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Abstract: Two sets of triangular hydrographs were generated in a 12-m-long laboratory flume for two sets of initial bed 
conditions: intact and water-worked gravel bed. Flowrate ranging from 0.0013 m3 s–1 to 0.0456 m3 s–1, water level rang-
ing from 0.02 m to 0.11 m, and cumulative mass of transported sediment ranging from 4.5 kg to 14.2 kg were measured. 
Then, bedload transport rate, water surface slope, bed shear stress, and stream power were evaluated. The results indicat-
ed the impact of initial bed conditions and flow unsteadiness on bedload transport rate and total sediment yield. Differ-
ence in ratio between the amount of supplied sediment and total sediment yield for tests with different initial conditions 
was observed. Bedload rate, bed shear stress, and stream power demonstrated clock-wise hysteretic relation with 
flowrate. The study revealed practical aspects of experimental design, performance, and data analysis. Water surface 
slope evaluation based on spatial water depth data was discussed. It was shown that for certain conditions stream power 
was more adequate for the analysis of sediment transport dynamics than the bed shear stress. The relations between bed-
load transport dynamics, and flow and sediment parameters obtained by dimensional and multiple regression analysis 
were presented. 
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INTRODUCTION 
 

Unsteadiness of water flow in rivers may be caused by both 
natural and accidental events, namely by heavy rainfall in a 
catchment, snow melt, breaking of log or ice-jams, operation of 
control gates, tides in estuaries or tidal rivers causing backwater 
effects. Flow unsteadiness intensifies transport processes, 
causes morphological changes in rivers, and affects water 
quality (De Sutter et al., 2001; Galia and Hradecky, 2011; 
Gharbi et al., 2016; Julien et al., 2002; Mao, 2012; Michalik 
and Książek, 2009). However, our knowledge on how matter, 
particularly sediment, is transported under unsteady flow 
conditions is still insufficient. This situation triggered a good 
deal of experimental, theoretical and computational efforts 
exploring how it works (Bombar, 2016; De Sutter et al., 2001; 
Julien et al., 2002; Lee et al., 2004; Mao, 2012; Mrokowska et 
al., 2016; Phillips and Sutherland, 1990; Wang et al., 2015). 
Nevertheless, the problem of bedload transport is still open for 
systematic research. 

The processes involved in bedload transport are complex 
and case specific, which makes bedload transport difficult to 
express in general mathematical relations (Cao et al., 2016). 
Although there are multiple numerical models allowing for the 
predictions of bedload transport under unsteady flow condi-
tions, such models seem not reliable and useful for the predic-
tion purposes and not validated against sufficient amount of 
reliable datasets. 

Laboratory experiments and field observations have revealed 
a variety of bedload transport patterns during the passage of 
flood waves. These patterns are due to the mutual effect of the 
water flow conditions and bed composition. Bedload transport 
rate – flowrate relationship under unsteady flow usually takes 
the form of clockwise or anti-clockwise hysteresis (Humphries 
et al., 2012; Mao, 2012; Moog and Whiting, 1998). It is hardly 
surprising that unsteady flows are intertwined with hysteretic 

behaviour as observed with respect to many variables (see e.g. 
O’Kane, 2005; Rajwa-Kuligiewicz et al., 2015; Rowiński et al., 
2000). 

Mao (2012) reported a clockwise hysteresis in experimental 
tests and attributed this type of relation to changes in organiza-
tion of bed surface grains, which caused smaller bedload 
transport along the falling limb. Kuhnle (1992) observed a 
clockwise hysteresis in natural streams and attributed this pat-
tern of transport to the formation and destruction of roughness 
elements. Bombar et al. (2011) reported an anti-clockwise 
hysteresis in experiments with a static armour layer, where the 
maximum bedload transport was possible only after the peak 
flowrate, when the armour layer was destroyed by a high flow. 
When sediment is heterogeneous, sediment transport is affected 
by grain arrangement (Ockelford and Haynes, 2013): micro-
forms (clusters) are formed (Mao, 2012), static or mobile ar-
mour layer appears (Guney et al., 2013), and partial transport 
may take place (Sun et al., 2015). To make things more compli-
cated, bedload transport is additionally controlled by the availa-
bility of upstream sediment in supply-limited rivers (Mao et al., 
2011). 

Contrary to the unsteady flow, a large number of bedload 
transport relations have been derived for steady flow conditions 
(Dey, 2014; Haddadchi et al., 2013; Talukdar et al., 2012; 
Yalin, 1972). Under unsteady flow, bedload transport is 
claimed to be more intensive than under corresponding steady 
flow. Similarly, total sediment yield is larger than evaluated for 
corresponding steady flow conditions (Tabarestani and Zarrati, 
2015). Therefore, more and more researchers strive to develop 
methods dedicated to the unsteady flow, and cease to approxi-
mate it by step-wise steady flow conditions (Tabarestani and 
Zarrati, 2015). 

A number of laboratory cases were studied experimentally 
with respect to bedload transport under unsteady flow. They 
varied in terms of various factors, such as the shape of unsteady 
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flow hydrograph, e.g., triangular (Lee et al., 2004), trapezoidal 
(Bombar et al., 2011), step-wise (Mao, 2012), naturally shaped 
(Humphries et al., 2012); bed composition – uni-modal or 
bimodal (Wang et al., 2015); supply of sediment from upstream 
(Mao, 2012); initial bed conditions – armoured bed (Bombar et 
al., 2011) and not armoured bed (Humphries et al., 2012), or 
duration of flow from a few minutes (Guney et al., 2013) to a 
few hours (Mao, 2012). Some studies took into account or 
commented on scaling from natural to laboratory conditions, 
e.g., (Cooper and Tait, 2009; Wang et al., 2015). 

In this paper, experimental data on gravel bedload transport 
are analysed. Preliminary results limited to just a few experi-
mental sets and a detailed description of the experiments were 
published by Mrokowska et al. (2016). Herein, new experi-
mental tests with water-worked initial bed conditions are re-
ported. The aim of this paper is to assess the extent to which 
initial bed conditions and unsteadiness of flow affect bedload 
transport intensity and total sediment yield. The paper focuses 
on the impact of flowrate, bed shear stress and stream power on 
bedload transport dynamics and on the relations between pa-
rameters governing transport processes. 

 
MATERIAL AND METHODS 
Experimental set-up 

 
The experiment on bedload transport under unsteady flow 

was performed in a 12-m-long, 0.485-m-wide and 0.60-m-deep 
flow-recirculating tilting flume with glass side walls in the 
laboratory of Faculty of Environmental Engineering and Land 
Surveying, Agricultural University in Kraków, Poland (Fig. 1). 
Detailed description of the experimental settings were given by 
Mrokowska et al. (2016), so we just provide a brief summary 
with indication of aspects not mentioned in the previous paper. 

A total of 10 experimental tests were carried out under un-
steady flow conditions. The tests were classified according to 
the characteristics of flow and initial bed conditions. For each 
test, the channel bottom was covered with 12-cm-thick gravel 
layer that was well-mixed and screeded. Initial bed was com-
posed of uniformly graded fine gravel with mean grain size  
dm = 4.93 mm and maximum grain size dmax = 18 mm. These 
initial bed conditions were denoted by ‘-’. In some experi-
mental tests, the bed was additionally water-worked by sub-
threshold steady flow for about one hour and such initial condi-
tions were denoted by ‘+’. During all tests, sediment was sup-
plied manually from upstream to prevent excess scouring and 
deposition. Bed slope was constant for all tests I = 0.0083. 

Two sets of unsteady flow, namely Hyd1 and Hyd2, in the 
form of triangular hydrographs were generated by manual 
stepwise changing of valve opening. Both hydrographs were 
generated for two sets of initial bed conditions ‘-’ and ‘+’, a 
few times for each condition. Experimental tests were denoted 
 

 
 
Fig. 1. Experimental channel - the closing section: a) non movable 
bed, b) movable bed, c) resistive water level sensor, d) bedload trap 
element - weighing scale. 

 
Table 1. Classification of the experimental tests. 
 

 Hyd1 Hyd2 
Bed- Hyd1-1 Hyd1-2 Hyd1-3 Hyd2-1 Hyd2-2  
Bed+ Hyd1+1 Hyd1+2  Hyd2+1 Hyd2+2 Hyd2+3 

 
by Hyd(no)_(-or+)_(test no), where the first term stands for the 
type of hydrograph, the second for the initial bed conditions, 
and the third one for the number of experimental tests with 
conditions described by preceding terms. The tests are listed in 
Table 1. 

The following variables were measured: flowrate in delivery 
inlet pipe by ultrasonic flow meter, water level in 5 profiles 
along the flume x = 2.6 m, x = 3.6 m, x = 4.6 m, x = 5.6 m, x = 
6.6 m with spatial step Δx = 1 m by resistive sensors, and cu-
mulative mass of sediment measured in the outlet of the flume. 
Relevant hydrographs and cumulative sediment mass data are 
depicted in Fig. 2.  

The characteristics of the unsteady flow experiments are 
listed in Table 2. The unsteady flow conditions are character-
ized by base flow (Qb), peak flow (Qmax), base water depth (hb), 
peak water depth (hmax), and duration of the rising limb (tr). 
Also, Froude number for peak flow (Frmax) was evaluated. 
Subscript b stands for base flow, max for the maximum value of a 
variable, r for the rising limb of a wave, and f for the falling 
limb of a wave. Figure 3 presents definitions of terms used to 
describe the flow characteristics. The two sets of unsteady flow 
differed in steepness of their limbs expressed as dQ/dt  
 

 

Table 2. Characteristics of the experimental tests. 
 

Run tr  
(s) 

αr× 10–3 

(–) 
αf× 10–3 

(–) 
Pgt 
(–) 

Qb 
(m3 s–1) 

Qmax  
(m3 s–1) 

hb  
(m) 

hmax  
(m) 

Ub  
(m s–1) 

Umax  
(m s–1) 

τb  
(N m2) 

τmax  
(N m2) 

Frmax 
(–) 

Hyd1-1 406 0.10 –0.11 0.0081 0.0013 0.0414 0.02 0.10 0.20 0.92 1.13 6.69 0.98 
Hyd1-2 407 0.10 –0.10 0.0081 0.0022 0.0435 0.02 0.10 0.25 0.87 1.40 8.12 0.94 
Hyd1-3 404 0.09 –0.09 0.0081 0.0020 0.0387 0.02 0.10 0.23 0.81 1.49 7.72 0.87 
Hyd1+1 277 0.12 –0.11 0.0082 0.0123 0.0456 0.05 0.11 0.52 0.89 3.67 7.10 0.92 
Hyd1+2 267 0.12 –0.11 0.0082 0.0114 0.0429 0.05 0.10 0.53 0.86 3.48 7.38 0.89 
Hyd2-1 262 0.15 –0.15 0.0081 0.0030 0.0405 0.02 0.10 0.33 0.90 1.47 7.05 0.99 
Hyd2-2 257 0.16 –0.16 0.0081 0.0035 0.0429 0.02 0.10 0.29 0.85 2.00 7.69 0.89 
Hyd2+1 170 0.18 –0.16 0.0081 0.0131 0.0419 0.05 0.10 0.54 0.867 3.80 7.40 0.87 
Hyd2+2 168 0.17 –0.16 0.0081 0.0122 0.0420 0.05 0.10 0.53 0.86 3.83 7.67 0.86 
Hyd2+3 176 0.18 –0.16 0.0081 0.0129 0.0432 0.05 0.10 0.57 0.88 3.51 7.21 0.88 
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Fig. 2. Flowrate (Q) and cumulative sediment mass (M) measured during the experimental tests; a) Hyd1, b) Hyd2. Only a fraction of 
steady sub-threshold flow from one-hour flow is depicted for water-worked bed tests Hyd+. 

 

                  
 
Fig. 3. Definition sketch of the terms used to characterize unsteady flow experiments; a) intact bed ('–'), b) water-worked bed ('+'). 

 
(Wang et al., 2015), denoted by αr and αf for the rising and the 
falling limb, respectively. Parameter α is referred to as the rate 
of unsteadiness in this study. Additionally, unsteadiness param-
eter introduced by (Bombar et al., 2011) was evaluated: 

 

max b

r
gt

U UgI
t

P
g

−−
=  (1) 

 
where g – gravitational acceleration (m s–2), I – bed slope (–),  
U – mean flow velocity (m s–1). 
 
Data processing and analysis 
Evaluation of bedload transport rate 

 
Bedload transport may be expressed by cumulative mass, 

bedload transport rate, i.e., solid volume/weight/submerged 
weight of sediment transported per unit time, or by bedload 
transport intensity in non-dimensional form (Dey, 2014). In this 
study, weight of the sediment transported per unit time (q) was 
evaluated from cumulative sediment mass data (M) collected 
during the experimental tests. 

Savitzky-Golay filter (Savitzky and Golay, 1964) was ap-
plied to smooth the raw cumulative transport data and to evalu-
ate the bedload rate. Suitability of this method was demonstrat-
ed by Mrokowska et al. (2016) in selected experimental datasets.  

This paper confirmed that the results of Savitzky-Golay fil-
ter were compatible with those obtained by approximating the 
data with a difference quotient and then by Fourier Transform 
filtering that is very popular in unsteady flow data smoothing 
(Bagherimiyab and Lemmin, 2013; Rowiński and 
Czernuszenko, 1998; Song and Graf, 1996). Nonetheless, in 
this case, Savitzky-Golay filter appeared to be superior to the 
other one thanks to its straightforward application; it also pro-
duced much fewer oscillations. 

Evaluation of water surface slope  
 
Water surface slope (Sw) reflects the pattern of flow but it is 

also used as an approximation of energy slope when applicable, 
i.e., under equilibrium steady flow and unsteady diffusive flow. 
Sw may be evaluated as a difference quotient, provided spatial 
measurements of water level in several locations along the 
channel are available (Mrokowska et al., 2015b).  

It is more difficult to control and evaluate water surface 
slope than the flowrate in unsteady flow, which has been broad-
ly discussed in the literature (Dottori et al., 2009; Mrokowska et 
al., 2015b; Perumal et al., 2004). Moreover, water surface slope 
results are very sensitive to the fluctuations of water level data. 
Minor spatial fluctuations of water level (H) may cause water 
slope evaluated from water level data to vary in unexpected 
way. For this reason, the application of various difference quo-
tients was compared in this study. Water surface slope was 
evaluated in the central measuring profile x = 4.6 m as a central 
difference quotient, Eq. (2), and a five point quotient, Eq. (3). 

 
( ) ( )

2w
H x x H x xS

x
+ Δ − − Δ≈

Δ
,  (2) 

 

 (3) 
The results were then filtered using Fourier Transform. 

Thanks to this low-pass filter, data fluctuations of undesired 
frequencies were removed. Satisfactory results were obtained 
for threshold frequency 0.03 Hz. A time series of water surface 
slope was transformed into the frequency domain and only 
components lower than the threshold frequency were taken.  

Then, filtered data were transformed back to time domain. 
More details on Fourier Transform application may be found in 
(Bendat and Piersol, 2010; Mrokowska et al., 2015b; Song and 
Graf, 1996). 

( 2 ) 8 ( ) 8 ( ) ( 2 )
12w

H x x H x x H x x H x xS
x

− + Δ + + Δ − − Δ + − Δ≈
Δ
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Evaluation of bed shear stress and stream power 
 
Analysis of the relations between bed shear stress and bed-

load transport rate during flood wave propagation may provide 
important information on the relations between water flow and 
bedload transport. It is, in fact, a subject of ongoing debate and 
multiple interpretations (Guney et al., 2013; Mao et al., 2011; 
Mrokowska et al., 2016). 

Under unsteady mobile bed conditions, measurement of bed 
shear stress is subject to high degree of uncertainty. A defini-
tion of bed shear stress under mobile bed conditions is not 
straightforward (Ferreira et al., 2012; Nikora et al., 2007), and 
for this reason the measurements of bed shear stress require 
cautious interpretation. Moreover, it should be noted that meth-
ods that may be applied under unsteady flow are scarce, mainly 
due to theoretical assumptions (Mrokowska et al., 2015a). 
Formulae derived from Saint-Venant model have become popu-
lar in unsteady flow experiments (Bombar, 2016; Song and 
Graf, 1996; Mrokowska et al., 2015b). However, the question 
about their applicability in evaluating bed shear stress under 
mobile bed conditions remains unanswered. Saint-Venant mod-
el was derived for fixed beds and its results applied to mobile 
bed conditions may be burdened with possible significant er-
rors. The same applies to other methods of anticipation.  

In this study, bed shear stress τb (N m–2) was evaluated using 
the formula that may be derived from the Saint-Venant model 
for a diffusive wave: 

 

wb ghSτ ρ=  (4) 
 

where ρ – density of water (kg m–3), h – water depth (m). Next, 
bed shear stress was corrected for side-wall effects using the 
procedure proposed by Guo (2015). 

Another widely used concept for bedload transport is stream 
power (ω) characteristic for Bagnold approach. While bed 
shear stress refers to forces exerted on a channel bed, stream 
power refers to the rate of energy necessary to transport sedi-
ment. It is applied as an indicator of channel sensitivity to dep-
osition and erosion (Bizzi and Lerner, 2015), and to predict bed 
form type (Dey, 2014). In this study, stream power was evalu-
ated using the following formula: 

 
 .bUω τ=   (5) 

 
Dimensional and multiple regression analysis 

 
Dimensional analysis provides methods for reducing the 

number of phenomena describing variables by classifying them 
into dimensionless groups (Dey, 2014; Ettema, 2000). This 
classical method was applied to find the relationships for bed-
load transport in other studies as well (Ahanger et al., 2008; 
Sinnakaudan et al., 2006). 

Bedload transport is controlled by a number of variables:  
M – cumulative mass, U – mean flow velocity, h – flow depth, 
ρ – water mass density,  ρs –  mass density of sediment parti-
cles, Δg =(ρs – ρ)g/ ρ – reduced gravity,  g – gravitational accel-
eration, ν – kinematic viscosity of water, d – sediment particle 
diameter, t – time elapsed from beginning of transport. The 
variables are of the following dimensions (M – mass,  
L – length, T - time): M [M]; d [L]; ν [L2T–1]; Δg [LT–2]; U 
[LT–1]; h [L]; ρ [ML–3]. The functional relationship between 
cumulative mass as a dependent variable and other variables is 
as follows: 
 
f(M, d, ν, Δg ,t, ρ, h, U ) = 0. (6) 

Buckingham π-theorem was applied to identify dimension-
less parameters. M, h, and Δg were taken as the repeating vari-
ables. Having three dimensions, 8 variables reduced to 5 non-
dimensional parameters: 
 

0.5 0.5
1 g h U− −π = Δ                                                         (7) 

 
0.5 1.5

2 g h ν− −π = Δ          (8) 
 

1
3 h d−π =                                                                 (9) 

 
0.5 0.5

4 g th−π = Δ                   (10) 
 

1 3
5  M h ρ−π =                                                                (11) 

 
The set of dimensionless parameters formed the following 

relation: 
 

( )1 0.5 1.5 0.5 0.5 0.5 0.5 1 3, , , , 0f h d g h g th g h U M hν ρ− − − − − − −Δ Δ Δ = . (12) 
 

This is obviously not a unique procedure and is a matter of 
subjective choice of dimensionless parameters. Multiple regres-
sion analysis was applied to find out the relationships between 
dimensionless parameters (Sinnakaudan et al., 2006). Nonlinear 
least-squares data fitting by Gauss-Newton method was applied. 

 
DISCUSSION OF RESULTS 
Relation between supplied sediment mass and total 
sediment yield 

 
Data analysis has revealed a specific pattern of relationships 

between the amount of supplied sediment and total sediment 
yield. Figure 4 shows that more sediment was supplied than 
transported in the tests with intact initial bed, and larger or 
equal amount of sediment was transported than supplied in the 
tests with water-worked bed. In the tests with intact initial bed 
(‘-’), more sediment was supplied compared with correspond-
ing tests for water-worked bed (‘+’). This pattern was due to 
the fact that a criterion for the supply rate was to prevent the 
bed from excessive erosion or deposition. In the tests with 
water-worked bed, the bed was not as prone to erosion as in ‘-’ 
tests, at least in the initial flow phase, and consequently less 
sediment was required to supply.  

Grain size distribution of bed surface material was measured 
after each experimental test but no significant variation was 
observed (Mrokowska et al., 2016). 

 

 

Fig. 4. Supplied and transported mass of the sediment for the ex-
perimental tests with intact (‘-‘) and water-worked (‘+’) bed. 
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Fig. 5. Temporal variation of water surface slope; a) Hyd1-1, b) Hyd2-1. 
 

 
 

        

  
 

  
 

Fig. 6. Temporal variation of flowrate (Q) bedload transport rate (q) bed shear stress (τb) during experimental tests. 
 
Evaluation of water surface slope 

 
Figure 5 presents a comparison of water surface slope (Sw) 

results obtained by five point difference quotient, Sw pp, Eq. (3) 
for  Δx = 1 m and central difference quotient, Eq. (2) for  Δx = 
2m and  Δx = 1 m denoted by  Sw c 2m and Sw c 1m, respective-
ly. Black and grey lines represent the results before and colour 
lines after filtering with Fourier Transform. Sw c 2m proved to 
be the most reliable evaluation, since its values were closest to 
bed slope I = 0.0083 highlighted in Fig. 5 by a dotted line. The 
results of water surface slope close to bed slope were expected 
because spatial variability of water depth along the channel was 
small (less than 1 cm). 

The figure clearly shows that for five point difference quo-
tient the results were much more noisy than for central differ-
ence quotient. This was due to minor spatial water depth fluctu-
ations. They are more likely under mobile bed conditions where 
erosion and deposition occur than under fixed bed conditions. 
Moreover, shallow water as in this study (ranging from 2 cm to 
11 cm, see Table 2) also induced these fluctuations. To prevent 
the formation of eroded and deposited regions inducing fluctua-
tions of water surface slope, sediment was supplied manually to 
control the supply rate. 

A number of similar problems were also pointed out in other 
studies. Qu (2002) stressed that it was difficult to control water 
surface slope in laboratory channels. We found that water sur-
face slope was better controlled in the tests with higher rate of 
unsteadiness, i.e., Hyd2. 

Relation between bedload rate and flowrate 
 
Figure 6 shows a temporal variation of bedload rate (q), 

flowrate (Q), and bed shear stress (τb) for selected experimental 
tests. A time lag between the peak flowrate and the peak bed-
load rate is visible, i.e., in general, the bedload rate attained its 
peak slightly before the maximum flowrate. The time lag varied 
between 5 and 13 seconds, except for Hyd1+2 where the max-
imum bedload rate was observed after the peak flowrate. These 
results were consistent with the findings of the studies on bed-
load transport in unsteady flow with unarmoured bed (Humphries 
et al., 2012; Mao, 2012). Bombar et al. (2011) showed that the 
time lag directly correlated with the unsteadiness of the hydro-
graph evaluated from Eq. (1). In this study, no significant differ-
ences in time lags between the experimental tests were observed. 
In fact, both hydrographs had the same value of Pgt (Table 2). 

The relationship between Q and q under unsteady flow had a 
form of a clock-wise hysteresis (Fig. 7) indicating that the 
bedload rate was larger for specific flowrate along the rising 
limb than along the falling limb of a wave. There is no particu-
lar pattern in hysteresis shape that may indicate any impact of 
flow unsteadiness (difference between Hyd1 and Hyd2 tests) or 
initial bed condition (difference between ‘-’ and ‘+’ tests) on 
the bedload transport. This is due to the fact that the sediment 
was supplied during the experimental tests at a variable rate. 
Higher bedload rate along the rising limb may be triggered by 
unlimited sediment supply, mobile bed and higher values of bed  
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Fig. 7. Relationship between bedload rate (q) and flowrate (Q) for the experimental tests.  
 

            

            

Fig. 8. Temporal variation of bed shear stress (τb) and stream power (ω) during experimental tests. 
 
shear stress and stream power along the rising limb. The last 
scenario is discussed in the proceeding section.  
 
Relation between bedload rate, bed shear stress, and stream 
power 

 
In general, it is expected that the peak of bed shear stress 

triggers the peak of the bedload transport in unarmoured beds 
(Song and Graf, 1996). However, when bed shear stress results 
are subject to high uncertainty, unexpected variation of this 
variable may occur. This was the case of Hyd1+2 (Fig. 6b) 
where the peak bed shear stress occurred along the rising limb 
as expected but, additionally, unexpectedly high values were 
observed along the falling limb of the wave. This could be 
explained by the variation of water surface slope which is sig-
nificant variable in the bed shear stress formula. 

As discussed in the previous sections, input variables for Eq. 
(4) - water depth (h) and water surface slope (Sw) were prob-
lematic to control and evaluate, which was a source of uncer-
tainty in bed shear stress assessment. Mean water depth is usu-
ally evaluated based on temporal variation of water level and 
mean bed level measured after the experimental test. When 
water depth is shallow, as in our experiment (Table 2), uncer-
tainty of water depth evaluation based on water level and bed 
topography increases. 

Alternatively, the effect of stream power on bedload rate 
was analysed. The shape of temporal variation of the stream 
power corresponded to the variation of bed shear stress (Fig. 8) 
but the impact of water surface slope on the result was sup-
pressed due to multiplication by mean velocity. These results 
show that stream power may be a good alternative for bed shear 
stress in the analyses of factors affecting bedload rate, especial-
ly when bed shear stress is evaluated from bulk variables and 
water slope data are of high uncertainty.  

The results for stream power were more homogenous than 
the results for bed shear stress in terms of time lags between 
peak values. Figure 9 shows a comparison between time lags, 
Δt, between the peaks of bedload rate and stream power, and 
bedload rate and bed shear stress. Peak bedload transport oc-
curred from Δt = –29 s to Δt = –5 s after the peak stream power. 
The variability of lag between the bedload rate and bed shear 
stress was larger and ranged from Δt = –132 s and Δt = 39 s. 
The fact that peak bedload rate occurred before the peak of 
stream power might be attributed to the uncertainty of stream 
power results. 

Despite identified sources of uncertainty, the results show 
general patterns - both bed shear stress and the stream power 
were greater along the rising limb resulting in a clock-wise 
hysteresis (Fig. 10). This is, along with the sediment supply, the 
explanation for higher bedload rate along rising limbs discussed 
in the previous section. 



Laboratory studies on bedload transport under unsteady flow conditions 

29 

 

 
 

Fig. 9. Time lags, Δt, between the peaks of bedload rate (qmax) and 
stream power (ωmax) and the peaks of bedload rate and bed shear 
stress (τbmax). 

 

 
 

Fig. 10. Relationship between bed shear stress (τb) and flowrate (Q) 
and stream power (ω) and flowrate (Q) for sample experimental 
tests. 

 

 
 
Fig. 11. Relations between independent and dependent 
dimensionless parameters.  
 

 Multiple regression analysis 
 
Parameter 1 3

5  M h ρ−π =  expressing dimensional cumulative 
mass was chosen as a dependent parameter. A correlation be-
tween the dependent parameter 5π , and independent parameters, 

1 2 3 4, , ,π π π π was tested for the rising limbs of the hydrographs.  
Figure 11 shows the relation between dimensionless parame-

ters on normal and log-log scales. The graphs reveals a linear 
relation between 5π  and 2 3,π π , and a power relation between 

5π  and 4π . There was no correlation between 5π  and 1π , and 
consequently 1π  was not taken into account in the model de-
velopment. Three independent dimensionless variables, 

2 3 4, ,π π π , were selected to find relevant expressions for the 
dependent variable 5 π : 
 

( )1 3 1 0.5 1.5 0.5 0.5, ,M h f h d g h g thρ ν− − − − −= Δ Δ .  (13) 
 

A general form of the model indicates that bedload transport 
does not directly depend on mean velocity, U. Performance of 
various models was tested and assessed based on the coefficient 
of determination and Nash-Sutcliff coefficient. The best fit 
model was as follows:  
 

5
5 1 2 2 3 3 4 4

bb b b bπ = + π + π + π .  (14) 
 

This model fitted independently four groups of data: Hyd1-, 
Hyd1+, Hyd2-, Hyd2+ for which the regression parameters 
b1,…, b5 were identified. The resulting models for Hyd1-, 
Hyd1+, Hyd2-, Hyd2+ are presented below: 
 

1 3
0.5 1.5

1.4260.5
6

0.5

16.684 1.832 594.222

192*10 *

dM h
hg h

g t
h

νρ−

−
−

   = − − + +   Δ   

 Δ+  
 

 (15) 

 

1 3
0.5 1.5

1.6720.5
6

0.5

24.828 2.424 803.105

24*10 *

dM h
hg h

g t
h

νρ−

−
−

   = − − + +   Δ   

 Δ+  
 

 (16) 

 

1 3
0.5 1.5

1.7090.5
6

0.5

15.045 2.380 667.100

21*10 *

dM h
hg h

g t
h

νρ−

−
−

   = − − + +   Δ   

 Δ+  
 

 (17) 

 

1 3
0.5 1.5

1.6090.5
6

0.5

12.967 1.187 401.719

44*10 *

dM h
hg h

g t
h

νρ−

−
−

   = − − + +   Δ   

 Δ+  
 

 (18) 

 
Figure 12 presents a comparison between cumulative mass 

data and the results from the models. Results for cumulative 
mass obtained from the models fitted the data very accurately – 
both coefficients, the coefficient of determination and Nash-
Sutcliff coefficient, were about 0.99. 
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Fig. 12. Comparison of data and regression models for cumulative 
mass transport.  

 
The above regression models were valid only for the exper-

imental conditions presented in this study. Applicability to 
other conditions needs to be verified. The models may be used 
during further experimental tests in similar conditions. 
 
CONCLUDING REMARKS 

 
In this study, we demonstrated the impact of initial bed  

conditions and flow unsteadiness on total sediment yield and 
bedload transport rate. The effect of initial bed conditions was 
particularly visible in the analysis of total supplied and trans-
ported sediment mass. Different proportions between the 
amount of supplied and transported sediment for the sets of 
initial conditions revealed a significant role of bed material 
sorting and bed roughness in the sediment transport during a 
flood wave propagation. 

The study showed that unsteadiness of flow triggered varia-
ble bed shear stress and stream power that consequently affect-
ed bedload transport rate. It was indicated by the fact that the 
bedload rate, bed shear stress and stream power were in clock-
wise hysteretic relationship with the flowrate.  

A number of questions have arisen regarding data interpreta-
tion and definitions. Bed shear stress definition and measure-
ment methods induce high uncertainty and difficulty in data 
interpretation. As each method of evaluation of the bed shear 
stress is uncertain to some extent, a comparison of a few meth-
ods may be helpful in interpreting the results as shown in other 
studies (Bombar, 2016; Qu, 2002).  

The study showed that when bed shear stress is evaluated 
from bulk variables the results may be highly affected by the 
uncertainty of input variables, especially water surface slope. In 
such cases, stream power turns out to be less sensitive to the 
uncertainty of water surface slope and therefore may be more 
adequate than the bed shear stress in the analyses of factors 
affecting bedload rate. In other words computations of stream 
power led to more homogenous results. 

The study revealed some problems regarding the experi-
mental design and performance. The most serious one was to 
avoid water surface slope fluctuations in a flume for the mobile 
bed and shallow flow. We noticed smaller fluctuations for the 
tests with higher rate of unsteadiness. For such cases, evalua-
tion of the variables based on water depth and water surface 
slope such as bed shear stress and stream power is more  
reliable. 

It is crucial to control the impact of physical variables on the 
experimental results. Classical physical methods, such as di-
mensional analysis may help to understand relations between 

the bedload transport and the parameters governing its dynam-
ics. In this study, a set of five dimensionless parameters and 
multiple regression model for dimensional cumulative mass 
were identified. The best fit model was as follows: 

5
5 1 2 2 3 3 4 4

bb b b bπ = + π + π + π . 
The regression parameters b1,…,b5 were identified for exper-

imental data. These results may be used in future design of 
similar experiments. 
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