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ABSTRACT 

The grain size distribution of the bed load was experimentally investigated under unsteady 
flow conditions with bimodal mixture of sand and gravel in a laboratory flume. Five various 
triangular hydrographs were generated. A clockwise behavior for the total bed load versus 
shear velocity was observed meaning that the bed load during rising limb was higher than 
that of falling limb. It was found that the percent finer at the plateau of bimodal sediment size 
distribution curve had higher values during the initial and final phases compared to those 
obtained during the peak time. At all plateaus, the percent finer values related to the 
hydrograph peak discharge were in the same order of magnitude with that of the bed material. 
The sand content of the transported bed material initially decreased, then maintained a 
constant value during a certain time interval and finally returned to its original value. The 
sand percent of the bed load decreased in the falling limb showing a counterclockwise loop 
and within the limits of the experimental campaign, the duration of the hydrograph did not 
affect the results considerably. Greater peak flow rate of the hydrograph resulted in greater 
hysteresis. The bimodality index was calculated for all transported sediment samples and it 
was revealed that its initial and final values were less than that of the bed material but it was 
approximately the same elsewhere. The 5% finer sediment amount was nearly equal during 
rising and falling limbs. It was revealed that D50 value of the bed load decreased in the rising 
limb showing a clockwise loop. The hysteresis was not considerably changed according to 
the hydrograph characteristics. The clockwise type hysteresis was also observed for the size 
group of D95. The lag increased as the peak flow rate increased. A strong relation was found 
between the dimensionless total bed load Wt* and the total work index Wk as well as Wk and 
the ratio WR/WF. The correlations between the dimensionless total bed load and the 
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unsteadiness parameters P, and Pmod were very weak, whereas a quite high value of 
determination coefficient was obtained with the unsteadiness parameter Pgt, implying an 
appreciable interdependence. 

Keywords: Unsteady flow, mixed gravel and sand, bimodal sediment, bed load, unsteadiness 
parameter, hysteresis. 

 
1. INTRODUCTION 
The wide range of grain sizes found in most rivers, especially rivers with gravel bed, 
complicates the problem of the prediction of bedload transport rate. The grain size influences 
sediment transport and when the sediment bed is a mixture of different grain sizes, the relative 
size effects become important (Wilcock, 1993, 2001; Wilcock et al, 2001, Wilcock and 
Kenworthy, 2002). This effect is very sensitive to the composition of the mixture (Houssais 
and Lajeunesse 2012). 
A gravel-bed river has bed material whose characteristic size is in the range of gravel or 
coarser material. The grain size distributions of most streams show bimodal characteristic. 
Their particle size distributions are described by a bimodal distribution, i.e. a distribution 
with two distinct peaks in the frequency distribution, one in the finer and other in the coarser 
fraction (Sambrook Smith et al. 1996, Müller et al, 2008). Such streams exhibit both sand 
and gravel modes.  
In this study significant quantities of both gravel and sand are present. Studies related to 
bimodal sediments have been focused on their origin, spatial extent and, more recently, the 
processes occurring within them. Bimodality may occur readily and be spatially widespread. 
Bimodal beds may represent a distinct threshold between gravel- and sand-bed states 
(Sambrook Smith 1996). Since the rivers are often characterized as strongly bimodal (Parker, 
2008) it is appropriate to further study the transport of bimodal sediments in order to 
understand the surface sorting, downstream fining  and morphology and ecology of streams. 
As an example, Tian and Wang (2009) explored the effect of bimodal sediment distribution 
and its relation with the river ecology in the Dadu river basin by field investigations. The 
transport and sorting are particularly important in unsteady flows. 
Various studies have examined bedload transport under unsteady flow conditions, 
particularly in the case of uniform sediment. For example, Reid et al. (1985) observed point-
bars and associated scour pools at meanders during floods, with no well-developed bed forms 
at straight reaches. Kuhnle (1992) found that bedload transport rates were higher during the 
rising limb at high flows, while transport rates were higher during the recession limb at low 
flows. Qu (2002) observed a time lag between friction velocity and bedload transport, with 
flow unsteadiness affecting the lag. Lee et al. (2004) investigated bedload transport in a 
recirculating tilting flume and found that the total yield during the falling period was higher 
than during the rising period with a counterclockwise hysteresis.  
Other studies have focused on mixed sediment beds under unsteady flow conditions. Saadi 
(2008) examined the stability of mixed bimodal grain sediment beds exposed to different 
durations of uniform antecedent flow hydrographs and found that longer exposure time 
increased bed stability. Bombar et al. (2011) investigated the dynamic behavior of sediment 
transport and proposed an unsteadiness parameter based on net acceleration. Güney et al. 
(2013) studied the effect of coarse surface development on the bimodal bed-load transport 
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under unsteady flow conditions. Mao (2012) analyzed sediment transport dynamics during 
different hydrographs and found that transport during the falling limb was lower than during 
the rising limb. Wang et al. (2013) studied the transport of bedload mixtures with different 
grain size distributions and found that coarser fractions reached peak transport rate during 
the rising limb, while finer fractions reached peak transport rate during the falling limb. Wang 
et al. (2014) revealed that coarser fractions reached their peak transport rate during the rising 
limb, while finer fractions typically reached their peak transport rate during the falling limb, 
which was attributed, at least in part, to the role of sub-threshold, antecedent base flow 
conditions in restructuring the bed surface grading. Later Wang et al. (2015) indicated that 
the unimodal sediment bed was inherently more stable than the bimodal bed due to the 
increased abundance of medium-sized gravels present in the unimodal sediment grade. 

The effect of sediment composition on sediment transport in unsteady flow conditions has 
also been studied. Waters and Curran (2015) found that bedload yields were larger and more 
variable for sand/silt mixtures compared to sand/gravel mixtures. Tabarestani and Zarrati 
(2015) suggested that methods based on steady flow conditions underestimate sediment 
transport rates in unsteady flows and recommended further research on the effect of non-
uniform stream bed composition. Gunsolos and Binns (2017) reviewed studies on sediment 
transport in unsteady flow conditions and emphasized the importance of sediment transport 
mode and composition in determining hysteresis patterns. Mrokowska and Rowinski (2019) 
summarized the impact of flow properties and sediment attributes on bedload transport and 
highlighted the need to quantify the effect of kinematic sieving in multi-modal sediment 
during flood events. Yarnell et al. (2016) tracked the movement of tracer grains in a gravel-
bedded stream and found that larger storms moved a greater percentage of tracers 
downstream, with no significant variation in grain size distribution between storms. Li et al. 
(2018) investigated sediment transport under degrading channels and found that sand 
promoted the transport of gravel, while gravel hindered the transport of sand, with the effect 
being more pronounced at lower discharges and weakened by flow unsteadiness. Mao (2018) 
simulated hydrographs as a sequence of events and explored the effect of different antecedent 
conditions on sediment transport. Their results showed a low-magnitude antecedent event did 
not affect the rate of sediment transported by a subsequent high-magnitude flood, but a high-
magnitude antecedent event reduced the sediment transported by a subsequent long-
duration/low-magnitude event. Perret et al. (2018) studied the effect of multimodal sediment 
composition and the infiltration of fine sediment into the gravel matrix. Khosravi et al. (2019) 
evaluated the transport of uniform and graded sediment mixtures and found that the transport 
rate differed for fine and coarse fractions, with coarser fractions exhibiting higher mobility 
during the rising limb and finer fractions during the falling limb. Duan et al. (2020) compared 
bedload transport under steady and unsteady flow conditions and found that sediment 
particles were easier to transport under unsteady flow and moved greater distances. Plumb et 
al. (2020) observed hysteresis loops in both total and fractional transport, with longer 
duration hydrographs exhibiting more pronounced loops. Wang et al. (2021a, b) generated 
symmetrical hydrograph flows over a graded sediment bed and found that coarse size 
fractions exhibited clockwise hysteresis, while fine transported material showed 
counterclockwise hysteresis. 

The hydrographs can be characterized by various parameters. The total flow work index, kW  
is expressed as follows (Lee et al, 2004): 
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where 0*u  is the shear velocity of the base flow at the upstream end, olV  is the total volume 
of water under the hydrograph (excluding the base flow), g is the gravitational acceleration, 

bh  is the initial flow depth (base flow) and b  is the channel width. 

The dimensionless total bed load *
tW  is expressed as (Bombar et al, 2011, Gumgum and 

Guney, 2021, Przyborowski et al, 2022): 
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where tW is total bed load, and ρs is density of the sediment. *
tW  is used also in scour studies 

under live bed conditions.  

The unsteadiness character of the flow was investigated through various dimensionless 
parameters. Lee et al. (2004) proposed the following unsteady flow parameter P   
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where ph and dt  denote the flow depth corresponding to the peak flowrate and the total 
duration of the hydrograph, respectively. 

The unsteady flow parameter suggested by De Sutter et al. (2001) is:  
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where pu* is the shear velocity at peak flow and cru*  is the critical shear velocity, bu , pu  

denote the cross-sectional mean velocity corresponding to base and peak flow-rates, and rt
is the rising duration of the hydrograph. 

The unsteady flow parameter gtP  introduced by Bombar et al (2011) is expressed as follows: 
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at which S0 is the channel bottom slope. 

In this study, a set of triangular shaped hydrographs having rising and falling durations of 
120 seconds to 300 seconds, from the steady state value of 8.6 l/s to the peak value of 50 l/s 
and 92 l/s were generated in order to investigate the effects of the flow unsteadiness on the 
transport of bimodal bed materials. 

 

2. EXPERIMENTAL SET-UP, INSTRUMENTATION AND THE SEDIMENT  
    CHARACTERISTICS 

2.1. Experimental Set-Up 

Experimental studies were carried out on an experimental system involving a rectangular 
flume 80 cm wide and 18.6 m long. The bottom slope of the flume was 0.006 and it its 
transparent sides made from plexiglas were 75 cm high. The bed was fixed with small 
concrete blocks at the first 3 m of the flume giving a total mobile bed length of 15.6 m. The 
sediment layer thickness was 7 cm along the flume. The sketch of the experimental set-up is 
given in Figure 1.  

 

 
Figure 1 - Scheme of the experimental set-up. 

 

The pump with 100 l/s flow rate capacity was connected to the speed control unit allowing 
the generation of various shaped hydrographs. 

The bed was composed of coarse sand and fine gravel. Before the experiments, the bed was 
mixed to achieve homogeneity through the vertical and stream-wise directions. The flow rate 
at the beginning was slowly increased to the base discharge value in order not to disturb the 
sediments. The experiments were conducted without sediment feeding. The transported bed 
load was collected in the sediment baskets located at the downstream part of the flume. The 
grain size distribution was obtained by means of the sieve analysis performed after the 
collected sediment became dry. 
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2.2. Instrumentation 

The OPTIFLUX 1000 electromagnetic flow meter (manufactured by Krohne) was mounted 
on the pipe before the entrance of the channel in order to measure the flow rates as QFM. The 
ULS– 40D, ultrasonic laboratory water level measuring system was used to measure the 
water levels in the flume. The IMP+ level monitoring system (Pulsar Process Measurement 
Limited) was also used to register water depths. The flow depth time series was obtained at 
x=5 m, 8 m, 11 m, 13.4 m, 15 m and 17 m The velocities were measured by using Ultrasonic 
Velocity Profiler (UVP) (manufactured by Met-Flow SA) which was located at the entrance 
of the flume as given in Figure 2. The UVP transducer was placed at the entrance of the 
flume, looking upwards with an angle of 16 degrees. This configuration helped to determine 
the flow depths specific to the location that the velocities were measured. The electrolysis 
was used for the generation of the hydrogen bubbles as seeding particles for the velocity 
measurements.  

 
Figure 2 - Ultrasonic Velocity Profile (UVP) transducer configuration 

 

2.3. Bed Material Characteristics 

The bed material used in the flume was composed of bimodal sediment mixture. The grain 
size distribution of the mixture is given in Figure 3. The characteristics of the sediment 
mixture are given in Table 1. The sediment sizes are calculated by the method and excel 
sheets given in Gary Parker’s Morphodynamics Web Page (2006a,b). The greater sizes such 
as D95 were chosen in accordance with the maximum sediment sizes given in Melville and 
Sutherland (1988). 
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Figure 3 - Grain size distribution of the bed material 

 

Table 1 - Characteristics of the sediment mixture 

Parameter Mixture 
Geometric mean size Dg (mm) 1.84 

Geometric standard deviation g  2.84 
D5 (mm) 0.45 
D10 (mm) 0.46 
D 16 (mm) 0.50 
D 30 (mm) 0.61 
D 35 (mm) 0.71 
D 50 (mm) 3.43 
D 60 (mm) 3.88 
D 70 (mm) 4.38 
D 84 (mm) 5.26 
D 86 (mm) 5.41 
D 90 (mm) 5.71 
D 95 (mm) 6.12 
D 96 (mm) 6.20 

 

The sediment less than or greater than 2 mm in size is considered as sand or gravel, 
respectively. The bimodality index, B* for the particle size distribution in   units  
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( D2log
 

where D is particle diameter in mm) was calculated from the following 
equation proposed by Smith  (1997). 
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where f and c are the -sizes of the fine and coarse mode, respectively and Pf and Pc are the 
proportions of sediment contained in these two modes. The related values are f = - 1, c = 2,  
Pf =14.2 and Pc =15.4 which give the value of 3.2 for B*. According to Smith et al (1997), 
bimodality holds when B* > 1.5, implying that the studied sediment is highly bimodal.  

Another definition of bimodality index, denoted by B, is given by Wilcock (1993). 

m
f

c P
D
DB 












21

 (7) 

where Df and Dc are the grain sizes of the fine and coarse mode, respectively and Pm is the 
sum of the proportion in mode. The value of B was found to be equal to 2.8 meaning that the 
sediment is bimodal since the limit value is 1.7.  

The incipient motion and bed load calculations were performed by using the median grain 
size according to the method proposed by Wilcock, (1988) (Güney et al., 2013). 

 

3. ANALYSIS OF RESULTS 

3.1. Experimental Results 

Experiments were conducted using 5 different triangle shaped input hydrographs. The 
characteristics of the hydrographs, predefined by a computer software and generated by using 
the control unit connected to the pump, are given in Table 2 where bQ , pQ  represent the 
base and peak flow rates, respectively, calculated by the velocity and flow depth measured 
by UVP at the entrance. In the table, hb, hp represent the base and peak flow depths and ub, 
up represent the base and peak velocities determined by UVP.  The discharge values were 
measured by means of the flowmeter placed on the the pipe supplying water to the channel. 
The hydrograph generated at the discharge pipe of the pump was attenuated during its 
propagation through the flume and lower values of base and peak flow depths were registered 
in the channel. ℎ௕ ௫ୀଵଷ.ସ ௠ and ℎ௣ ௫ୀଵଷ.ସ ௠ denote the base and peak flow depths measured in 
the channel at x = 13.4 m downstream of the entrance of the flume. The 𝑡௥, ft  and td , are 
the rising, falling and total durations of the hydrograph respectively. Frbase and Frpeak refer to 
the Froude numbers calculated for base and peak flow rates, respectively. The Froude 
numbers given above were calculated by using these flow depths and corresponding velocity 
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values obtained by UVP. Froude numbers being smaller than unity indicates the subcritical 
character of the experimental conditions. 

 
Table 2 - Characteristics of the hydrographs and flow parameters used in this study 

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 

bQ  (l/s) 8.6 8.6 8.6 8.6 8.6 

pQ  (l/s) 66.0 72.4 45.6 69.2 92.4 

bh  (m) 0.049 0.049 0.049 0.049 0.049 

ph  (m) 0.131 0.133 0.114 0.133 0.156 

bu  (m/s) 0.22 0.22 0.22 0.22 0.22 

pu  (m/s) 0.63 0.68 0.50 0.65 0.74 
Qpipe p (l/s) 71.0 71.1 49.3 69.7 91.7 
hb x=13.4m (mm) 37 37 37 37 37 
hp x=13.4m (mm) 13 11 9.2 11 4- 

rt  (min) 2 3 5 5 5 

ft  (min) 2 3 5 5 5 

dt  (min) 4 6 10 10 10 
Frbase 0.32 0.32 0.32 0.32 0.32 
Frpeak 0.56 0.60 0.47 0.57 0.60 

 
Triangle-shaped input hydrographs were generated for a total of seven runs to ensure 
repeatability and reliability of the results. The mean value of each parameter i.e, gb, D5, g 
etc., was calculated to obtain representative results and are presented in the subsequent 
figures and tables. For instance, equation (8a) was used to obtain the mean value of gb out of 
n runs.  To investigate the effect of unsteady flow on the size distribution of the sediment 
mixture, two selected runs were analyzed by performing a sieve analysis for each collected 
bed load sample. The scattering index for a given time, SIt, is calculated by dividing root-
mean-square error (RMSE) with mean of the runs for that time interval as in the equation 
(8b). The mean of SIt values for the runs with sieve analysis and mean of SIt values for all 
experiments were determined as given in equation (8c), where m is the number of bed load 
samples for a specific experiment and presented in Table 3. For illustrative purposes, the 
relation between the mean of the bed load obtained by considering all repeated runs and those 
runs conducted for sieve analysis are depicted in Figure 4 for Exp-1 and Exp-3. Complete set 
of R2 values are given in Table 3 as well as the SI values for the parameters D5, D50, D95 and 
g parameters. 
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𝑔௕തതത ൌ ଵ௡ ∑ 𝑔௕௜௡௜ୀଵ  (8a) 

𝑆𝐼௧ ൌ ටభ೙ ∑ ሺ௚್೔ି௚್തതതതሻమ೙೔సభ௚್തതതത  (8b) 

𝑆𝐼 ൌ ଵ௠ ∑ 𝑆𝐼௧௠௧ୀଵ  (8c) 

 

Table 3 - Statistical analysis of the hydrographs and flow parameters used in this study 

 Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 
SI of gb all runs 0.42 0.34 0.36 0.46 0.27 
SI of gb with sieve analysis 0.33 0.14 0.26 0.31 0.30 
R2 0.9914 0.9925 0.9930 0.9804 0.9989 
SI of D5 0.02 0.03 0.03 0.03 0.03 
SI of D50 0.21 0.08 0.17 0.17 0.17 
SI of D95 0.08 0.02 0.09 0.20 0.19 
SI of g 0.06 0.02 0.04 0.05 0.06 

 

 
Figure 4 - Relation between the mean of the bed load obtained by considering all repeated 

runs and those runs conducted for sieve analysis a) Exp-1, b) Exp-3. 

 

The variation of flow rate with respect to time is given in Figure 5. The flow depth variation 
is given in Figure 6. The cross-sectional mean velocity measured by UVP at the entrance of 
the flume is given in Figure 7. 
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Figure 5 - Flow rate variations with respect to time 

 
Figure 6 - Flow depth variations with respect to time 

 
Figure 7 - Cross sectional mean velocity variations with respect to time 
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The average values of the time variation of the bed load are given in Figure 8. Some bed 
forms of small magnitude were observed during the experiments.  

 
Figure 8 - Bed load variations with respect to time 

 

The shear velocity is calculated by the Equation (9) 




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x
hSRgu 0*  (9) 

where R is the hydraulic radius, and x is the abscissa. 

 

 (a) 
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Figure 9 - Variations of the bed load with respect to the shear velocity for (a) Exp-1, Exp-2 

and Exp-4, (b) Exp-3, Exp-4 and Exp-5 

 
The variation of the bed load with respect to the shear velocity is given in Figure 9.a and 
Figure 9.b. There was a clockwise behavior meaning that the bed load was higher during the 
rising compared to the falling. This clockwise behavior was also observed by Kuhnle (1992) 
and Nanson (1974). 

 
3.2. The Grain Size Distribution of Transported Sediment 

The sieve analysis was performed for each group of sediments collected in the baskets in 
order to obtain the variation of the grain size distribution with respect to time.  The average 
values corresponding to the intervals of 1 minute were determined and they are depicted in 
Figure 10.a to 10.e for the Exp-1 to Exp-5, respectively.  

Based on the experimental results, it was observed that the percent finer concerning the 
plateau had higher value during the initial and final phases compared to those obtained during 
the peak time. The plateau percentages corresponding to the peak value of the time were close 
to each other for all hydrographs and they were nearly equal to the initial percentages of the 
bed material. It was observed that the percent finer value for the highest duration hydrographs 
(10 minutes) in Exp-3, Exp-4 and Exp-5 were approximately in the same order. The smallest 
value was found in the case of Exp-1 corresponding to the shortest hydrograph. It was 
concluded that the location of the plateau was highly influenced by the hydrograph duration. 

The time variation of the sand content ratio of the bed load is given in Figure 11. At the 
beginning of the experiments, the sand content of the transported bed material decreased 
rapidly from approximately 96 % to 30% – 40% which was the original sand content of the 
bed material. The sand content remained constant for a while (tw) and gradually increased at 
the end of the hydrograph. The values of tw and tw / tr  are  given in Table 4. 

(b) 
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(a) 

(b) 

(c) 
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Figure 10 - Grain size distribution variations with respect to time, (a) Exp-1, (b) Exp-2, (c) 

Exp-3, (d) Exp-4, (e) Exp-5 

 

During the peak phases, the flow velocity has greater values. When the velocity was low, the 
flow had not the ability to transport the coarser sediment sizes, and consequently only sand 
material displaced. On the other hand, when the velocity increased the coarser grains were 
also included comprising the percentage of the bed load almost of the same percentage 
existing in the bed material. 

The bimodality index B* was calculated and its variation with time is depicted in Figure 12. 
It was observed that in all experiments the B* increased quickly in the rising limb and then 
had a nearly constant value slightly greater than unity for bed material. In the falling phase 
the value of the B* decreased to its original and initial value. The percent contents of sand 
and gravel for Exp-4 at various times along with percent content of the bed material are given 
in Figure 13.   

(d) 

(e) 
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Figure 11 - Time variations of the sand content ratio of the bed load 

 

Table 4 - tw and tw / tr  values 

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 
tw (s) 100 250 360 410 420 
tw / tr 0.83 1.33 1.20 1.37 1.40 

 

 
Figure 12 - Variation of Bimodality index B* with time 
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The variations of the percent sand content of the bed load with respect to the shear velocity 
are given in Figure 14.a and Figure 14.b. It was revealed that the sand percent of the bed load 
decreased in the falling limb, showing a counterclockwise loop. The duration of the 
hydrograph was not likely to affect the results considerably. On the other hand, the greater 
the peak flow rate of the hydrograph, the greater the hysteresis.  

 

 

 
Figure 14 - Variations of the percent sand content of the bed load with respect to the shear 

velocity for (a) Exp-1, Exp-2 and Exp-4, (b) Exp-3, Exp-4 and Exp-5 
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The values of D5, D50 and D95 were determined from the cumulative grain size distribution 
curves of the collected sediments. The variations of D5 with respect to the shear velocity are 
given in Figure 15.a and Figure 15.b. The 5% finer sediment amounts were the same for the 
whole duration of the hydrographs for all experiments.  

 

 
Figure 15 - Variations of D5 with respect to the shear velocity, for (a) Exp-1, Exp-2 and 

Exp-4, (b) Exp-3, Exp-4 and Exp-5 

 

(a) 

(b) 
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The variations of D50 with respect to the shear velocity are given in Figure 16.a and Figure 
16.b. It was revealed that D50 value of the bed load decreased in the rising limb, showing a 
clockwise loop. The hysteresis was not considerably changed with respect to hydrograph 
characteristics.  

 

 
Figure 16 - Variations of D50 with respect to the shear velocity, for (a) Exp-3, Exp-4 and 

Exp-5, (b) Exp-1, Exp-2 and Exp-4 
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The variations of D95 with respect to the shear velocity are given in Figure 17.a and Figure 
17.b. The clockwise type of hysteresis was also observed for this size group. The D95 in Exp-
3, Exp-4 and Exp-5 had an influence on the hysteresis where the lag increased with the 
increase in the peak flow rate. 

 

 
Figure 17 - Variations of D95 with respect to the shear velocity, for (a) Exp-3, Exp-4 and 

Exp-5, (b) Exp-1, Exp-2 and Exp-4 
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3.3. Total Flow Work Index and Unsteadiness Parameters 

The experimental results of the hydrographs and the amount of the bed load collected during 
the rising and falling limbs of the hydrographs are summarized in Table 5. The total volume 
was calculated by assuming a basic triangular shape and dimensionless parameters were 
calculated by using the flow data obtained at the entrance of the flume since both velocity 
and flow depth values could be measured only at that section.  

 

Table 5 - Experimental results and unsteadiness parameters 

Experiment Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 
Total volume 
excluding base flow (m3) 6.9 11.5 11.1 18.2 25.1 
Wk  19.2 31.9 30.9 50.5 69.9 
Wt (kg) 22.1 37.1 17.6 45.3 77.6 
Wt* 904 1518 721 1853 3371 
P 0.0067 0.0046 0.0021 0.0028 0.0035 
Pmod 0.0026 0.0017 0.0008 0.0011 0.0015 
Pgt 0.00565 0.00574 0.00590 0.00585 0.00582 
up* (m/s) 0.08 0.08 0.07 0.08 0.08 

 

 
(a) 
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Figure 18 - (a) Variation of Wt* with respect to the total work index Wk, (b) Variation of 

WR/WF with respect to the total work index Wk 

 

The variation of the dimensionless total bed load Wt* with respect to the total work index Wk 
is presented in Figure 18.a. The data of Bombar (2009), Qu (2002), Wang et al. (2021) and 
Przyborowski et al. (2022) were also added to the graph. A strong relation (Eq. 10.a) was 
found between Wt* and Wk with a determination coefficient of R2= 0.88, when only the data 
of present study was regarded. When the data mentioned above was also considered the R2 
became 0.73, the SI is calculated as 1.68. and the relation given in equation (10.b) was 
obtained.  

Wt* = 36.59 Wk
1.02 (10.a) 

Wt* = 4.69 Wk
1.78 (10.b) 

By using the equation given above the amount of bed load for a given duration of a 
hydrograph can be predicted provided that the volume of water that corresponds to the area 
under the hydrograph is known. 

The variation of the dimensionless total bed load WR/WF with respect to the total work index 
Wk is presented in Figure 18.b. The following relation with a determination coefficient of 
0.96 and SI as 0.04 were obtained: 

WR/WF  = 0.01Wk + 0.52 (11) 

The values of the unsteadiness parameters P, Pmod and Pgt calculated from the relevant 
equalities stated  previously are given in Table 4. 

The variation of the dimensionless total bed load Wt* versus the unsteadiness parameters P, 
and Pmod were plotted in Figure 19.a and 19.b, respectively together with the data of Bombar 

(b) 
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(2009), Qu (2002), Wang et al. (2021) and Przyborowski et al. (2022). The coefficients of 
determination were very low, particularly for Pmod, which imply that their interrelation was 
not significant.  

 

 
Figure 19 - Variation of dimensionless total bed load Wt* with the unsteadiness parameter 

(a) P, (b) Pmod 

 

The variation of the dimensionless total bed load versus the unsteadiness parameter Pgt is 
plotted in Figure 20, together with the data of Bombar (2009), those of Qu (2002), Wang et 
al. (2021) and Przyborowski et al. (2022). Four experiments of Qu (2002) and the 
experiments of Wang et al. (2021) seem to deviate from the given exponential relation. The 
reason is proposed to be the difference between the range of time durations such that the tr 

(a) 

(b) 
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of Qu (2002) for those is 10 seconds and all experiments of Wang et al. (2021) is longer than 
60 mins which is 12 times greater than those experiments focused in this study. Note that 
when the duration is sufficiently long the unsteadiness parameter Pgt has almost no affect on 
the Wt*. Excluding these set of experiments, the high value of the determination coefficient 
of 0.69 stands for an appreciable interdependence. The SI values are 1.58, 2.24 and 2.17 for 
Pgt, P and Pmod, respectively. 

 
Figure 20 - Variation of unsteadiness parameter Wt* with dimensionless total bed load Pgt 

 

4. CONCLUSION 

The aim of this experimental study is to investigate the unsteadiness effects on the transport 
of bimodal bed material. A clockwise behavior was observed in the total bed load - shear 
velocity curve which means that the bed load was higher on the rising limb compared to that 
of the falling limb.  

From the variation of the grain size distribution with respect to time, it was found that the 
percent finer at the plateau of bimodal sediment size distribution curve had higher values 
during the initial and final phases compared to those obtained during the peak time. At all 
plateaus, the percent finer values related to the hydrograph peak discharge were in the same 
order of magnitude with that of the bed material. 

It was observed that in all experiments the bimodality index B* increased quickly in the rising 
limb and then had a nearly constant value slightly greater than that of the bed material, 
eventually reaching its initial value. 

The sand content of the transported bed material decreased rapidly  from  96 % to  30% 
– 40%  which was the original sand content of the bed material. The sand content remained 
constant for a while and gradually increased at the end of the hydrograph. 
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The variation of the percent sand content of the bed load with respect to the shear velocity 
revealed that the sand percent of the bed load decreased in the falling limb showing a 
counterclockwise loop and the duration of the hydrograph did not affect the results 
considerably, within the limits of the experimental campaign. On the other hand, the greater 
peak flow rate of the hydrograph resulted in greater hysteresis. 

The values of D5, D50 and D95 were determined from the cumulative grain size distribution 
curves of the collected sediments. The 5% finer sediment amount was nearly equal during 
rising and falling limbs. It was observed that D50 value of the bed load decreased in the rising 
limb showing a clockwise loop. The hysteresis was not considerably changed according to 
the hydrograph characteristics. The clockwise type hysteresis was also observed for the size 
group of D95. The lag increased as the peak flow rate increased. 

A strong relation was found between the dimensionless total bed load Wt* and the total work 
index Wk with a determination coefficient R2= 0.81. The determination coefficient R2 
between WR/WF and Wk was found as 0.73. 

The correlations between the dimensionless total bed load and the unsteadiness parameters 
P, and particularly for Pmod were very weak which imply that their interrelation was not 
significant. As to the unsteadiness parameter Pgt , the high value of determination coefficient 
of 0.69 stands for an appreciable interdependence. Considering the complexity of the 
unsteadiness parameter Pmod, it is revealed that within the limitations of this study which are 
given in Table 6, Pgt together with Wk could be used to calculate the Wt* for unsteady flows.  

 

Table 6 - Limitations of the present study 

Parameter Minimum value Maximum value 
D50 (mm) 3.4 5.8 
hb (m) 0.02 0.12 
hp (m) 0.09 0.22 
Qb (l/s) 12.0 30.3 
Qp (l/s) 63.7 86.3 
tf (min) 0.2 5.0 
tr (min) 0.5 5.0 
So (m/m) 0.002 0.006 
Pgt 0.0038 0.0047 
Wk 2.0 35.6 
Wt* 41 197 
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