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Abstract: This paper presents the results of an experimental study to quantify the effects of bed slope and relative sub-
mergence on incipient motion of sediment under decelerating flows. Experiments were conducted in an experimental tilt-
ing-flume of 8 m long 0.4 m wide and 0.6 m deep with glass-walls. Three uniform sediments with median grain sizes of 
0.95, 1.8 and 3.8 mm and three bed slopes of 0.0075, 0.0125 and 0.015 were used under decelerating flow. The main 
conclusion is that the Shields diagram, which is commonly used to evaluate the critical shear stress, is not suitable to 
predict the critical shear stress under decelerating flows.  
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INTRODUCTION 

 
Incipient motion of bed sediments is an important aspect in 

river engineering. For instance, to quantify aggradation and 
degradation in rivers, stable channel design, determine stability 
of riprap stones, it is required to have an adequate understand-
ing of the incipient motion on sediment particles (Dey, 2014). 
The Shields diagram is most commonly used to quantify the 
conditions for the incipient motion of bed sediments (Shields, 
1936). The diagram is presented in terms of critical Shields 
parameter Θc as a function of critical shear Reynolds number 
R*c (= u*cd50/υ, where u*c is the critical shear velocity; d50 is the 
median sediment size; and υ is the coefficient of kinematic 
viscosity of water). The critical Shields parameter Θc is given 
by 
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where τ0c is the critical bed shear stress (= ρ 2

*cu ); ρ is the mass 
density of water; Δ is the relative submerged density (= s – 1); s 
is the relative density (= ρ/ρs); and g is the gravitational 
acceleration. Shields prepared the diagram Θc(R*c) for the 
incipient motion of uniform sediments under uniform flow, that 
is the zero-pressure gradient flow, by using experimental data. 
The diagram has a wide coverage of applicability from 
hydraulically smooth to rough regime through an intermediate 
transitional regime. Deviations from the Shields diagram, as 
observed by several investigators (e.g. Buffington and 
Montgomery, 1997), were mainly associated with the 
uncertainties in the evaluation of the bed shear stress due to the 
bed slope, relative submergence and also the definition of the 
threshold conditions, as referred to by Kramer (1935) and Dey 
(2014).  

A number of studies were carried out concerning the slope 
dependency of the critical Shields parameter in longitudinal and 
transverse slopes (Chiew and Parker, 1994; Dey, 2003a; Dey 
and Debnath, 2000; Lamb et al., 2008). Results of these exper-
imental studies, in particular those performed on steep slopes 
close to the angles of repose of sediments, showed that the 

critical bed shear stress is not only a function of the grain 
Reynolds number, but also depends on the longitudinal bed 
slope. The results indicated that the critical bed shear stress 
decreases with an increase in bed slope. However, Shvidchenko 
and Pender (2000) have stated that in uniform flow with a given 
bed shear stress and sediment size, the increase in bed slope and 
the corresponding decrease in flow depth can result in a greater 
resistance to flow due to a lower flow velocity and sediment 
transport rate. 

A number of researchers investigated the influence of nonu-
niform flow (nonzero-pressure gradient flow) on incipient 
motion of sediments. Afzalimehr et al. (2007) studied the influ-
ence of decelerating flow on incipient motion of gravel-bed and 
found that the Reynolds shear stress distribution takes a convex 
form over fixed and mobile beds. Due to this convex form, the 
critical Shields parameter for decelerating flow is less than that 
reported in the literature. Emadzadeh et al. (2010) estimated the 
effects of nonuniform flows on incipient motion. They found 
that the Reynolds normal stress is considerably greater than the 
Reynolds shear stress in all measured profiles, and the nonuni-
form flows along with bed slope variation are the key factors 
governing the incipient motion in sediments. 

From the literature survey, it is revealed that the application 
of the Shields diagram may produce inconsistent results of the 
critical bed shear stress in the case of a nonuniform flow. Also, 
the interaction of bed slope and relative submergence in a de-
celerating flow needs to be investigated because a decelerating 
flow is frequently observed over bedforms. Therefore, the 
objective of the paper is to report the results of an experimental 
study to understand the effects of bed slope and relative sub-
mergence on incipient motion of sediment under decelerating 
flows. 
 
EXPERIMENTATION 
 

Experiments were conducted in a tilting-flume 8-m long, 
0.4-m wide and 0.6-m deep with glass-walls at the Isfahan 
University of Technology, Iran. The flow depth was controlled 
by a tailgate at the end of the flume and was measured by a 
mobile limn-meter (a point gauge). The flow undulations in the 
inlet head-box were damped by using a grid structure to ensure 
a stabilized flow condition in the flume during the experiments.  
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A decelerating flow condition in the flume was maintained 
by setting the flow depth to increase and the flow velocity to 
decrease with distance, aided by adjusting the tailgate and the 
bed slope. The slope of the flume was first set as horizontal and 
the depth of sediment varied along the flume to achieve differ-
ent longitudinal bed slopes. Three uniform sediments with 
median grain sizes d50 of 0.95, 1.8 and 3.8 mm were used (Fig. 
2). In order to prevent local scour and to achieve a fully devel-
oped flow, an upstream reach of 4 m from the inlet of the flume 
was covered with gravel. A summary of the experimental data 
is furnished in Table 1. All the measurements were taken at the 
locations 5, 5.75 and 6.5 m from the flume inlet (see Fig. 1) to 
ensure a fully developed flow at the test locations and to have a 
flow unaffected by the tailgate. Chen and Chiew (2003) report-
ed that the effect of the roughness height, bed shear stress, 
turbulent intensity and Reynolds shear stress distributions to a  
 

sudden change in the bed can be ignored approximately after a 
distance of 5 to 6 times the flow depth. Thus, it can be assumed 
that a change in the bed roughness at the end of the first 4 m 
would not have any effect on the measurements at the test sec-
tions at 5 m from the flume inlet or more.  

Before starting the experiments, the sediment bed was 
screened and the flume was slowly filled with water from the 
downstream end so that the water depth was at least 0.1 m 
above the bed. The pump was then started and the flow rate was 
very gradually increased until incipient motion was observed at 
the 5m test section. The weak movement criterion, as proposed 
by Kramer (1935), was used to identify the incipient motion 
condition in the experiments. Under this condition, a small 
number of sediment particles at isolated positions with counta-
ble amount were in motion. 

 
 

 
 

Fig. 1. Experimental set up: (a) a plan of flume set up; (b) flume set up. 
 
Table 1. A summary of experimental data. 
 

Run Q 
(m3/s) 

h 
(cm) h/d50 Fr U 

(m/s) Re×105  u∗  
(m/s) Θc R* 

ІІ-0.0125-ho 5.75 0.042` 23.5 130.55 0.281 0.426 0.992 0.034 0.040 61.32 
ІІ-0.015-ho 5.75 0.040 24.5 136.11 0.252 0.391 0.946 0.028 0.027 50.03 
ІІ-.0075-ho 5.75 0.050 23.0 127.77 0.334 0.502 1.145 0.030 0.032 54.49 
І-0.0075-ho 5.75 0.033 23.0 242.10 0.176 0.265 0.604 0.015 0.008 14.35 
І-0.0125-ho 5.75 0.034 24.3 255.78 0.301 0.301 0.725 0.014 0.007 13.94 
І-0.015-ho 5.75 0.029 23.1 243.15 0.191 0.287 0.437 0.019 0.013 18.38 
ІІІ-0.0075-ho 5.75 0.042 20.7 54.47 0.337 0.481 0.986 0.034 0.039 126.85 
ІІІ-0.0125-ho 5.75 0.042 20.7 53.94 0.326 0.464 0.952 0.036 0.044 135.50 
ІІІ-0.015-ho 5.75 0.040 19.7 51.84 0.333 0.463 0.904 0.040 0.056 152.36 
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Fig. 2. Grain size distribution. 
 

The instantaneous flow velocity was measured by an Acous-
tic Doppler Velocimeter (ADV) when the incipient motion was 
observed at all three locations 5, 5.75 and 6.5 m. For each 
point, the sampling frequency was set at 200 Hz and the total 
sampling time was considered 2 min. It is important to mention 
that the sample duration of 2 min was found to be adequate to 
determine time-averaged velocity and Reynolds stress. It was 
ascertained from the comparative results of the sample duration 
of 5 min near the bed. To remove possible aliasing effects, 
instantaneous velocity as a series of time was analyzed using 
WinADV software. The raw data were filtered by the phase-
space threshold despiking filter (Nikora and Goring, 2000). 
During the experiments, adequate sound-to-noise ratio (> 14) 
and correlation coefficient (> 70%) were maintained. For each 
velocity profile, measurements of at least ten points were taken 
in the inner layer (z/h ≤ 0.2, where z is the vertical distance 
from the bed and h is the flow depth) and another ten points 
were taken in the outer layer (z/h > 0.2). In summary, three 
slopes (0.75, 1.25 and 1.5%) and three different sediment sizes 
were used in this study. 

Table 1 shows the experimental data providing the designa-
tion of experimental runs in the first column having several  
 

parts to indicate the characteristics of each profile. In the first 
part, the letters represent the Roman numbers I, II and III indi-
cating the bed sediment size, and the numbers 5, 5.75 and 6.5 
correspond to the location of the measurements. The discharges 
ranging 0.029×10–3 to 0.05×10–3 m3/s, Reynolds numbers 
4.37×10–4 to 1.145×10–5 and Froude numbers 0.191 to 0.337 
show that the flow condition was turbulent, subcritical in all the 
experiments. Although the aspect ratio that is the ratio of flume 
width to flow depth was less than 2, as the incipient motion is 
related to the bed shear stress or shear velocity, aspect ratio had 
a little role on affecting bed shear stress or shear velocity. Pre-
viously, Chiew and Parker (1994), Dey and Debnath (2000), 
Dey (2003a, b) and others conducted experiments for studying 
incipient motion even in a condition of flow less than aspect 
ratio 2. 
 
RESULTS 
Shear velocity estimation 

 
Several methods are available to estimate shear velocity (the 

bed shear stress) of nonuniform flows, such as the Reynolds 
shear stress and log-law methods (Kironoto and Graf, 1995). In 
general, the log-law applies only the data of near-bed flow zone 
where a considerable uncertainty exists in the measurements, 
such as the determination of the reference bed level (z = 0), 
especially for sand and gravel-beds (Plott et al., 2013). The log-
law method assumes the flow to be in equilibrium implying that 
the flow conditions do not depend on the upstream conditions 
and the velocity and Reynolds shear stress distributions do not 
change along the flow direction (Graf and Altinakar 1998). Fig. 
3 shows that the log-law fits well with data for different particle 
sizes and bed slopes. However, due to non-equilibrium flow  
conditions and variable reference bed level, the log-law method 
was not used to calculate the Shields parameter.  
 
 

 
 

Fig. 3.1. Fit of the log law to the inner layer data. 
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Fig. 3.2. Fit of the log law to the inner layer data (continue). 

 
The shear velocity estimated using the Reynolds stress dis-

tribution is independent of velocity measurement and the as-
sumption of the log-law in which the flow has to be in equilib-
rium (Barenblatt 1982 and Chen 1991). However, it is affected 
by the sediment size and the bed slope variation as is confirmed 
in Fig. 4. Furthermore, the fit of a second degree curve to the 
data or extension of a linear function to the bed is questionable. 
For example, in Fig. 4, the Reynolds shear stress (RSS) distri-
butions near the bed are similar to the case I, while there is 
clear difference in RSS distributions for the case III. For these 
reasons, the RSS method was not considered to estimate shear 
velocity in this study. On the other hand, Fig. 5 reveals that 
under a mobile bed condition, the Reynolds normal stress val-
ues (σx) are much larger than the Reynolds shear stress values. 
However, the Reynolds normal stress distributions are affected 
by the sediment size and the bed slope near the bed and the free 
surface. This prevents the presentation of a general pattern of 
Reynolds normal stress distribution and to use it for evaluating 
shear velocity. Shear velocity u* was also calculated using the 
boundary layer characteristics method (BLCM) for each veloci-
ty profile as follows (Afzalimehr and Anctil, 2000): 
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*

*
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where δ* is the displacement thickness; θ is the momentum 
thickness; and umax is maximum velocity observed in a velocity 
profile. The δ* andθ are given by 
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Since this method considers the effect of the shape of veloci-

ty profile and does not depend on flow development conditions, 
it was considered to calculate the shear velocity and then the 
Shields parameter in this study. Table 1 present the calculated 
values of shear velocity by this method as u*bl. 
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Fig. 4. Effect of bed-slope variation on the dimensionless shear stress distribution. 
 

 
 
Fig. 5. Effect of bed-slope variation on normal stress distribution. 
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Effects of bed slope on sediment incipient motion 
 
To investigate the incipient motion of bed sediment under a 

decelerating flow, the effects of different bed slopes on the 
critical Shields parameter (critical Shields stress) Θc are ana-
lyzed. By varying the bed slope and tail water level, different 
decelerating flows were set in the laboratory flume. The varia-
tion of the bed slope not only causes a change in the pressure 
gradient, but also influences on sediment mobility, especially 
when the longitudinal bed slope is large. The longitudinal bed 
slope affects the incipient motion of bed sediment in two op-
posing ways, which may be categorized as pressure gradient 
and gravity effects. Both the factors are discussed in the follow-
ing sections. The effects of the factors are clearly noticeable in 
the experimental results summarized in Table 1 and displayed 
in Fig. 6. 

 

 
 
Fig. 6. Effect of bed slope variation on dimensionless Shield stress. 
 

Fig. 6 displays a convex pattern for the curve of Shields pa-
rameter (dimensionless Shields stress) as a function of longitu-
dinal bed slope. This pattern reveals that the pressure gradient 
effect is more important than the gravity effect. Under a zero-
pressure gradient flow, it is expected a linear relationship be-
tween the critical Shields parameter and bed slope, showing the 
peak of the bed stress at the bed. However, Fig. 4 shows that 
this is not true for a decelerating flow due the pressure gradient 
effect. Momentum equation states that at the bed ∂p/∂x = ∂τ/∂z, 
where p is the hydrostatic pressure; x is the longitudinal dis-
tance; and τ is the Reynolds shear stress. For a zero-pressure 
gradient ∂p/∂x = 0, and thus τ = ρghS, where S is the longitudi-
nal bed slope. However, for a decelerating flow, ∂p/∂x> 0, and 
thus near the bed ∂τ/∂z> 0. Fig. 4 confirms such a convex dis-
tribution for different bed slopes and sediment sizes. Therefore, 
it is not only the longitudinal bed slope which affects the criti-
cal Shields parameter Θc, but also the pressure gradient to affect 
the bed sediment to become less mobile, opposing to what is 
generally believed that sediment particles move easier under 
longitudinal slope. Fig. 6 displays that for a given sediment 
size, the required value of dimensionless Shields stress Θc to 
produces a given transport rate is not a linear function, but a 
convex one in which the maximum Shields stress occurs above 
the bed. This convex distribution confirms that the increase in 
the longitudinal pressure gradient near channel bed causes the 
decrease in the vertical shear stress, showing a convex pattern 
for adverse pressure gradient flows (decelerating flows).  

 
 
 

Effects of relative submergence on sediment incipient 
motion 

 
Fig.7 shows the relationship between the critical Shields pa-

rameter Θc and relative submergence h/d50. Based on the classic 
interpretation of the Shields diagram for the transitional and 
rough-turbulent flows, the critical Shields parameter Θc de-
creases as the relative submergence h/d50 increases. For a given 
bed shear stress and sediment size, the increase in bed slope and 
decrease in relative submergence cause a greater resistance to 
flow, and consequently, the flow velocity and the sediment 
transport rate reduce. As a result, for a steeper slope, a higher 
value of bed shear stress is required to produce a given sedi-
ment transport rate. However, based on Fig. 8, the relative 
submergence h/d50 does not play a dominant role on the incipi-
ent motion, because for the fixed value of h/d50, the critical 
Shields parameter is observed over or below the Shields curve. 
Based on traditional interpretation of the Shields diagram, no 
sediment motion is possible for the plots below the Shields 
curve, while the sediment motion is feasible for such plots 
under a decelerating flow. This reveals the Shields diagram 
cannot predict the critical conditions for incipient motion when 
the pressure gradient is prevalent. 

 

 
 
Fig. 7. Variation of dimensionless Shield stress with relative sub-
mergence. 

 
It is possible that for very steep slope approaching the angle 

of repose of bed sediment, the interaction of relative submerg-
ence and bed slope play an indispensable role on incipient 
motion which was considered by Luque and van Beek (1976), 
and Chiew and Parker (1994). However, it is beyond the scope 
of the present study. For the comparison of the results, data 
from other available studies (Afzalimehr et al., 2007; Emadza-
deh et al., 2010) as well as threshold curve obtained by Rouse 
(1949) are displayed on Fig. 8. 

The Shields diagram shows that the critical Shields stress is 
constant at large grain Reynolds numbers. Trial and error calcu-
lations must be made for determining the critical flow value in 
this case. On the other hand, the collected data were used based 
on the modification of the proposed diagram by Yalin (1971). 
In Fig. 9, the critical Shields stress is presented using the bed 
slope and particle parameter d* = d50(gΔ/υ2)1/3. The advantage 
of Fig. 9 is that d* can be calculated from the known fluid and 
sediment properties; and thus the critical Shields parameter for 
a given bed slope can be determined directly without a trial and 
error process. 

It is considered in Fig. 9 that for a given bed slope, the criti-
cal Shields parameter (Θc) cannot be evaluated by the Shields 
curve because in some cases the incipient motion occurs, but Θc 
is under the Shields curve. Although it is supposed that no mo- 
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Fig. 8. Dimensionless Shields stress versus grain particle Reynolds number. 
 

 
 

Fig. 9. Dimensionless Shields stress versus dimensionless grain diameter. 
 

tion is possible for the points below the curve, the present re-
sults reveal that all data in Fig. 9 above or below the Shields 
curve are in motion. This requires further consideration of the 
effects of pressure gradient on the incipient motion of sediment 

and the proposal of a new diagram to evaluate the critical bed 
shear stress. 

Figs. 8 and 9 show the values of critical Shields stress calcu-
lated at the distances of 4.5 cm and 13.5 cm from the vertical 
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walls of flume. No specific pattern was observed at these dis-
tances when they were compared with the central axis values, 
showing independency of the critical Shields stress values from 
the vertical wall distance. 
 
CONCLUSIONS 

 
An understanding of incipient motion conditions is im-

portant in sediment transport studies for evaluating the bed load 
transport rate because most of bed load equations are based on 
the critical Shields stress. The results of an experimental study 
to quantify the effects of bed slope and relative submergence on 
incipient motion of sediment under decelerating flows are pre-
sented. Three uniform sediments with median grain sizes of 
0.95, 1.8 and 3.8 mm and three bed slopes of 0.0075, 0.0125 
and 0.015 were investigated under decelerating flow. The re-
sults of present study reveal that the decelerating flow plays 
significant role on the incipient motion of sediment. The con-
vex distribution of critical Shields stress versus the bed slope 
reveals the effect of decelerating flow at the incipient motion. It 
is finally concluded that the Shields diagram that is widely used 
to evaluate the critical shear stress is unsuitable to predict the 
critical shear stress under decelerating flows because in some 
cases the incipient motion occurs, but the critical Shields stress 
is under the curve. 
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NOMENCLATURE 
 

  median grain size 
d*  particle parameter d* = d50(gΔ/υ2)1/3  
h water depth 
Fr Froude number, Fr = U / ℎ 
g gravitational accelerating 
P  pressure 
Q flow discharge 
Re Reynolds number. Re = Uh/υ 
R* particle Reynolds number, R*=u*cd50/υ 
s  relative density,  s =ρs/ρ 
S bed slope 
u mean point velocity 
umax maximum flow velocity  
U  cross-section average velocity, U = Q/bh 

* shear velocity ∗  shear velocity estimated by the boundary layer method 
z distance from the bed 
Δ relative submerged density, Δ = s – 1 
Θc Critical Shields stress, Θc = τ /(ρ -ρ)gd  
υ coefficient of kinematic viscosity of water 

 fluid density 
 sediment density 

σx Reynolds normal stress in longitudinal direction 
 Reynolds shear stress  

τ0c critical bed shear stress, τ0c =ρ 2
*cu  
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