used. The detection function i,H(t) = 1 when 689 

|uw|  H (u u  )0.5 ( w w  )0.5. Otherwise i,H(t) = 0. Hence, larger velocity fluctuations (stronger 690 

events) that contribute to the RSS can be identified from each quadrant plot by leaving the 691 

smaller velocity fluctuations (weaker events) within the hole.8,25,26 The contributions of bursting 692 

events to the total RSS from quadrant i outside the hole can be obtained from 693 

 694 
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where T is the sampling time. Depending on the sign convention, the bursting events are 697 

characterized. This includes Q1 events, which are outward interactions (i = 1, u > 0 and w > 0), 698 

Q2 events, which are ejections (i = 2, u < 0 and w > 0), Q3 events, which are inward interactions 699 

(i = 3, u < 0 and w < 0), and Q4 events, which are sweeps (i = 4, u > 0 and w < 0). The 700 

fractional contribution of the conditional RSS (Si,H) of each event to the total RSS is represented 701 

using 702 

 703 

 704 
 705 

FIG. 17. Variations of the fractional contributions to the conditional SA RSS Si,0 with the 706 

dimensionless vertical distance z  in (a) the WGB and (b) the SGB. 707 

 708 
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 710 

The variations of the DA fractional contributions Si,H with z  in the WGB and SGB when H 711 

= 0 are presented in Figs. 17(a) and 17(b), respectively. Although u and w have small 712 

magnitudes within the interfacial sublayer, they play vital roles in the analysis of turbulence 713 

characteristics. Therefore, all plots of u and w at H = 0 are considered when calculating 714 

Si,H.8,45 715 

Figures 17(a) and 17(b) indicate that contributions from the Q2 events to the total RSS 716 

increase with z  above the wall shear layer ( z  > 0.2) and continue to be larger than the 717 

contributions from Q4 events up to the free surfaces of both the beds. Contributions from Q1 and 718 

Q3 events are insignificant when compared to those from Q2 and Q4 events, as has been 719 

commonly observed in rough-bed flows.8,12,40,45 In Fig. 17(a), at the crest ( z  = 0), the 720 

contributions from the Q2 and Q4 events represent approximately 58% and 110% (S2,0  0.58 721 

and S4,0  1.1), respectively. Conversely, the contributions from Q1 and Q3 events at the crest 722 

are approximately 22% and 40% (S1,0  0.22 and S3,0  0.4), respectively. When z  > 0, the 723 

contribution from Q4 events decreases as z  increases, while that from Q2 events increases. The 724 

z
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two contributions become equal (S2,0  S4,0  0.79) at z  = 0.1. As z  increases further, the 725 

contribution from Q2 events becomes larger than that from Q4 events, becoming dominant for the 726 

rest of the vertical distance z. This indicates that sweep or Q4 events dominate within the 727 

roughness layer ( z  = 0.1). The dominance of sweep events indicates an inrush of faster-moving 728 

fluid parcels within the interfaces of gravels. Hence, sweep events are governed by the flow 729 

within the near-bed flow zone and consequently, the magnitude of SA RSS is diminished in this 730 

flow zone. 731 

 732 

 733 
 734 

FIG. 18. Quadrant plots of spatial velocity fluctuations at different vertical distances z in the 735 

WGB. 736 

 737 

In the SGB, the profiles of the Q1, Q2, Q3, and Q4 events follow trends similar to those in the 738 

WGB (Fig. 17(b)). The contribution from Q4 events equals to that from Q2 events (S2,0  S4,0 739 

 0.8) at the middle of the form-induced sublayer ( z  = 0.088). When z  > 0.088, the 740 

contribution from Q2 events is greater than that from Q4 events. From Figs. 17(a) and 17(b), one 741 

can see that the profiles of the Q2 and Q4 events in the WGB and SGB are similar except in the 742 

near-bed flow zone. In the WGB, the contribution from Q4 events reaches its peak at z  = −0.025 743 

and then begins to decrease as z  increases further. Within the interfacial sublayer, the 744 

contribution from the Q4 events in the SGB increases with z  until it reaches its peak just below 745 

the crest, at which point it decreases. The contribution from Q2 events in the WGB decreases 746 

until z  = 0.05, but increases with z  thereafter. In contrast, the contribution from Q2 events in 747 

the SGB starts to increase within the interfacial sublayer, maintaining almost same magnitude 748 

throughout the flow depth. In the near-bed flow zone, the fractional contribution to the total RSS 749 
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from Q4 events is higher in the WGB than in the SGB. One possible reason is the presence of 750 

higher u and w fluctuations in the WGB than in the SGB. 751 

A quadrant analysis of the spatial velocity fluctuations, ũ and w , in the ũw  domain was 752 

performed for the WGB and SGB.40,45 In the quadrant plots, ũ and w  are made dimensionless by 753 

dividing by u*. The results for the WGB and SGB are shown in Figs. 18 and 19, respectively. 754 

The ũ and w  plots of six different vertical locations are presented at z = −0.0025 m (below the 755 

crest), 0 m (at the crest), 0.0025 m, 0.005 m, 0.02 m, and 0.05 m (above the crest). In the WGB, 756 

the z = 0.005 m, 0.0025 m, 0, and −0.0025 m plots form a pseudo-elliptical shape with a major 757 

axis inclined toward the x axis. However, for z = 0.02 and 0.05 m, the plots form an irregular 758 

elliptical cluster. From Fig. 18, it is apparent that ũ and w  tend to vanish at the outer extremity 759 

and above the wall shear layer ( z   0.2). However, these values are finite in the near-bed flow 760 

zone. The ellipse is largest at z  = 0.025. This indicates that the form-induced stress is at its 761 

maximum when z  = 0.025, decreasing when z  either increases or decreases. A similar trend is 762 

observed in the SGB (Fig. 19). Upon comparing Figs. 18 and 19, one finds that the ũ and w  in 763 

the WGB appear to be more scattered and have higher magnitudes than those in the SGB. This 764 

implies that water work causes significant changes in gravel orientation, as well as in the bed 765 

surface roughness, resulting in higher spatial velocity fluctuations in the WGB than in the SGB. 766 

 767 

 768 

 769 
 770 

FIG. 19. Quadrant plots of spatial velocity fluctuations at different vertical distances z in the 771 

SGB. 772 

 773 

IV CONCLUDING REMARKS 774 

 775 
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The turbulence characteristics of flows over a WGB and an SGB were measured using a two-776 

dimensional particle image velocimetry and analyzed by applying the DAM. Although the flow 777 

conditions in both the beds were identical, significant differences in the velocity and turbulence 778 

characteristics were noted, especially in the near-bed flow zone. This was induced by the 779 

differences between the WGB and SGB roughness structures that were composed of different 780 

orientations of surface gravels. Importantly, owing to the action of water work, the longest axis 781 

of WGB gravels were oriented streamwise, while SGB gravels were randomly poised. The DA 782 

streamwise velocity profiles in both the beds follow the logarithmic law above the form-induced 783 

sublayer, but follow linear and third-order polynomial laws within the form-induced and 784 

interfacial sublayers, respectively. Although the DA streamwise velocity profiles follow similar 785 

trend in the WGB and SGB, the near-bed velocity profile in the former is greater than that in the 786 

latter. It is resulted from the near-bed flow to be relatively streamlined in the WGB (in which the 787 

longest axis of gravels were systematically oriented streamwise) than in the SGB (in which the 788 

gravels were randomly poised), although the roughness in the former is higher than that in the 789 

latter. 790 

In both the beds, the SA RSS profiles reach their peaks above the wall shear layer, continuing 791 

to decrease toward the free surface and closely following the linear law (linear gravity line) with 792 

vertical distance. In the near-bed flow zone, the SA RSS is larger in the WGB than in the SGB 793 

owing to the presence of larger temporal velocity fluctuations in the former. Within the 794 

roughness layer, the form-induced shear stress values in both the beds reach their peaks above 795 

the crest, and thereafter decrease toward the outer edge of the form-induced sublayer. Owing to 796 

greater spatial velocity fluctuations in the WGB, the form-induced shear stress in the WGB is 797 

greater than that in the SGB. The SA Reynolds normal stress components are small in the near-798 

bed flow zone and grow as the vertical distance increases in both the WGB and SGB. They reach 799 

their peaks above the crest. As a result of higher temporal velocity fluctuations in the WGB, its 800 

SA Reynolds normal stress components are larger than those in the SGB. 801 

Analysis shows that the DA Prandtl mixing lengths in the WGB and SGB are small within the 802 

interfacial sublayer. However, they increase above the form-induced sublayer. The SA TKE 803 

fluxes in the WGB are small in the near-bed flow zone and change their signs above the crest. 804 

Although similar trends appear in the SGB, significant differences between the magnitudes of the 805 

SA TKE fluxes in the WGB and SGB are observed in the near-bed flow zone. 806 

A quadrant analysis of temporal velocity fluctuations confirms that sweep events dominate in 807 

the near-bed flow zone, and that the character of this dominance changes above the crests of both 808 

the beds. Sweep events tend to dominate more in the WGB than in the SGB. This implies that the 809 

fluid in the near-bed flow zone of the WGB accelerates more than that of the SGB owing to an 810 

inrush of fluid parcels, resulting in a larger DA streamwise velocity. The spatial velocity 811 

fluctuations in both the beds were plotted. In the near-bed flow zone, the data plot clusters 812 

formed pseudo-elliptical shapes. The clusters became small beyond the roughness layer, 813 

indicating the disappearance of spatial velocity fluctuations. The quadrant plots of spatial 814 

velocity fluctuations in the WGB were more scattered than those in the SGB, indicating the 815 

influence of differences between the roughness sizes of the two beds. 816 

In this context, it is important to mention that the above results were obtained from the flow 817 

measurements along the centerline of the flume. It is however acknowledged that the spanwise 818 

roughness could afflict the DA flow results, if the streamwise roughness distributions at 819 

spanwise locations (off the centerline) were different from that at the centerline of the flume, but 820 

this was not the case for the beds studied, which was confirmed from the bed scanner results. In 821 
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fact, the streamwise roughness distributions at spanwise locations were approximately similar to 822 

that at the centerline of the flume in both the beds. 823 

In essence, the DAM experimental results allow us to clearly understand the impact of gravel-824 

bed roughness in WGBs and SGBs on the turbulent flow characteristics. This study reveals that 825 

SGBs underestimate the turbulence parameters as compared to WGBs. Further, the WGB 826 

preserves similar surface roughness organization and properties that are observed in a natural 827 

gravel-bed river. To be explicit, (a) the vertical length scale of the roughness elements in a WGB 828 

is less than half of the horizontal length scale of the roughness elements, (b) the gravels in the 829 

WGB have a tendency to orient their longest axis in the streamwise direction, inducing the near-830 

bed flow to be relatively streamlined than that in the SGB, and (c) the higher spatial turbulent 831 

stresses in the WGB than those in the SGB indicate that the favorable particle orientation and 832 

direction of imbrication in the subsurface is to reduce the bulk porosity of the WGB. This 833 

scenario closely resembles to the natural gravel-bed rivers. Thus, it can be concluded that in the 834 

laboratory, the WGB is able to simulate, in a simplified manner, both the surface and subsurface 835 

properties of a natural gravel-bed river. Hence, future experiments should be performed using 836 

WGBs, as these are more representative of actual riverbed conditions. This would aid to produce 837 

more accurate estimates of near-bed turbulence parameters. In contrast, near-bed turbulence 838 

parameters obtained from experimental studies that use SGBs should be handled with care. 839 
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