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Abstract: Twenty runs of experiments are carried out to investigate non-equilibrium transport of 5 

graded and uniform bed load sediment in a degrading channel. Well sorted gravel and sand are 6 

employed to compose four kinds of sediment beds with different gravel/sand contents, i.e., uniform 7 

100% gravel bed, uniform 100% sand bed, and two graded sediment beds respectively with 53% 8 

gravel and 47% sand as well as 22% gravel and 78% sand. For different sediment beds, the 9 

experiments are conducted under the same discharges, thereby allowing for the role of sediment 10 

composition in dictating the bed load transport rate to be identified. A new observed dataset is 11 

generated concerning the flow, sediment transport and evolution of bed elevation and composition, 12 

which can be exploited to underpin developments of mathematical river models. The data shows that 13 

in a degrading channel, the sand greatly promotes the transport of gravel, whilst the gravel 14 

considerably hinders the transport of sand. The promoting and hindering effects are evaluated by 15 

means of impact factors defined based on sediment transport rates. The impact factors are shown to 16 

vary with flow discharge by orders of magnitude, being most pronounced at the lowest discharge. It is 17 

characterized that variations in sand or gravel inputs as a result of human activities and climate change 18 

may lead to severe morphological changes in degrading channels. 19 

 20 
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1. Introduction 23 

Sediment transport in alluvial rivers has important consequences for public safety, management of 24 

land, water, ecological resources, and environmental sustainability (Chien & Wan, 1999; Frey & 25 

Church, 2009; Graf, 1971; Raven et al., 2010; Wilcock, 1998). Generally, sediment can be 26 

transported as bed load and suspended load, depending on sediment characteristics and flow 27 

conditions. This work focuses on bed load transport, in which sediment particles move over the 28 

stream in a sliding, rolling or saltating mode (Gomez, 1991). A number of formulas have been 29 

developed to date to describe bed load transport (Einstein, 1950; Engelund & Hansen, 1967; 30 

Meyer-Peter & Müller, 1948). However, most studies are based on uniform sediment under steady 31 

flow conditions. The prediction of sediment transport in natural rivers continues to be one of the 32 

major challenges for fluvial hydraulics and morphodynamics, which is mainly due to the presence 33 

of different types of unsteady flows and the sophisticated mutual impact between various grain 34 

size fractions in graded bed materials (Bagnold, 1977). 35 

The last several decades have seen a number of experimental investigations of graded bed load 36 

sediment transport in open channels. The majority of the experiments were conducted in 37 

equilibrium conditions (e.g., Kuhnle, 1993a, 1993b; Kuhnle et al., 2013; Wilcock & Crowe, 2003; 38 

Wilcock & Kenworthy, 2002; Wilcock et al., 2001; Wilcock & McArdell, 1993, 1997). Most 39 

notably, promoting/hindering impacts of fine/coarse sediment on the transport of coarse/fine 40 

sediment were revealed in these experiments, as characterized by changes in the critical shear 41 

stress for incipient motion of graded sediment. These experiments along with other laboratory and 42 

field observations have led to the development of a range of formulations for graded bed load 43 

transport rate (Almedeij et al., 2006; Patel & Ranga Raju, 1996; Wilcock & Crowe, 2003; 44 

Wilcock & Kenworthy, 2002; Wu et al., 2000). 45 

Non-equilibrium cases comprise both aggradation and degradation cases. For aggradation cases, 46 

there have been many flume experimental investigations (e.g., Cui et al., 2003a; Paola et al., 1992; 47 

Seal et al., 1997; Solari & Parker, 2000; Toro-Escobar et al., 2000; Venditti et al., 2010a, 2010b). 48 
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These experiments have produced an abundance of observed data (typically, of flow depth, 49 

sediment transport rate, bed elevation and composition) to support the development of 50 

mathematical river models (Belleudy & Sogreah, 2000; Cui, 2007; Cui et al., 1996; Cui et al., 51 

2003b; Hu et al., 2014; Qian et al., 2015; Wu, 2004; Wu & Wang, 2008), which numerically solve 52 

the shallow water hydrodynamic equations along with continuity equations for sediment and the 53 

bed. Extending the finding of promoting and hindering impacts for equilibrium cases (Kuhnle, 54 

1993a, 1993b; Kuhnle et al., 2013; Wilcock & Crowe, 2003; Wilcock & Kenworthy, 2002; 55 

Wilcock et al., 2001), Venditti et al. (2010a, 2010b) showed that fine gravel pulses could mobilize 56 

coarser gravel transport, in an aggradation case due to fine sediment feeding.  57 

Comparatively, few computational models of graded bed load transport have been tested against 58 

degradation cases. This is because observed data of degradation cases are meagre and generally 59 

suffer from limitations. Specifically, previous observed data concerning the flow, sediment 60 

transport and bed evolution for degradation cases were insufficient for setting up mathematical 61 

modelling (Dietrich et al., 1989; Pender et al., 2001), as stage data was not available at the 62 

downstream end for specifying boundary conditions. Likewise, previous observed data featured 63 

too much scattering, lower sediment transport rates and minor changes in bed surface composition 64 

(e.g., Fuller, 1998; Willetts et al., 1998). Other studies focused on the effects of cohesive clay on 65 

gravel and/or sand in terms of the incipient motion (Kothyari & Jain, 2008) and transport in 66 

degradation cases (Jain & Kothyari, 2009; Kothyari & Jain, 2010). Further, previous experimental 67 

studies on degradation conditions did not include cases using the same uniform sediments that 68 

constitute the graded sediment samples (Ashida & Michiue, 1971; Dietrich et al., 1989; Fuller, 69 

1998; Jain & Kothyari, 2009; Kothyari & Jain, 2010; Pender et al., 2001; Willetts et al., 1998). 70 

These aspects constitute the basic impediments to a clear understanding of the fractional bed load 71 

transport in a mixture as compared against its counterpart of uniform sediment in degradation 72 

cases. Practically, understanding graded sediment transport in degradation cases is critical for the 73 

assessment of the scour processes downstream dams or between sills (Ashida & Michiue, 1971; 74 
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Tregnaghi et al., 2009; Yang et al., 2007). The need for systematic observed data is evident of flow, 75 

graded sediment transport and bed evolution in degradation cases.  76 

Unlike previous experimental studies focusing on the development of amour layers, which were 77 

based on statistical analyses of grain-scale bed topography and composition (Curran & Waters, 78 

2014; Mao et al., 2011; Marion et al., 2003), the present work aimed to generate new experimental 79 

data of flow, graded bed load transport and bed evolution in a degradation channel to support 80 

mathematical river modelling. Flume experiments were conducted in which four sediment beds 81 

with differing sand/gravel contents were scoured by one of five flow discharges. The four 82 

sediments beds were composed of well-sorted sand and/or beads, with sand contents of 0%, 47%, 83 

78% and 100% respectively. The beads were of gravel size and hereafter referred to as gravel for 84 

convenience. The densities of the gravel and sand were 2390 kg/m
3
 and 2650 kg/m

3
 respectively. A 85 

total of 20 runs of clear-water scour experiments were carried out. For each run, detailed 86 

measurements of the flow, bed elevation, fractional transport rates and bed surface composition 87 

were conducted. The fractional transport rates of gravel and sand in cases of graded sediments 88 

were compared with those of uniform sediments in the same flow discharges to reveal the 89 

interactions between gravel and sand in graded bed load sediment transport in a degrading 90 

channel.  91 

 92 

2. Method 93 

2.1 Sediment 94 

The wide range of grain sizes in natural graded sediments may considerably complicate the 95 

transport phenomenon. A viable approach to quantifying graded sediment transport is to divide the 96 

bed material into two uniform fractions, i.e., gravel (grain size gD > 2 mm) and sand ( sD < 2 mm), 97 

each with a representative particle diameter (Almedeij et al., 2006; Kuhnle et al., 2013; Wilcock, 98 

1998; Wilcock et al., 2001). This is followed in designing the present experiments. The sediments 99 
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consisted of well-sorted gravel and sand. The gravel, Sample A, was in the range of 2.0 mm to 4.0 100 

mm in diameter. Gravel particles were spherical with a mean specific gravity of 2.39. The sand, 101 

Sample B, varied between 0.1 mm and 2.0 mm in diameter, which was sieved by natural sand 102 

with a mean specific gravity of 2.65. Sample C and Sample D were made by mixing Samples A 103 

and B according to the mass ratio of 1:1 and 1:4 (i.e., the volumetric proportion of sand was 47% 104 

and 78%) respectively. Samples A, B, C and D were successively laid in the flume to compose 105 

four different sediment beds. The physical characteristics of the bed sediments are listed in Table 106 

1, and the size distribution is shown in Fig. 1. Particularly, Sample A was in white, whilst Sample 107 

B was in yellow. The difference in color in the sediments allowed the employment of the 108 

photographic method for the measurement of bed surface size distribution (Adams, 1979; Wilcock 109 

& McArdell, 1993). 110 

 111 

Table 1. Physical characteristics of bed sediments 112 

Sample Material 
Median size 

50d  (mm) 
Color 

Density 

(kg/m3) 
Porosity 

A 100% Gravel 3.1 White 2390 0.426 

B 100% Sand 0.67 Yellow 2650 0.412 

C 53% gravel, 47% sand 2.0 / 2513 0.420 

D 22% gravel, 78% sand 0.8 / 2593 0.415 

 113 

 114 

Fig. 1. Size distribution by weight of bed sediments 115 

 116 

2.2 Transport and hydraulic measurements 117 

The experiments were conducted in a flume that is 35 m long, 1.2 m wide and 0.8 m deep, as 118 

illustrated in Fig. 2. A 20 m long fixed bed made by cement was placed at the upstream part of the 119 

flume, followed by the 12 m long loose sediment bed in the working section. At the downstream 120 

end of the sediment bed, there was a 0.02 m long iron rigid bed to prevent local scour due to 121 
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waterfall into the sediment trap. Downstream the working section was a 1 m long, full-width 122 

sediment trap featuring two valves (Fig. 2d). The sediment in the trap was collected every 20 123 

minutes, without the need to shut the flow off. This was accomplished by operating the two valves 124 

in the sediment trap in a particular manner. Initially, Valve A was open and Valve B was closed 125 

(as shown in the picture to the left in Fig. 2d). All the sediments that fallen into the trap in 20 126 

minutes were accommodated in between Valves A and B. At 20 minutes, Valve A was closed 127 

while Valve B was open so that the sediments trapped in the 20-minute period can be collected (as 128 

shown in the picture to the right in Fig. 2d). During this period of operation that was much shorter 129 

than 20 minutes, the sediments trapped were placed above Valve A. As soon as the collection is 130 

finished, Valve A is open and Valve B is closed, and it is ready for trapping sediments in the next 131 

20 minutes. Once the sediment collected in each 20-minute period was later dried and weighed, 132 

the amount of sediment transported through the cross section immediately upstream the trap was 133 

obtained. For graded sediment, the sediment is also sieved. When it is divided by the time interval 134 

(20 minutes), one yields the sediment transport rate during the period. Based on these data, one 135 

can readily calculate the average sediment transport rate during the whole period of each run of 136 

experiment. 137 

The sidewalls of the flume were mounted with four automatic water-level probes and two 138 

automatic terrain monitor (Fig. 2), and a computer was deployed to process the water level and 139 

bed elevation data transmitted from the probes. The transient water level was measured at the 140 

centre of the channel at four cross sections. The tracking speed of the water-level probes was set 141 

at 100 mm/s, and the corresponding measurement error was within ±0.5 mm as the sampling 142 

frequency is set at 2 Hz. Each automatic terrain monitor measured the bed elevations at 13 points 143 

evenly distributed across a cross section in a period of about 2 minutes, with a measurement error 144 

of 0.6 mm. Thus, the bed elevations at two cross sections were continuously measured during the 145 

course of the experiments. The final bed elevation was measured using the automatic terrain 146 

monitors at the end of each run of the experiments, at cross sections 20 cm apart in the first 4 m 147 
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reach downstream the inlet of the mobile-bed section (Fig. 2), and in the remaining reach at cross 148 

sections 40 cm apart. At each cross section, the bed elevations at 13 points evenly distributed 149 

laterally were measured. An electromagnetic flow meter was emplaced at the inlet of the flume to 150 

determine the inflow discharge, and the flow regime could be controlled by means of a tailgate at 151 

the outlet of the flume.  152 

 153 

 154 

Fig. 2. Experimental setup (a. perspective view; b. top view; c. front view; d. sediment trap) 155 

 156 

2.3 Bed surface composition 157 

At the end of each run of the experiments, the bed surface composition was measured by two 158 

methods. The first was the traditional volume-by-weight method commonly used in bulk sampling 159 

and sieve analyses, which involved the bed surface excavation. The second was the 160 

grid-by-number method, which has been shown to be equivalent to the volume-by-weight method 161 

(Kellerhals & Bray, 1971). This was accomplished by projecting photographs of the bed onto a 162 

grid, and tallying the grain color (hence sand or gravel) falling on the grid. Each photograph 163 

covered a bed section 1 m wide and 1.2 m long, while the remaining 10 cm on each side of the 164 

flume was not photographed. Ten adjacent photographs provided continuous downstream 165 

coverage of the 12 m long working section of the channel. For each photograph, 500×600 points 166 

were counted and analyzed by computer, the cross-stream and downstream separations between 167 

grid points were 2 mm, and the diagonal separation between grid points was 2.8 mm. This spacing 168 

is smaller than the largest size on the bed. Wilcock and McArdell (1993) suggested that a 169 

conservative estimate of the error in measuring bed surface composition for this method was 170 

±30%, and the actual error should be considerably smaller. 171 

To investigate how the bed surface composition changes in time during the course of the 172 

experiments, the bed surface in a particular section of the channel, i.e., 2.4< x <3.6 m, was 173 
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photographed every 1 hour and the gravel and sand proportions were determined by the 174 

grid-by-number method. This complements the measurement of bed surface composition at the 175 

end of each run of the experiments. The photographs were taken through the flowing water, 176 

without shutting the flow off and disturbing the experiment. In principle, the photographs so taken 177 

may capture the moving bed load sediment particles, in addition to those the bed surface. Yet, it is 178 

hard to distinguish these moving particles from those on the bed surface, though moving particles 179 

were scarce by visual observation. Thus uncertainty is inevitable concerning the observed bed 180 

surface size distribution attained by this method.   181 

 182 

2.4 Experimental procedure 183 

Prior to each run, the slope of the sediment bed was leveled to 0.003, which was the same slope as 184 

the fixed bed upstream. Then the tailgate was raised, and the flume was filled with water from the 185 

downstream end. After this, the pump was started, the tailgate was opened, and a relatively small 186 

inflow was maintained to establish a steady initial condition. The small inflow was so weak that 187 

no sediment could be transported. Afterwards the flow discharge was increased to the desired 188 

value and held constant. Then, the experiment began. No sediment was recycled or fed during 189 

each run, and each run lasted for 7 hours. This period was determined after a trial-and-error 190 

procedure, during which there were sufficiently strong bed deformation and changes in bed 191 

surface composition in all the runs of experiment. This is sensible to better support mathematical 192 

river modelling studies, especially when it is necessary to distinguish the effects of the flow and 193 

sediment properties from the uncertainty arising from empirical relationships introduced to close 194 

the model equations.  195 

A total of 20 runs were carried out as summarized in Table 2. Runs A1-A5 relate to cases of 196 

uniform gravel, and Runs B1-B5 represent cases of uniform sand. Runs C1-C5 employ Sample C 197 

as sediment bed, thus the volumetric proportion of sand is 47%. For Runs D1-D5, the sediment 198 

bed is made up by Sample D, with which the volumetric sand content is 78%. In Table 2, the 199 
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x -axis direction is consistent with the direction of flow, and the cross section of the junction of 200 

fixed bed and sediment bed is set to be x =0 m, q  is the designed unit-width flow discharge, h  201 

and biq  are respectively the flow depth and unit-width volumetric transport rate of gravel ( bgq ) 202 

or sand ( bsq ) averaged over the duration of the experiments (i.e., 7 hours). 203 

 204 

Table 2. Summary of experiments 205 

Run q (m2/s) 
Water slope h (m) biq (m2/s) 

t = 0 t = 7 h x = 0 m x = 12 m bgq
 bsq  

A1 0.01 0.00284 0.00287 0.025 0.026 1.04E-08 / 

A2 0.015 0.00272 0.00267 0.031 0.033 4.94E-08 / 

A3 0.02 0.00289 0.00292 0.037 0.04 3.75E-07 / 

A4 0.025 0.00284 0.00285 0.043 0.045 8.85E-07 / 

A5 0.03 0.00283 0.00294 0.048 0.05 1.34E-06 / 

B1 0.01 0.00305 0.00270 0.025 0.026 / 1.64E-06 

B2 0.015 0.00294 0.00277 0.031 0.033 / 1.80E-06 

B3 0.02 0.00318 0.00284 0.037 0.04 / 2.49E-06 

B4 0.025 0.00287 0.00304 0.043 0.045 / 3.13E-06 

B5 0.03 0.00298 0.00298 0.048 0.05 / 4.47E-06 

C1 0.01 0.00293 0.00287 0.025 0.026 1.03E-07 1.08E-07 

C2 0.015 0.00281 0.00277 0.031 0.033 3.14E-07 3.31E-07 

C3 0.02 0.00270 0.00276 0.037 0.04 7.32E-07 7.29E-07 

C4 0.025 0.00285 0.00286 0.043 0.045 9.41E-07 1.04E-06 

C5 0.03 0.00295 0.00274 0.048 0.05 1.52E-06 1.65E-06 

D1 0.01 0.00304 0.00287 0.025 0.026 2.00E-07 6.80E-07 

D2 0.015 0.00270 0.00275 0.031 0.033 2.79E-07 1.02E-06 

D3 0.02 0.00276 0.00274 0.037 0.04 3.97E-07 1.52E-06 

D4 0.025 0.00276 0.00271 0.043 0.045 5.95E-07 2.18E-06 

D5 0.03 0.00270 0.00293 0.048 0.05 8.04E-07 3.24E-06 

 206 

 207 

3. Results 208 

3.1 Water flow and sediment transport 209 

In order to generate sufficient dataset that can be exploited to support the development and testing 210 

of mathematical river models, detailed measurements of stage, fractional sediment transport rate, 211 

bed elevation and bed surface composition were collected for each run. Here, we present the 212 
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results for Run C4 to illustrate the processes, which are typical of other runs. The complete dataset 213 

for all runs is available upon request to support other investigations. 214 

Fig. 3 shows the stage hydrographs for Run C4. It can be seen that the observed stage gradually 215 

increased from an initial small value to a nearly steady level in about 2 minutes, which is 216 

consistent with the designed inflow process (see section 2.4 Experimental procedure). The 217 

observed stage from the four water-level probes placed along the 12 m long sediment bed can be 218 

used to evaluate the water surface slope, and the observations of stage variation at x =0 m and 219 

x =12 m are essential for specifying boundary conditions for mathematical river modeling.  220 

Fig. 4(a) illustrates the variation of the cumulative volume of bed load for Run C4. It can be found 221 

that after about 180 minutes, the cumulative volume increases linearly. This essentially indicates 222 

that the bed load transport rate has reached constant (Fig. 4b).  223 

 224 

 225 

Fig. 3. Observed stage at different cross sections for Run C4 226 

 227 

 228 

Fig. 4. Bed load transport for Run C4: (a) total volume; (b) transport rate averaged in 20-minute 229 

intervals  230 

 231 

3.2 Bed elevation 232 

Fig. 5 shows the measured bed elevation for Run C4. Significant degradation is spotted (Fig. 5a, b, 233 

c), yet the scour was mainly confined to the upstream part ( x <7 m) of the sediment bed section 234 

and is essentially negligible downstream. When testing a mathematical river model, a final bed 235 

profile is usually insufficient. In the present work, the bed elevations at two cross sections, 236 

x =2.0 m and x =6.0 m were measured every ten minutes (Fig. 5d), which is useful in calibrating 237 

and testing mathematical models. 238 
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 239 

 240 

Fig. 5. Bed elevation for Run C4: (a) initial bed; (b) final bed; (c) cross section averaged initial 241 

and final bed elevation; and (d) time variation of cross section averaged bed elevation at x =2.0 242 

m and x =6.0 m 243 

 244 

The cross section averaged final bed elevation for all the 20 runs are plotted in Figs. 6 and 7. 245 

From Fig. 6, it can be seen that for a specific sediment sample, the degradation enhanced with the 246 

increase of the inlet flow discharge. Under a specific unit-width flow discharge (Fig. 7), the 247 

degradation for the four sediment samples generally follows the rule: Sample A < Sample C < 248 

Sample D < Sample B, indicating that the transport rate increases with the increase of sand 249 

content in the sediment bed.  250 

 251 

 252 

Fig. 6. Cross section averaged final bed elevation in relation to different inflow discharges for (a) 253 

Sample A, (b) Sample B, (c) Sample C, and (d) Sample D 254 

 255 

 256 

Fig. 7. Cross section averaged final bed elevation in relation to different sediment beds under (a) 257 

q =0.01 m2/s, (b) q =0.015 m2/s, (c) q =0.02 m2/s, (d) q =0.025 m2/s, and (e) q =0.03 m2/s 258 

 259 

3.3 Bed surface composition 260 

To evaluate the bed surface composition sampled for cases of graded sediment transport, 
iF  is 261 

introduced to represent the volumetric proportion of sand (
sF ) or gravel (

gF ) in the bed surface. 262 

Fig. 8 shows the variation of the bed surface composition of Run C4. During the degrading 263 

process, the bed surface coarsened considerably (Fig. 8). Longitudinally, the bed coarsening 264 



12 
 

extended to the whole sediment bed section of the channel within 7 hours and the final bed 265 

coarsened roughly uniformly as compared to the initial bed (Fig. 8a). Temporally, the bed within 266 

subsection 2.4< x <3.6 m coarsened in time (Fig. 8b). The longitudinally uniform coarsening 267 

renders it appropriate to evaluate the whole-section averaged coarsening as function of flow 268 

discharge. In this sense, the bed surface of the whole sediment bed was significantly coarsened, as 269 

the percent gravel 
gF  and median size 50d  of the final bed are obviously larger than those of 270 

the initial bed (Fig. 9). Further, it can be observed from Fig. 9 that 
gF  and 50d  are relatively 271 

insensitive to the flow discharge but vary systematically with different initial beds, which is in 272 

accordance with the finding of Wilcock et al. (2001) for equilibrium cases. Therefore the armor 273 

evolution with flow strength and transport rate is subtle not only for equilibrium conditions 274 

(Wilcock et al., 2001) but also for degradation conditions (the present work).  275 

 276 

 277 

Fig. 8. Bed surface composition of Run C4: (a) percent (volume) gravel on the initial and final 278 

bed surface; (b) variation of percent (volume) gravel ( gF ) and sand (
sF ) on the bed surface 279 

within subsection 2.4< x <3.6 m 280 

 281 

   282 

Fig. 9. Bed coarsening during degradation as characterized by (a) percent gravel on the bed 283 

surface and (b) median grain size of the bed surface 284 

 285 

3.4 Bed load sediment transport 286 

Fig. 10 shows the scaled dimensionless bed load transport rate ifΦ  versus Shields number   287 

for gravel and sand averaged over the whole period of the experiments (7 hours), where if  is the 288 



13 
 

initial proportion of sand ( sf ) and gravel ( gf ) in the sediment bed,   3
1/Φ ibi gdsq  , s  289 

is the ratio of sediment density to that of water, g  is the gravitational acceleration, id  is the 290 

median size of gravel ( gd ) or sand ( sd ),   i* gdsu 1
2

  is the shields number, gRSu *
 291 

is the shear velocity, R  is the hydraulic radius of the flow, and S  is the slope of the water 292 

surface. The bed shear velocity is so calculated as the flow at the cross section immediately 293 

upstream the sediment trap can be considered nearly steady and uniform (Fig. 3). It is clearly 294 

shown in Fig. 10 that in relation to the same Shields number, the scaled dimensionless fractional 295 

transport rate of gravel in cases of graded sediments (Runs C1-C5 and D1-D5) is higher than that 296 

in cases of uniform gravel (Runs A1-A5). In contrast, the scaled dimensionless transport rate of 297 

sand in cases of graded sediments (Runs C1-C5 and D1-D5) is lower than that in cases of uniform 298 

sand (Runs B1-B5). On the other hand, by comparison of the cases of graded sediments (Runs 299 

C1-C5 and D1-D5), it is shown that the scaled dimensionless transport rates of Runs D1-D5 are 300 

higher than those of Runs C1-C5 for both gravel and sand in accord with a specific Shields 301 

number.  302 

 303 

 304 

Fig. 10. Scaled dimensionless bed load transport rate versus Shields number for fractional 305 

transport of gravel and sand 306 

 307 

Fig. 11(a) illustrates the time variation of the total dimensionless bed load transport rates (gravel 308 

plus sand) for Runs A3, B3, C3 and D3 with the same flow discharge 0.02 m2/s. The variations for 309 

other runs with different discharges are qualitatively the same, thus not shown. It is seen in Fig. 310 

11(a) that the dimensionless transport rates of Runs C3 and D3 are within the range of Runs A3 311 

and B3, and as the sand content increases, the total transport rate increases (i.e., Run 312 
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A3<C3<D3<B3). Fig. 11(b) represents the scaled time variation of the dimensionless bed load 313 

transport rates for each fraction (gravel or sand). It is shown that for gravel, the scaled 314 

dimensionless fractional transport rate increases as sand content increases (Runs A3<C3<D3), 315 

while for sand, the scaled dimensionless fractional transport rate decreases as gravel content 316 

increases (Runs B3>D3>C3).  317 

Generally, the finer sand particles tend to hide behind and between the coarser gravel particles, 318 

while the coarser gravel particles are more exposed to the hydrodynamic forces (Einstein, 1950). 319 

As a result, sand in a sand-gravel mixture is more difficult to set into motion than the same sized 320 

uniform sand, whereas the incipient motion of gravel is much easier than its uniform equivalents 321 

(Kuhnle, 1993; Wilcock, 1998; Xu et al., 2008). It is also established that the fractional transport 322 

rates of gravel and sand are greatly affected by their contents in the mixture. Iseya and Ikeda 323 

(1987) showed that gravel transport rates could be maintained or even augmented in the presence 324 

of additional sand. Afterwards, Wilcock et al. (2001) found that as sand content increases, the 325 

fractional transport rate of gravel is greatly increased, and the rate of increase in sediment could 326 

not simply be explained from the decrease of particle size. Recently, the measurements of Kuhnle 327 

et al. (2013) indicated that an increase in the amount of sand led to increase in gravel transport by 328 

orders of magnitude. For aggradation cases due to sediment feeding, Venditti et al. (2010a, 2010b) 329 

examined the effects of fine gravel pulses on gravel transport and suggested that, in general, finer 330 

sediment (not just sand) could mobilize coarser sediment and expressions for the influence of sand 331 

on bed mobility need to be generalized on the basis of grain ratios. Intuitively, the promoting and 332 

hindering impacts should be functioning in degradation cases, just as in equilibrium (Kuhnle, 333 

1993a, 1993b; Kuhnle et al., 2013; Wilcock & Crowe, 2003; Wilcock & Kenworthy, 2002; 334 

Wilcock et al., 2001) and aggradation (Venditti et al., 2010a, 2010b) cases. However, the authors 335 

are not aware of previous observed data for degradation cases that confirms the occurrence of 336 

promoting and hindering. In this respect, the present work facilitates new observed data that 337 

clearly shows promoting and hindering impacts in a degrading channel (Figs. 10, 11). 338 
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 339 

 340 

Fig. 11. Variation of (a) the dimensionless bed load transport rate, and (b) the scaled fractional 341 

dimensionless bed load transport rate for Runs A3, B3, C3 and D3 342 

 343 

3.5 Quantifying promoting and hindering impacts - the promoting and hindering factors 344 

To date, the promoting and hindering impacts for equilibrium cases has been evaluated in terms of 345 

the critical shear stress for incipient motion of sediment (Wilcock & Crowe, 2003; Wilcock & 346 

Kenworthy, 2002). However, the critical shear stress is hard to pinpoint and succinctly cannot be 347 

directly measured. More critically, it has often been estimated in accord with a significantly low 348 

transport rate by extrapolating the measured transport rates under different discharges, which 349 

inevitably bears much uncertainty. Therefore, an alternative approach is warranted for evaluating 350 

the promoting and hindering impacts in graded bed load transport. Here the impact factors are 351 

defined based on fractional sediment transport rates that are directly observed. 352 

From the above analysis (Figs. 10 and 11), it is found that with the same proportion and flow 353 

conditions, the fractional transport rates of gravel in cases of graded sediments are higher than 354 

those in cases of uniform gravel, which indicates that sand promotes the transport of gravel. 355 

Herein, the impact factor sgF
 
is introduced to quantify the effects of sand on gravel transport. 356 

Physically, under the same flow discharge, the gravel transport rates in cases of respectively 357 

graded sediments and uniform gravel are proportional to the content of gravel, and at the same 358 

time the effects of sand on gravel transport can be quantified by the impact factor sgF . Therefore, 359 

one has 360 

sgj

gug

gj

bgug

bgj
F

f

f

q

q
                               (1) 361 

This leads to the expression of the impact factor 362 
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where the subscript j  denotes cases of graded sediments with different gravel/sand content, the 364 

subscript ug  denotes uniform gravel. Obviously, the gravel content gugf  is equal to 1 in cases 365 

of uniform gravel. 366 

Similarly, the impact factor gsF  is introduced to characterize the effects of gravel on sand 367 

transport 368 



























sus
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sj

bsj

gsj
f

q

f

q
F                           (3) 369 

where the subscript us  denotes uniform sand, and obviously 1susf .  370 

Fig. 12 illustrates the variation of the impact factors with flow discharge for Runs C1-C5 and 371 

Runs D1-D5. Generally, the value of sgF  is greater than 1, while the value of gsF
 
is less than 1. 372 

This indicates that compared with uniform bed load sediment transport, the sand in graded 373 

sediment transport exerts a promoting effect on the transport of gravel, and in contrast the gravel 374 

has a hindering effect on sand transport.  375 

Also, it is shown in Fig. 12 that with the decrease of flow discharge, sgF  increases and gsF
 

376 

decreases. This clearly characterizes that the promoting and hindering impacts become more 377 

pronounced as the flow discharge decreases. Moreover, the value of sgF  for Runs C1-C5 (47% 378 

sand) is smaller than that of Runs D1-D5 (78% sand), indicating that the promoting impact 379 

increases as sand content increases. Meanwhile, the value of gsF  for Runs C1-C5 (53% gravel) 380 

is smaller than that of Runs D1-D5 (22% gravel), thus the hindering impact increases with the 381 

increase of gravel content.  382 

It is noted that the sizes of the gravel and sand used in the present experiments for degradation 383 
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cases are disparate, while their densities are distinct (Table 1). It follows that the promoting and 384 

hindering effects identified from the observed transport rates are contributed not only by their 385 

sizes but also by their densities. One might argue that the density effect could be isolated by 386 

means of hydraulic similitude principle, which evokes the use of a bed load transport formula. 387 

However, this is inherently problematic because existing bed load transport formulae (e.g., 388 

Einstein, 1950; Engelund & Hansen, 1967; Meyer-Peter & Müller, 1948) have been derived for 389 

equilibrium transport cases under steady and uniform flows, whilst the present experiments 390 

featured non-equilibrium bed load transport under non-uniform flows; and also none of existing 391 

bed load transport formulae is universally valid. Therefore, refined mathematical modelling of the 392 

fluvial flow-sediment-morphological processes is warranted in evaluating the new experimental 393 

datasets, which is reserved for investigations in the future. In this regard, the recent model 394 

developments (e.g., Hu et al., 2014; Qian et al., 2015) can be exploited with appropriate 395 

modifications to incorporate the density effect. 396 

 397 

Fig. 12. Variation of impact factors with different flow discharges 398 

 399 

4. Implications 400 

It is now revealed by the present flume experiments that the promoting and hindering impacts are 401 

functioning in graded bed load transport in degrading channels, complementing previous studies 402 

on equilibrium (Kuhnle, 1993a, 1993b; Kuhnle et al., 2013; Wilcock & Crowe, 2003; Wilcock & 403 

Kenworthy, 2002; Wilcock et al., 2001) and aggradation (Venditti et al., 2010a, 2010b) cases. This 404 

has important implications for fluvial processes subject to land, water and ecological resources 405 

management. Human and natural activities, such as fire, logging, flow diversion, urban and rural 406 

development, and climate change that can directly affect runoff generation (Lane et al., 2007), 407 

would change the supply of sand or gravel to alluvial rivers. Consequently, these rivers may suffer 408 
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severe morphological changes as a result of the dramatic increase or decrease in sediment 409 

transport rate, especially at lower flows because of the pronounced promoting and hindering 410 

factors (Fig. 12). One of the most telling cases concerns the decrease of sediment transport in 411 

Goodwin Creek (Kuhnle et al., 1996). The decrease in cultivated land use directly reduced the 412 

supply of fine sediment, which subsequently caused the transport of gravel and total sediment 413 

load to be diminished (Kuhnle et al., 1996). Arguably, the decrease of sediment delivery by the 414 

Yellow River constitutes another case (Wang et al., 2010). Though many studies have addressed 415 

this issue (e.g., Miao et al., 2010), it remains incompletely understood due to the complexity of 416 

the Yellow River system. From the present work, it is argued that the decrease of fine sediment 417 

supply from the Loess Plateau due to effective soil-conservation practices (e.g., forestation and 418 

grass-planting) and reduced agricultural activities may have considerably reduced the coarse 419 

sediment transport, and consequently the total sediment load. 420 

 421 

5. Conclusion 422 

A total of 20 runs of clear-water bed degradation experiments are conducted under the same range 423 

of flow discharge using four sediment samples, i.e., uniform 100% gravel, uniform 100% sand, 424 

53% gravel plus 47% sand, and 22% gravel plus 78% sand. The new observed data are sufficient 425 

for calibrating and testing computational models built on shallow water hydrodynamic equations. 426 

The present observed data reveals that in degradation cases, gravel exerts a hindering impact on 427 

sand transport, whilst sand exhibits a promoting impact on gravel transport. Also, the promoting 428 

and hindering impacts enhance significantly (by orders of magnitude) with the decrease of flow 429 

discharge in degradation cases. With respect to the promoting and hindering effects, the present 430 

work on degradation situations complements previous studies on equilibrium and aggradation 431 

cases. Human activities and climate change may alter sand or gravel inputs into alluvial rivers, 432 

and therefore graded bed load transport. Consequently, these rivers may experience severe 433 

morphological changes. 434 
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 442 

Notation 443 

The following symbols are used in this paper: 444 

gD = sediment diameter of gravel; 445 

sD = sediment diameter of sand; 446 

50d = sediment median size; 447 

gd = median size of gravel; 448 

sd = median size of sand; 449 

gF = proportion of gravel in the bed surface; 450 

gsF = impact factor represent the effects of gravel on sand; 451 

sF = proportion of sand in the bed surface; 452 

sgF = impact factor represent the effects of sand on gravel; 453 

gf = initial proportion of gravel in the sediment bed; 454 

sf = initial proportion of sand in the sediment bed; 455 

g = gravitational acceleration; 456 
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h = flow depth; 457 

i = subscript denotes gravel or sand; 458 

j = subscript denotes cases of graded sediments with different gravel/sand content; 459 

q = unit-width flow discharge; 460 

bq = volumetric transport rate; 461 

bgq = volumetric transport rate of gravel; 462 

bsq = volumetric transport rate of sand; 463 

R = hydraulic radius of the flow; 464 

S = slope of the water surface; 465 

s = ratio of sediment density to that of water; 466 

ug = subscript denotes cases of uniform gravel; 467 

us = subscript denotes cases of uniform sand; 468 

*u = bed shear velocity; 469 

x = streamwise coordinate; 470 

 = Shields number; and 471 

Φ = dimensionless bed load transport rate. 472 

 473 
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 605 

List of Figure Captions 606 

 607 

Fig. 1. Size distribution by weight of bed sediments 608 

 609 

Fig. 2. Experimental setup (a. perspective view; b. top view; c. front view; d. sediment trap) 610 

 611 

Fig. 3. Observed stage at different cross sections for Run C4 612 

 613 

Fig. 4. Bed load transport for Run C4: (a) total weight; (b) transport rate averaged in 614 

20-minute intervals 615 

 616 

Fig. 5. Bed elevation for Run C4: (a) initial bed; (b) final bed; (c) cross section averaged 617 

initial and final bed elevation; and (d) time variation of cross section averaged bed elevation 618 

at  =2.0 m and  =6.0 m 619 

 620 

Fig. 6. Cross section averaged final bed elevation in relation to different inflow discharges 621 

for (a) Sample A, (b) Sample B, (c) Sample C, and (d) Sample D 622 

 623 

Fig. 7. Cross section averaged final bed elevation in relation to different sediment beds 624 

under (a) q =0.01 m2/s, (b) q =0.015 m2/s, (c) q =0.02 m2/s, (d) q =0.025 m2/s, and (e) 625 

q =0.03 m2/s 626 

 627 
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Fig. 8. Bed surface composition of Run C4: (a) percent (volume) gravel on the initial and 628 

final bed surface; (b) variation of percent (volume) gravel ( gF ) and sand (
sF ) on the bed 629 

surface within subsection 2.4< x <3.6 m 630 

 631 

Fig. 9. Bed coarsening during degradation as characterized by (a) percent gravel on the bed 632 

surface and (b) median grain size of the bed surface 633 

 634 

Fig. 10. Scaled dimensionless bed load transport rate versus Shields number for fractional 635 

transport of gravel and sand 636 

 637 

Fig. 11. Variation of (a) the dimensionless bed load transport rate, and (b) the scaled 638 

fractional dimensionless bed load transport rate for Runs A3, B3, C3 and D3 639 

 640 

Fig. 12. Variation of impact factors with different flow discharges 641 

 642 

643 
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List of Tables 644 

Table 1. Physical characteristics of bed sediments 645 

Sample Material 
Median size 

50d  (mm) 
Color 

Density 

(kg/m3) 
Porosity 

A 100% Gravel 3.1 White 2390 0.426 

B 100% Sand 0.67 Yellow 2650 0.412 

C 53% gravel, 47% sand 2.0 / 2513 0.420 

D 22% gravel, 78% sand 0.8 / 2593 0.415 

 646 

 647 

Table 2. Summary of experiments 648 

Run q (m2/s) 
Water slope h (m) biq (m2/s) 

t = 0 t = 7 h x = 0 m x = 12 m bgq
 bsq  

A1 0.01 0.00284 0.00287 0.025 0.026 1.04E-08 / 

A2 0.015 0.00272 0.00267 0.031 0.033 4.94E-08 / 

A3 0.02 0.00289 0.00292 0.037 0.04 3.75E-07 / 

A4 0.025 0.00284 0.00285 0.043 0.045 8.85E-07 / 

A5 0.03 0.00283 0.00294 0.048 0.05 1.34E-06 / 

B1 0.01 0.00305 0.00270 0.025 0.026 / 1.64E-06 

B2 0.015 0.00294 0.00277 0.031 0.033 / 1.80E-06 

B3 0.02 0.00318 0.00284 0.037 0.04 / 2.49E-06 

B4 0.025 0.00287 0.00304 0.043 0.045 / 3.13E-06 

B5 0.03 0.00298 0.00298 0.048 0.05 / 4.47E-06 

C1 0.01 0.00293 0.00287 0.025 0.026 1.03E-07 1.08E-07 

C2 0.015 0.00281 0.00277 0.031 0.033 3.14E-07 3.31E-07 

C3 0.02 0.00270 0.00276 0.037 0.04 7.32E-07 7.29E-07 

C4 0.025 0.00285 0.00286 0.043 0.045 9.41E-07 1.04E-06 

C5 0.03 0.00295 0.00274 0.048 0.05 1.52E-06 1.65E-06 

D1 0.01 0.00304 0.00287 0.025 0.026 2.00E-07 6.80E-07 

D2 0.015 0.00270 0.00275 0.031 0.033 2.79E-07 1.02E-06 

D3 0.02 0.00276 0.00274 0.037 0.04 3.97E-07 1.52E-06 

D4 0.025 0.00276 0.00271 0.043 0.045 5.95E-07 2.18E-06 

D5 0.03 0.00270 0.00293 0.048 0.05 8.04E-07 3.24E-06 

 649 



29 
 

650 

651 

652 



30 
 

653 

654 

655 



31 
 

656 

657 



32 
 

658 

659 

660 



33 
 

 661 

 662 




