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Flow resistance in gravel bed open channel flows case: intense transport condition
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Department of Civil Engineering, National Institute of Technology Rourkela, Rourkela, India

ABSTRACT
Gravel bed can be categorised into three bed load conditions, i.e. no load, moderate and intense. An 
experimental investigation was carried out in an open channel flow with gravel bed surface of grain 
size of D50 values 6.5 mm intense load conditions. The investigation of the roughness characteristics 
of gravel bed open channel flows under intense load conditions over various discharges and flow 
depths are presented. Variation of friction factor for the roughness conditions for different flow depths 
is estimated. The intensity of the bed load is calculated with the help of sediment transport rate. The 
bed load transport rate for the intense load conditions is also determined from experimentation on 
gravel beds of 6.5 mm gravel size for different flow depths. Using the data-set of other researchers 
and present experimental data, a new model as a function of intensity of the bed load transport with 
respect to Shield’s parameter is formulated. The modified model gives satisfactory results as compared 
to previous works, which is displayed through error analysis.

1.  Introduction

Sediments can be identified as a fragmentary part of the earth 
material eroded, transported and deposited elsewhere natu-
rally by causes like water and air. Sediment process is a natural 
occurring process and hence control over it is quiet convoluted. 
The effects of bed load on the estimation of friction factor f, is 
possible because of low sediment transport rates (Hey 1979; 
Van Rijn 1984; Whiting and Dietrich 1990). The bed load is 
commonly taken into account only in terms of the additional 
resistance caused by bed forms in the case of sandy rivers 
(Einstein and Barbarossa 1951; Van Rijn 1984; Wu and Wang 
1999). Yet evidence does exist from earlier studies that bed load 
may have, at least under some conditions, a substantial impact 
on the friction factor. Long ago, proposed correction factor 
to take into account such effects including flatbed problems 
(Wong and Parker 2006). By comparing resistance produced 
by flow over a mobile bed, Bathurst et al. (1982) described a 
sharp increase in flow resistance with a slope (varying from 
3 to 9%) as a direct consequence of the bed load concentra-
tion. Wiberg and Rubin (1989) observed that in upper plane 
bed conditions, the friction factor associated with sediment 
transport could reach much higher value than those measured 
with clear water flows. More generally, it is largely accepted 
that the introduction of suspended sediment into a clear flow 
can either amplify or dampen turbulence depending on the 
relative magnitude of flow and sediment transport variables 
(Carbonneau and Bergeron 2000). It is only in the last few 
decades researchers have taken a clear interest in the effects of 
bed load on the estimation of friction factor.

All experimental procedures have compared the resist-
ance of a clear water flow with that caused by the injection 

of sediments. Injection of sediment into a clear water flow 
increases the resistance gradually with the quantity injected 
until it attains a plateau when the sediment rate is close to 
equilibrium conditions (Bergeron and Carbonneau 1999; 
Campbell et al. 2005; Carbonneau and Bergeron 2000; Mahdavi 
and Omid 2004; Omid et al. 2003). The effect of bedload on 
the friction factor in equilibrium flow conditions has received 
only very little attention in the literature. A few studies (Song 
et al. 1998) have shown that under such conditions the fric-
tion factor increases with the sediment concentration. A step 
has been taken to study experimentally the friction factor and 
intensity of bed load in a gravel bed carried by a trapezoidal 
channel for D50 sediment diameters of 6.5 mm.

2.  Previous investigations

The most widely used flow resistance models (Manning, Chezy 
and Darcy–Weisbach equation) shows the relation between 
the linear energy losses to the mean flow velocity. All these 
models are semi-empirical and validation of these are done on 
experimental or field data. Consequently, literature had already 
proposed a wide range of calibration coefficients.

It was observed that bed load has a significant relation over 
the large increment in resistance in terms of friction factor f. 
Observations suggest that to properly model flow resistance 
in a gravel bed channel for a wide range of slopes and relative 
depths, it is required to identify three flow regimes: no, low and 
high sediment transport.

In this present study, a high/intense load is considered, 
which is suggesting high sediment transport flows. These 
transport flow condition can be characterised by a resistance 
coefficient f that decreases as the relative depth decreases.
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We have seen that for a uniform flow in open channel sys-
tems, the friction factor f can be expressed by Darcy–Weisbach 
relation given below:

 

For rough flows, the friction coefficient f is not related on 
the basis of Reynolds number and a linear relation is usually 
expressed between (8/f)1/2 and corresponding log(R/D) values. 
The friction factor f is reported in the Darcy form of (8/f)1/2.

With the help of the experimental data of this present work, 
a simple graphical representation has been made between 
(8/f)1/2 and relative depth, R/D Figure 2.

For a two-dimensional turbulent flow for the condition of 
Roughness Reynolds number, R∗

e is greater than 70, Keulegan 
(1938) had expressed u/u* by integrating the formerly given 
logarithmic velocity distribution by Karman–Prandtl in 
(Equation 2):

 

where u is channel velocity, u* is the shear velocity, k is von 
Karman coefficient, z is the height above the bed and z0 is the 
height where velocity is zero according to the law of the wall.

A good approximation has been obtained by taking over 
entire flow depth assuming logarithmic profile (Cardoso et al. 
1989; Nikora and Smart 1997; Smart 1999; Song et al. 1995) 
and that R >> zo (where velocity tends to zero). Smart et al. 
(2002) reported that until the relative depth R/D was higher 
than 1, (8/f)1/2 can be expressed as in Equation (3) (for k = 0.4):

 

Nikuradse (1933) first suggested calculating zo as a fraction of 
the bed roughness, Ks by taking zo = D/30. Using this classifi-
cation, (8/f)1/2 can be written as:
 

where E is a constant, which is dependent upon the channel 
cross sections. Keulegan (1938) presented that E may mar-
ginally differ with the natures of the canal between 6 for wide 
rectangular channels and 6.25 for the trapezoidal open channel.

Cao (1985) observed that in a 0.6-m wide flume a 10% of 
error matches to minimum R/D values of 2, 2.5 and 9 for 44-, 
22- and 11-mm grain diameters, respectively. There had been 
only a few attempts made, essentially on steep slopes, to amend 
flow resistance laws by adding slope as a parameter. Moreover, 
this was usually done by a general curve fitting processes with-
out any physical consideration of the effects of slope, even if 
discussions regarding slope-induced additional resistance 
through surface instabilities and waves at high Froude numbers 
still exists. From this point of view, introducing a parameter 
like a slope, which is responsible for the incipient motion of 
sediments, is a new approach. The semi-logarithmic model 
proposed by Cao et al. (2006) as:
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The Manning-Strickler equation given is:
 

where Ks is the grain resistance Manning-Strickler coefficient. 
From the definition of Ks which is:

   

It becomes
 

Recking (2006) observed that for 2 < R/D < 8.6, the resistance 
equation could not be fully derivative for flows without sed-
iment transport from the law of the wall. Rather an empir-
ical law was suggested, essentially affecting the slope of the 
logarithmic law. For significantly higher relative depths, the 
Keulegan law was effective for flows without sediment trans-
port, which fall within the small-scale roughness series. Thus, 
the bed roughness was nearly taken as the grain diameter. The 
semi-logarithmic model proposed by Recking (2006) as:
 

Recking (2006) saw that when flow increases, the value of 
friction factor, f decreases with respect to relative depth R/D, 
whatever the slope will be. In his study first, it can be observed 
that all data chosen as high sediment rate regime were lined 
up with the sheet flow regime data, which he suggestively 
named regime 3 and which was similar to sheet flow regime. 
The model concerned with the intermediate-scale roughness 
(R/D < 17) must be modelled with the slope coefficient of 9.5. 
The semi-logarithmic model proposed by Recking (2006) as:
 

Julien (2002) proposed a model for bed load sediment trans-
port rate, qb > 0.1 and which was falling under regime 3,
 

There were two common methods used towards the theory 
of bed load transport. One of the most popular method was 
based on variables such as stream power, shear stress, dis-
charge, velocity. In this method, basic assumption was that 
until or unless the critical variable exceeds the flow conditions 
there was no bed load transport occurred and by exceeding the 
critical variable of the flow condition the bed load transport 
rate increases too. There were several studies based on this 
concept, both for natural channels and for flumes, which can 
be exhibited through number of equations presented below. 
Dependability for the usage of these equations was on the 
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assumptions of the existing models. The second method was 
a probabilistic method (Einstein 1950). A new perception to 
this method had been offered into bed load transport processes. 
However, the level of complexity made by this application to 
natural channels was intricate and challenging (Yang 1996).

The sediment particles on the bed start to transport when 
incipient motion happened and this was the basic assumption 
made. The tractive force or bed shear stress acting on the bed 
was a responsible factor for the transport of bed particles in a 
stream. Shields (1936) first gave two major parameters to deter-
mine the bed load intensity, which is θ and θc. The movement of 
bed particles indicate that the Shield’s parameter θ which when 
exceed the critical value called as θc (for regime 2), which is:

 

 

where τ is bed shear stress, D is particle diameter and τc is 
critical bed shear stress
 

where d* is:
 

Shields (1936) was the first investigator, who described the 
critical shear stress as a function of different particles sizes, D 
(irrespective of uniform or non-uniform shape) which super-
vises the threshold motion by a uniform flow and expressed as:
 

The solid discharge was expressed in a non-dimensional form 
(Einstein 1942) as:
 

Following approaches and the developed equations by the pre-
vious researchers are given in the Table 1.

3.  Experimental set-up

Experiments were conducted under controlled labora-
tory conditions in the Fluid Mechanics Laboratory of the 
Civil Engineering Department at the National Institute of 
Technology, Rourkela, India in order to find out the impact 
of friction factor, velocity distribution, bed load intensity and 
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boundary shear stress on various hydraulic characteristics of 
open channel flow. For the study, a straight simple trapezoidal 
channel in the form of a tilting flume having dimensions of 
length 10 m, top width 0.9 m, bottom width 0.65 m and depth 
of 0.125 m is used. The tilting flume is made of a metal frame 
with glass walls at the test reach. At the starting of the flume 
after inlet and before the head gate, a baffle wall is fitted for the 
reducing the turbulence and make a uniform flow throughout 
the channel section. Head gate reduces the waves if formed in 
the water body before it passes over the channel and in this 
way, head gate plays a vital role in maintaining uniform flow. 
For measuring the bed slope tailgate was fitted at the end of 
the flume. There was the provision of an over bridge platform 
in the flume which helps in experimental works. The flume 
was supported on a hinge at the centre and by hydraulic jack 
provision flume can be pivoted over the centre in lengthwise 
direction to provide bed sloping. The plan view of the exper-
imental channel used in the present study is shown in Figure 
1. Experiments are conducted in a straight simple trapezoidal 
channel with uniform cross section built inside a metallic flume 
for intense load conditions. The whole channel is fabricated 
using D50 value of gravel size 6.5 mm for the intense load con-
dition over bed. The roughness height is found to be 2.5 cm, 
which is estimated approximately from the number of layer (i.e. 
four in this case) of gravel, covered one upon another over bed. 
The slope of the flume is fixed at 0.0025 (0.25%) for all runs. 
Refer Table 2 for description of the bed load characteristics. 
Water for the experiment is provided from an overhead tank 
to which a water level indicator is attached for maintaining 
constant water level for test run discharge. Two parallel pumps 
are installed for pumping water from an underground sump 
to the overhead tank. Water delivers to the stilling chamber 
from the overhead tank, passing over the experimental chan-
nel under gravity and is made to fall into the volumetric tank 
situated at the end of the flume. From the volumetric tank, 
water is allowed to flow into an underground sump. The water 
is recirculated back from the sump.

Main parameters to be measured during the present experi-
ment are discharge, bed slope, depth of flow and the velocity of 
flow and boundary shear stress. The measurement procedure 
of these parameters is briefly described as follows. The depth of 
flow in the channel is measured using a point gauge fixed into 
the travelling bridge and operated manually. Point velocities 
are measured using a Micro-Pitot tube of 4.77 mm external 
diameter with a suitable inclined manometer at a number of 
locations across the predefined channel section. Guide rails 
are provided at the top of the experimental flume on which a 
travelling bridge is moved in the longitudinal direction of the 
entire experimental channel. The point gauge attached to the 
travelling bridge can also move in both longitudinal as well as 
in the transverse direction of the experimental channel. The 
Micro-Pitot tube is also attached to the bridge on the other 
side of the point gauge. The Pitot tube is physically rotated 
normally to the mainstream direction until it gives a maximum 
deflection of manometer reading.

4.  Model development

The measured values of geometric and hydraulic parameters 
are mentioned in Table 3 For all the experimental runs, the 
diameter of gravel was kept constant as 0.0065 m. Moreover, 
a constant bed slope of the channel (0.25%) maintain the sub-
critical flow conditions, which was used for all the runs. Total 

Table 1. Different approaches for determining bed load intensity for intense load 
condition used in the present work.

Sl. no. Approaches Developed equations
1. Ashmore (1988) � = 3.11(θ − 0.045)1.37

2. Wong and Parker (2006a) �  = 4.93(θ − 0.047)1.6

3. Wong and Parker (2006b) �  = 3.97(θ − 0.0495)3/2

4. Graf and Suszka (1987) � = 10.4�
2.5

when � ≥ 0.068

5. Recking (2006) 𝜙 = 14𝜃
2.45

when 0.08 < 𝜃 < 0.25
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4   ﻿ S. BANERJEE ET AL.

The present model is also developed for the range of R/D 
value less than 16.9 with values even lower than 2. The Shield’s 
parameter θ, which is of assistance in finding out the bed load 
intensity Φ, is also a contributing factor for carrying out the 
new set of experimentations. Recking used θ values in the range 
of 0.08–0.25, while the present set of experimental data-sets 
have θ values less than 0.15. In total, 90 data-sets from the 
experimental observation, including that of Recking (2006) 
have been utilised in developing the new model.

Figure 2 illustrates a semi-logarithmic relationship between 
R/D and friction factor in terms of (8/f)1/2 for uniform flow case 
for intense load condition. The linear regression curve shows a 
higher value of correlation coefficient, indicating a satisfactory 
relation between the two.

The linear regression model developed for the determina-
tion of friction factor, f is given as:

  

(18)

√

8

f
= 3.55 ln

(

R

D

)

+ 0.2(R2 = 0.92)

18 experimental runs for uniform flow conditions were taken 
for the study.

A linear regression model is developed to predict friction 
factor, f for gravel bed under uniform flow condition with the 
intense load Figure 2. Recking (2006) developed a model for 
predicting friction factor, f for the intense load. This model 
was supposedly valid for relative depth (R/D) ranging from 
2 to 16.9.

Figure 1. Plan view of the experimental channel and overall view of the flume with experimental set up.

Table 2. Detailed geometrical features for both the load conditions.

Sl no. Bed loads characteristics Description
1 Material Gravel
2 Diameter of gravel (d) 6.5 mm 
3 Sediment density (ρs) 1220 kg/m3 
4 Height of roughness 0.025 m
5 Distribution pattern Normal
6 Test reach 6 m 
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Table 3. Experimental data-set for intense load condition.

Discharge Q (m3/
sec) Flow depth h (m)

Cross section area 
A (m2)

Wetted perimeter 
P (m)

Hydraulic radius 
R = A/P

Mean channel 
velocity u (m/sec)

Relative Depth 
(R/D) u/u*

1 2 3 4 5 6 7 8
0.030 0.1004 0.075 0.93 0.080 0.405 12.41 9.11
0.028 0.095 0.071 0.91 0.077 0.39 11.85 9.06
0.026 0.0916 0.068 0.90 0.074 0.38 11.49 8.97
0.023 0.086 0.063 0.89 0.070 0.36 10.90 8.83
0.020 0.08 0.058 0.87 0.066 0.35 10.25 8.71
0.018 0.074 0.0531 0.85 0.062 0.33 9.59 8.59
0.016 0.07 0.050 0.84 0.059 0.32 9.14 8.49
0.014 0.065 0.046 0.83 0.055 0.30 8.57 8.21
0.012 0.06 0.042 0.81 0.051 0.29 7.99 8.13
0.011 0.057 0.040 0.81 0.049 0.27 7.64 7.98
0.009 0.05 0.035 0.79 0.044 0.25 6.80 7.77
0.007 0.046 0.032 0.78 0.041 0.24 6.31 7.62
0.006 0.04 0.027 0.76 0.036 0.22 5.56 7.33
0.005 0.037 0.025 0.75 0.033 0.19 5.11 6.77
0.003 0.031 0.021 0.73 0.029 0.16 4.40 6.07
0.002 0.025 0.017 0.72 0.023 0.14 3.60 5.95
0.001 0.022 0.014 0.71 0.021 0.09 3.19 4.09
0.0006 0.014 0.009 0.68 0.013 0.07 2.07 3.94

Figure 2. New friction factor model for intense load condition.

Figure 3. Validation of friction factor model for intense load condition with other author data.

Figure 4a.  Error analysis of friction factor model for intense load condition with Gilbert (1914) data.
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6   ﻿ S. BANERJEE ET AL.

being 666 taken with experimentation as well as from other 
authors.

The functionality of the models suggested by previous 
researchers has also been evaluated for all of the availa-
ble data-sets. Figure 3 shows the contrast between different 
models through predicted values of friction factor versus the 

    The Equation (18) established above is verified with the 
data-sets of other investigators such as Bogardi and Yen (1939), 
Casey (1935), Gilbert (1914), Graf & Suzuka (1987), Ho (1939), 
Mavis et al. (1937), Paintal (1971), Recking (2006), Rickenman 
(1990), Smart and Jaeggi (1983) along with the experimental 
observations of present study. The total number of data-sets 

Figure 4b.  Error analysis of friction factor model for intense load condition with Casey (1935) data.

Figure 4c.  Error analysis of friction factor model for intense load condition with Mavis et al. (1937) data.

Figure 4d.  Error analysis of friction factor model for intense load condition with Meyer-Peter and Muller (1948).
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Figure 4f.  Error analysis of friction factor model for intense load condition with Ho (1939).
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Figure 4h.  Error analysis of friction factor model for intense load condition with Paintal (1971).
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Figure 4i.  Error analysis of friction factor model for intense load condition with Graf & Suzuka (1987) data.
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by all the three investigators was less than 6 mm and even the 
Shield’s parameter values less than 0.05. Therefore, in general, 
the newly developed expression can be accepted to give a satis-
factory prediction of friction factor for intense load conditions.

4.2.  Bed load intensity for intense load flow condition

In the present study, two parameters are very important, one is 
Shield’s parameter, θ and another was intensity of bed load, Φ. 
To determine the Shield’s parameter, boundary shear stress had 
to be calculated. Thus to determine the boundary shear stress 
energy gradient method had been used. In addition, another 
part of this present study was bed load intensity, which is cal-
culated with the help of bed load sediment transport rate.

All the remaining parameters were same and taken from 
the stage-discharge data of intense load conditions. For all the 
experimental runs, the D50 diameter of gravel was kept constant 

measured value of friction factors. The present model on whole 
is observed to provide better predictions.

4.1.  Error analysis of friction factor model for intense 
load flow condition

The error analysis of the different models is carried out for 12 
data-sets of intense load conditions given in Figure 4(a)–(l). In 
almost all the sets of data, the developed expression is observed 
to provide with lower values of mean absolute percentage error 
(MAPE) as well as root-mean-square error (RMSE) in com-
parison to the other models.

The model suggested by the Keulegan (1938) provides 
significantly lower values of MAPE as well as RMSE for the 
data-sets of Casey (1935), Mavis et al. (1937), Ho (1939) but 
concurrently gives higher values for the other data-sets. The 
above observations are probably because the gravel size used 
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Figure 4j.  Error analysis of friction factor model for intense load condition with Rickenman (1990) data.
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Figure 4k.  Error analysis of friction factor model for intense load condition with Recking (2006) data.
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Figure 4l.  Error analysis of friction factor model for intense load condition with Present study data.
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coefficient, indicating a satisfactory relation between the two. 
The linear regression model developed for the determination 
of bed load intensity Φ is given as Equation (19). The model 
developed in the previous section is validated with the data-sets 
of other researchers such as Wong and Parker (2006), Ashmore 
(1988), Recking (2006), Graf and Suzuka (1987) etc. along with 
the present experimental observations. The number of data-
sets being 253 in total. The performance of models suggested 
by previous investigators has also been analysed for the above 
data-sets.

Figure 6 shows the performance of different models through 
predicting the bed load intensity, Φ for intense load condition 
for all the available data-sets. The present model is observed 
to give better predictions as shown in Figure 7.

4.3.  Error analysis of bed load intensity model for 
intense load flow condition

Bed load intensity is calculated using different models devel-
oped by the researchers and the values of MAPE and RMSE 

as 0.0065 m. Moreover, a constant bed slope of the channel 
(0.25%) was used for all the runs. Total 18 experimental runs 
for uniform flow conditions were taken for the study. Table 4 
shows the experimental results. Graph between bed load inten-
sity and Shield’s parameter is plotted which best fit on power 
law shown in Figure 5. The bed load intensity model by Recking 
(2006) for intense load condition was apparently valid for rela-
tive depth (R/D) ranging from 2 to 16.9, with θ values ranging 
from 0.08 to 0.25. The present model is developed for the range 
of R/D values less than 16.9 with data even lower than 2. The 
Shield’s parameter for the present set of experimentation ranges 
from 0.1 to 0.15. In total, 77 data-sets from the experimental 
observation, including that of Recking (2006) has been utilised 
in developing the new model.

 

Figure 5 illustrates a graphical relationship between Shield’s 
parameter, θ and Bed Load Intensity, Φ for intense bed load con-
dition. The power law curve shows a higher value of correlation 

(19)Φ = 25.3 �2.91
(

R2 = 0.91
)

Table 4. Experimental data-set of bed load intensity for intense load condition.

Q (m3/sec)
Flow depth 

h (m)
Cross section 

area A (m2)
Wetted perim-

eter P (m)
Hydraulic 

radius R = A/P

Mean channel 
velocity V (m/

sec)
Relative depth 

(R/D) u/u*
Shields 

parameter θ Φ*

1 2 3 4 5 6 7 8 9 10
0.031 0.10 0.075 0.934 0.081 0.405 12.41 9.11 0.141 0.102
0.029 0.095 0.071 0.919 0.078 0.394 11.85 9.06 0.137 0.095
0.026 0.092 0.068 0.910 0.075 0.384 11.50 8.97 0.1347 0.090
0.023 0.086 0.063 0.893 0.071 0.368 10.90 8.84 0.129 0.082
0.021 0.08 0.058 0.876 0.067 0.352 10.25 8.71 0.124 0.074
0.018 0.074 0.054 0.859 0.062 0.336 9.59 8.59 0.119 0.066
0.016 0.07 0.050 0.848 0.059 0.324 9.14 8.49 0.115 0.061
0.014 0.065 0.047 0.834 0.056 0.304 8.57 8.21 0.109 0.052
0.012 0.06 0.043 0.820 0.052 0.290 8.00 8.13 0.104 0.048
0.011 0.057 0.040 0.811 0.050 0.279 7.64 7.98 0.101 0.042

Figure 5. Bed load intensity model for intense load condition.

Figure 6. Validation of bed load intensity model for intense load condition with other author data.

D
ow

nl
oa

de
d 

by
 [

U
N

IV
E

R
SI

T
Y

 O
F 

A
D

E
L

A
ID

E
 L

IB
R

A
R

IE
S]

 a
t 0

0:
41

 1
3 

Ja
nu

ar
y 

20
18

 



10   ﻿ S. BANERJEE ET AL.

0

50

New model-III Recking (2006) Graf and suzuka
(1987)

Ashmore (1988) Wong and
Parker (2006a)

Wong and
Parker (2006b)

Pe
rc

en
ta

ag
e 

of
 E

rr
or

Diffrent Bed load Intensity Model

Gilbert (1914) MAPE

RMSE

Figure 7a.  Error analysis of bed load intensity model for intense load condition with Gilbert (1914) data.
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Figure 7b.  Error analysis of bed load intensity model for intense load condition with Meyer-Peter and Muller (1948) data.

0

50

100

suzuka (1987)
New model-III Recking (2006) Graf and Ashmore (1988) Wong and

Parker (2006a)
Wong and

Parker (2006b)

Pe
rc

en
ta

ag
e 

of
 E

rr
or

Diffrent Bed load Intensity Model

Smart and Jaeggi (1983) MAPE

RMSE

Figure 7c.  Error analysis of bed load intensity model for intense load condition with Smart and Jaeggi (1983) data.
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Figure 7d.  Error analysis of bed load intensity model for intense load condition with Rickenman (1990) data.
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grain size diameter, the slope of the channel and Shield’s 
parameter.

• � The model developed for friction factor under intense 
load conditions when validated with others model, is 
found to give comparatively less erroneous values than 
previous models.

• � A bed load intensity model established for the case 
intense bed load transport condition is observed to pro-
vide better results in comparison to that of the other 
models.

• � The linear regression curve shows a higher value of cor-
relation coefficient, indicating a satisfactory relation 
between the two in friction factor calculation of intense 
load.

• � The power law curve shows a higher value of correlation 
coefficient, indicating a satisfactory relation between the 
two for bed load intensity and Shield parameter.

Notations

d  Diameter of the Preston tube

d*  Dimensionless particle parameter
D  Diameter of the gravel
D50  50% grain size diameter at
f  Darcy–Weisbach’s friction factor
g  Acceleration due to gravity
qb  Bed load sediment transport rate
Q  Channel discharge
R  Hydraulic radius, defined as flow area/wetted perimeter
R2  Coefficient of Determination
S  Channel bed slope

are demonstrated in Figure 7(a)–(f). The models developed are 
a power function of the shield’s parameters, θ that depend on 
the boundary shear stress.

Total six number of data-sets are used for this analysis 
including the present experimental results with θ values 
less than 0.1, which indicates an intense load condition. In 
the error analysis figures demonstrated below, it is clearly 
observed that the developed expression by the other authors 
in Equation (19) gives lower values of MAPE and RMSE for 
all the available data. The values of RMSE and MAPE for the 
case of, is quite high for all the prediction models, it is because 
of the higher range of gravel size used i.e. 1.4–28.65 mm for 
a mild slope of 0.1–0.5%. The data-sets of Smart and Jaeggi 
(1983), Rickenman (1990), and Recking (2006) have steep 
slopes while that of Gilbert and the present experimental 
data-sets have mild bed slope. Hence, this might be an expla-
nation for different ranges of values, where the former have 
the values in the range of 100 while the later gives better 
results with values below 35. Therefore, it can be concluded, 
that all the bed load and intensity models are quite suita-
ble for predicting bed load intensity, Φ for the lower size of 
gravel weight with a mild slope, with the present expression 
provided the better results.

5.  Conclusions

Types of sediment are considered for the purpose of the present 
study is smaller. Following salient findings are obtained from 
the present research work.

• � Bed load intensity and friction factor are found to be 
functions of boundary shear stress, sediment transport 
rate, velocity, discharge, shear velocity, hydraulic radius, 
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Figure 7e.  Error analysis of bed load intensity model for intense load condition with Recking (2006) data.
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