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ABSTRACT 

This paper analyses experimental data on sediment incipient motion with varying sediment 
bed thickness (of d50, 5, 10 and 24 mm). Sediment particles (with sizes ranging from 0.5 mm 
to 4.78 mm) were used to evaluate the effect of deposited bed. Variation of shear velocity 
estimation was investigated where the critical Shields parameter was expressed using bed-
slope product u∗cb, log-law u∗cl and was extended in terms of critical mean velocity. The 
critical Shields parameters obtained were significantly lower than the traditional Shields 
curve when u∗cl was used compared to u∗cb. Higher critical mean velocity is needed for 
shallower deposits. 

Keywords: Threshold criteria of sediment motion, shields parameter, sediment bed 
thickness. 
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1. INTRODUCTION 

The work on incipient sediment motion have been exhaustively conducted since the pioneer 
work of Shields (1936). Since then, abundant research studies have looked into the 
phenomenon and studied it in terms of sediment characteristics and flow behaviour, including 
varying definitions of incipient sediment motion (Buffington and Montgomery, 1997). The 
accuracy of incipient sediment motion is important in determining the bedload transport 
(Toriman et al., 2009, Wan Mohtar et al., 2016), sediment resuspension (Wan Mohtar, 2017) 
and river bank erosion (Toriman et al., 2013). The most commonly used approach to obtain 
the threshold value for sediment motion is the Shields diagram based on sediment flux, which 
is an extrapolation of bed load transport rates to zero or low value. This well-established 
curve was developed based on homogeneous particles on a loose boundary condition. The 
threshold value of sediment motion can be obtained through the particle Reynolds number, 
often presented as 𝑅𝑒∗ = 𝑢∗𝑑/𝜈, where 𝑢∗ is the critical shear velocity and 𝑑 is the 
sediment size. However, with the parameter 𝑢∗ is in both abscissa and ordinate (from the 
critical bed shear stress) makes it implicit, hence, the shear velocity has been eliminated from 
the sediment characteristics and is presented as dimensionless grain size parameter defined 
by 𝐷∗ = ඥ𝑔(𝑠 − 1)𝑑ଷ/𝜈 (Yalin, 1972). This parameter presents only the sediment and flow 
characteristics, eliminating the shear velocity 𝑢∗ from abscissa which made the 
interpretation of threshold criteria more straightforward to be solved explicitly. 

The presence of sediment has been established to be found even in sewerage pipes, 
commonly described as ‘in-sewer sediment’ (Crabtree, 1989; Tait et al., 1998; Seco et al., 
2018). When the flow velocity is considerably lower than the critical velocity, the sediment 
tends to be deposited and, overtime, accumulated to a certain depth. In particular, during dry 
seasons with low flow, the condition promotes long-term deposition, whereby the deposited 
sediment changes the surface roughness, affects the velocity distribution, reduces the flow 
capacity and increases hydraulic resistance (Banasiak et. al., 2005). In European countries, 
where the sewerage is often combined with storm water sewers, 90 % of the pollution load 
during storm events is from the accumulated in-sewer sediment (Crabtree, 1989; Schertzinger 
et al., 2019). 

In-sewer sediments carry high loads of both organic and inorganic particles. The fraction of 
organic and inorganic materials in the sewer sediment mixture depends on catchment 
characteristics, sewer type, geometry, the type of wastewater and sanitary habits of the 
population (Banasiak et al., 2005; Regueiro-Picallo et al., 2018). High organic content in the 
wastewater has high microbial community, which promotes the formation of biofilm on the 
accumulated sediment, particularly on a stable sediment bed surface (Vollertsen, 2000; 
Ahyerre et al., 2001; McLellan and Roguet, 2019). The cementing process obviously reduced 
the effective area of pipes, which consequently resulted in undesirable environmental 
complications such overflow wastewater spill particularly during storm events. 

In sewer pipes, the sediment bed is better presented as rigid boundary condition and the 
threshold criteria might be different (Novak & Nalluri, 1975; Ashley et al., 2004; Safari et 
al., 2017). The deposited sediment in pipes may have thickness ts less than 10 mm and can 
go up to 100 mm (Ashley et al., 1992), and can be as high as 330 mm in storm water drains 
(Bong et al., 2014). Even so, due to limited studies on the threshold criteria on rigid boundary 
conditions, in particular with bed deposits, the established Shields method is still applied in 
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sewerage and storm networks (Verbanck et al., 1994). Shields described the threshold 
movement (of a loose-boundary channel) based on shear stress approach, characterising the 
near bed influence through the critical shear velocity 𝑢∗. However, the effect of sediment 
deposit thickness was not considered, and the characterisation of incipient sediment motion 
is rendered inaccurate, particularly with increasing deposition thickness. Furthermore, we 
investigate the variation of 𝑢∗ on threshold criteria based on two definitions, i.e. bed slope 
product and the logarithmic law of the wall. Despite estimation of shear stress based criteria 
being hydraulically correct, presenting as simple mean velocity is more useful and 
straightforward, particularly concerning the self-cleansing design (Novak and Nalluri, 1975; 
Bong et al., 2013). Thus, analysis is extended to evaluate the incipient sediment motion on 
various bed thicknesses, based on the mean flow velocity. This study also incorporates the 
results from previous work of Salem (1998) which permits a more exhaustive analysis of the 
influence of sediment deposits in the threshold criteria of sediment movement in a rigid 
boundary. 

 

2. METHODOLOGY 

The experimental works were conducted in a glass walled, tilting flume with dimensions of 
0.6 m × 0.4 m × 6.3 m, located at the hydraulic laboratory of Universiti Sains Malaysia. The 
velocity and discharge values were obtained through readings from an electronic current 
meter, placed at the inlet of flume. The detailed experimental parameters are described in 
Table 1. Note that the range of slope 𝑆, sediment size 𝑑ହ and sediment thickness presented 
here followed the site characteristics observation by Ab. Ghani et al. (2000). 

 

Table 1 - The experimental parameters conducted, and associated parameters related to 
the work of Salem (1998). 

Parameter this study Salem (1998) 

Flume width, B(m) 0.6 0.3 

Slope, 𝑆 1/200, 1/350, 1/500, 1/1000 1/500, 1/600, 1/750, 
1/1000, 1/1200, 1/1700 

Median grain size, 𝑑ହ 
(mm) 

0.81, 1.53, 4.78 0.55, 0.97, 1.80, 3.09, 4.78 

Dimensionless grain 
number 𝐷∗ 

89.6, 232.6, 1297.0 50.6, 116.0, 289.0, 636.6, 
180.6 

Thickness of sediment 
deposit, 𝑡௦(mm) 

𝑑ହ, 5, 10, 24 𝑑ହ, 5, 10, 24 

 

The observation section was placed about 3.5 m from the inlet, where the flow was ensured 
to be uniform and steady by placing a corrugated sheet stack at the front. Sediment with 
varying bed thickness (as described in Table 1) was filled in the observation section (with the 
total length up to 2.1 m) and levelled with a trowel. 
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The flume was slowly filled with water to minimise disturbances to the levelled sediment 
bed, before reaching the desired water depth. The discharge (i.e. the velocity too) was 
systematically increased until incipient sediment motion was observed. The definition of 
incipient sediment motion employed was general intermittent movement, as described by 
Kramer (1935). The critical mean velocity 𝑈 that is, the velocity when the incipient sediment 
motion was observed, is defined as the mean (depth) averaged flow velocity. 

The fundamental quantity to describe the incipient sediment motion is the dimensionless 
critical Shields parameter 𝜃, described as, 𝜃 = ఛ(ఘೞିఘ)ௗ , (1) 

where 𝜏 = 𝜌𝑢∗ଶ  is the critical bed shear stress, 𝑢∗ is the critical shear velocity, i.e. a 
characteristic velocity defined at the near-bed region, 𝑑 = 𝑑ହ is the mean grain diameter and 𝜌௦ and 𝜌 are the sediment and fluid densities, respectively. 

In this study, the critical shear velocity 𝑢∗ is presented in two forms. One is calculated 
through the bed-slope product, denoted as the critical shear velocity 𝑢∗ was obtained using 𝑢∗ = ඥ𝑔𝑅𝑆. (2) 

As the mean critical velocity 𝑈 for each set of experiments were obtained, the critical shear 
velocity was also calculated using the log-law layer, 

௨∗ = ଵ 𝑙𝑛 ௭௭బ, (3) 

whereby the critical shear velocity calculated using Equation (3) was denoted as 𝑢∗. The 
symbol 𝜅 is denoted as the Von Karman coefficient, taken as 0.4, 𝑧 is the roughness layer, 
calculated as 𝑧 = 𝑑ହ/30 and z = 0.2h. 

Novak and Nalluri (1975) (as cited in Novak and Nalluri, 1984), proposed the representation 
of incipient sediment motion (in terms of relative particle size (𝑑/𝑅)) as particle critical 
Froude Number 𝐹ௗ 

𝐹ௗ = ඥௗ(௦ିଵ) = 𝑎 ቀௗோቁ
 , (4) 

where 𝑈 is the critical mean velocity (obtained at the incipient sediment motion) and R is 
the hydraulic radius. The coefficients a and b were found as 0.5 and -0.4, respectively. The 
work of El-Zaemey (1991) incorporated wider sediment sizes, and the coefficients of a and 
b were found as 0.75 and -0.34, respectively. 

Equation (4), also known as densimetric Froude number was found to be better correlated 
with sediment pickup rate compared to the Shields parameter (Cheng and Emadzadeh, 2015). 
Taking into account past research, this study investigates the relation of 𝜃~𝐷∗ and revisits 
the Equation (4) in a more robust manner. To assess the effect of thickness in a more 
comprehensive approach, the results obtained from this study are combined with the data 
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obtained from Salem (1998). The details of Salem’s experimental parameters are presented 
in Table 1. Note that the sediment thickness employed in both studies are similar, which 
permits a combination of evaluation and analysis, in particular in terms of sediment size. 

 

3. RESULTS AND DISCUSSION 

3.1. Representation of the Shields Curve 

Fig. 1 shows 𝜃 against particle Reynolds number 𝐷∗ for varying slope 𝑆. The modified 
Shields curve is also included which was calculated using the empirical function developed 
by Brownlie (1981), 𝜃 = 0.22𝐷∗. + 0.06exp (−17.77𝐷∗.). The discussion starts with Fig. 
1, recalling that 𝜃 was obtained using 𝑢∗. 

Fig. 1 - Parameter 𝜃 calculated using (a) bed slope product and (b) log-law. The Shields 
curve calculated using Brownlie (1981) is also presented, marked here as the solid line. 
The symbols present particle Reynolds number 𝐷∗ of 50.6 (◊), 89.6 (○), 116.0 (*), 232.0 

(□), 289.0 (<), 636.6 (△), 1180.6 (+) and 1297.0 (×). 

 

In general, the sediment thickness plays an important role for low, dimensionless grain size, 
i.e. 𝐷∗<200 region. A huge gap of 𝜃was observed, corresponding to the sediment thickness, 
where higher sediment thickness requires more forces to observe the incipient sediment 
motion. As the particle size gets bigger, that is for 𝐷∗>200, the effect of sediment thickness 
became insignificant where the range of 𝜃 became narrower. As the bed slope 𝑆 gets higher, 
the horizontal weight forces 𝑊௫ = 𝑊𝑔𝑆 becomes more evident and contributes to the 
movement due to self-weight. The symbol 𝑊represents the submerged weight particle; 
assuming the sediment grain is spherical, 𝑊 is calculated as 𝑊 = 𝜋(𝑠 − 1)𝜌𝑔𝑑ଷ/6. 
Therefore, the fluid forces needed to initiate sediment movement are less, even with the 
thicker sediment depth. 

Most, if not the majority of the data fall well below the Shields curve. The obtained 𝜃 are 
about two orders of magnitude smaller than the traditional Shields curve. The 𝜃 obtained 
using the log law provides better representation compared to the ones in Fig. 1a, when the 
critical Shields parameter was calculated using 𝑢∗. Although the profile is rather similar, 
where both critical Shields parameter are low as 𝐷∗ increases, the 𝜃 consistently has a higher 
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value than 𝜃. Moreover, the 𝜃 falls closer to the Shields line compared to 𝜃. This 
difference in the magnitude is only within the order of [10−1]. This indicates that, for better 
incipient sediment motion, the shear velocity using log-law has a better approximation. 

For 𝑡௦ = 𝑑ହ, the 𝜃 obtained by both methods were similar, particularly for 𝐷∗ ≤ 200 and 
significantly deviates for a larger particle size. However, increasing 𝑡௦to 5 mm shows that 
the 𝜃value obtained by both methods started to depart even for 𝐷∗ ≤ 200. The difference 
became more apparent as the sediment thickness was increased to 10 mm and 24 mm. The 
deposited sediment evidently influences the value of the bottom friction factor f and increased 
the surface roughness of the pipe. The often-adopted depth-slope based shear stress 𝜏 =𝜌𝑔𝐻𝑆 does not take into account the influence of bottom friction factor f. The mean wall 
shear stress calculated based on the Darcy’s 𝜏 = ଵ଼ 𝑓𝜌(𝑈ଶ) can be more than five times 
compared to the (basic) type based pipe roughness when 𝑡௦= 24 mm. 

 

3.2. Representation of Particle Critical Froude Number 

The data of 𝐹ௗ against 𝑑ହ/𝑦 was plotted for each sediment size 𝐷∗. Fig. 2 shows the 
representation of a typical 𝐹ௗ-𝑑ହ/𝑦 plot, where the effect of thickness is evident. 𝐹ௗ was 
consistently higher for the lowest 𝑡௦ and steadily decreased as 𝑡௦was increased. Based on the 
data, the influence of 𝑡௦ (as denominator) in Equation 4 proved to be more salient in the 
determination of the 𝐹ௗ parameter. 

  
Fig. 2 - Representative plots of 𝐹ௗ against 𝑑ହ/𝑦 for sediment sizes 𝑑ହ of (a) 0.55 mm 

and (b) 0.97 mm. Symbols represent sediment thickness 𝐷∗ at 𝑑ହ (○), 5 mm (□), 10 mm (×) 
and 24 mm(⋄). 

 

The coefficients of 𝑎 and power law 𝑏 were individually obtained through the power law 
relationship for each sediment thickness 𝑡௦ and sediment size 𝐷∗ using Equation (4). In this 
analysis, the evaluation is extended to the sediment thickness of 50 mm, where the data was 
taken from the work of Schvidchenko (2000). Figures 3 and 4 show the plots for 𝑎∼𝐷∗ and 𝑏∼𝐷∗, respectively. 
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The profile for 𝑎 will be discussed first. In general, the values of a were found to be relatively 
constant and independent of 𝐷∗. Values of 𝑎 were found around 1 <  𝑎 < 2.1, with an 
averaged value 𝑎 ≈ 1.5 at 𝑡௦ = 𝑑ହ As the sediment thickness increases to 5 mm, 𝑎 was found 
to be less than 1 and falls between the range of 0.5 to 1 (except for 𝐷∗= 636). It is 
acknowledged that this data may be an outlier but was included anyway in the plot to show 
the variation. 

Increasing sediment thickness decreases the coefficient 𝑎 to a lower value, where 𝑎≈ 0.37 for 𝑡௦= 10 mm. Coefficient 𝑎 was found at about ≈ 0.2 when the sediment thickness is 24 mm. 
The sediment bed thickness of 50 mm (taken from the Schvidchenko data) was seen to have 
a similar trend of decreasing a (with value ≈0.17), but only for 𝐷∗<500, whereas, above this 
value, a was obtained at about ≈ 0.8. 

 
Fig. 3 - The determined coefficient a against 𝐷∗ for varying sediment thickness 𝑡௦; 𝑑ହ (○), 

5 mm (□), 10 mm (×), 24 mm (⋄) and 50 mm (∗). 

 

 
Fig. 4 - The determined coefficient 𝑏 against 𝐷∗ for varying sediment thickness 𝑡௦; d50 (○), 

5 mm (□), 10 mm (×), 24 mm (⋄) and 50 mm(∗). 
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A decreasing trend of coefficient a as sediment thickness 𝑡௦ is increased, was observed. This 
indicates that for a fixed sediment size, the critical velocity 𝑈 decreased as the sediment 
thickness increased. Thicker sediment resulted in an increase of the surface roughness on the 
rigid boundary, simultaneously decreasing 𝑈. 

Next, the relationship of 𝑏∼𝐷∗ is analysed on. The profile of power law 𝑏 shows a similar 
trend where, as 𝑡௦ increases, coefficient b was found to be consistently decreased (except for 𝑡௦= 50 mm at high 𝐷∗), which shows an adverse pattern with coefficient 𝑎. Interestingly, the 
power law 𝑏 was about ≈ 0.4 for 𝐷∗> 500 but has significantly decreased to about 0.8 for 
lower 𝐷∗. The summary of coefficients 𝑎 and 𝑏 are presented in Table 2 along with the values 
obtained from previous studies of Novak & Nalluri (1984) and El-Zaemey (1991). Note that 
the values 𝑎 and 𝑏 for 𝑡௦= 50 mm from the Schvidchenko data was omitted due to 
unexplainable disparities of both coefficients 𝑎 and 𝑏 between low and high 𝐷∗. 

 

Table 2 - Summary of coefficients 𝑎 and 𝑏 for different sediment thickness 𝑡௦ and 
comparison with values obtained from Novak & Nalluri (1984) and El-Zaemey (1991). 

Study 𝑡௦ (mm) 𝑎 𝑏 

Novak & Nalluri (1984) 1 0.5 -0.4 

El-Zaemey (1991) 1.5 0.75 -0.34 

this study d50 1.53 -0.18 

 10 0.78 -0.18 

 5 0.38 -0.26 

 24 0.20 -0.38 
 

The values of coefficient a and power law b obtained in this study were within the similar 
range as the values reported in the works of Novak & Nalluri (1984) and El-Zaemey (1991). 
Even so, it is worth highlighting that the same range of 0.3 <𝑏<0.4 were obtained despite the 
higher 𝑡௦ used in this study. 

Obviously higher threshold criteria are needed for 𝑡௦ ≈ 𝑑ହ, believed due to the hydraulically 
smooth behaviour at near bed. The finer sediment size, in particular, lies well within the 
laminar sub-viscous layer and higher fluid forces are needed to initiate movement and 
sediment entrainment. Within this layer, the viscous stresses are dominant and reduced the 
local fluid velocity. It is noted that the smaller size discussed here is 𝐷∗ = 89.6 (i.e. 0.55 mm), 
which is considered medium sand and usually not associated with a hydraulically smooth 
region. But it is anticipated that for smaller sediment size, in particular for 𝑑ହ<0.2 mm, it 
will be the case. 

On the other hand, increasing 𝑡௦ subsequently increased the surface roughness where a 
hydraulically rough region is highly likely. The bed roughness inhibits the formation of the 
viscous sublayer, exposing the sediment particles to the near-bed turbulence, causing them 
to be more easily entrained (Wan Mohtar & Munro, 2013). 
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Fig. 3 shows that the deposit thickness is an important parameter, where the constant 
coefficient a value as given in Equation (4) might provide an inaccurate representation of 𝐹ௗ. 
To assess the influence of grain-bed ratio 𝑑ହ/𝑡௦ in coefficients 𝑎 and 𝑏, Fig.5 depicts plots 
of both coefficients with 𝑑ହ/𝑡௦. 

 
Fig. 5 - The relation of 𝑑ହ/𝑡௦ against coefficients (a) a and (b) b. 

 

The coefficient 𝑎 increases as grain-bed ratio increases and lies within the range 1 ∼ 1.6 for 𝑑ହ/𝑡௦= 1. As 𝑑ହ/𝑡௦<1, the value of 𝑎 gradually decreases and becomes close to ∼ 0 when 𝑑ହ/𝑡௦ ≪ 1. Based on the data, a dependency of coefficient 𝑎 on the ratio of sediment size 
to deposit thickness is obvious. A regression analysis on the data was performed and shows 
a power law relationship as 𝑎 = 1.46(𝑑ହ/𝑡௦).ସ. On the contrary, the power law  𝑏 is 
independent on the 𝑑ହ/𝑡௦ ratio, and it can be said (by averaging the 𝑏 values for all set of 
data except for 𝑡௦ = 𝑑ହ) that 𝑏≈−0.29. In comparison, the averaged coefficient 𝑏 obtained 
in this study is much lower than the values obtained in the works of Novak & Nalluri (1975) 
and El-Zaemey (1991). 

Substituting the relation of 𝑎 into Equation (4), a better accuracy to find the critical velocity 
for sediment deposit in a rigid pipe is presented as 

𝐹ௗ, = ඥௗ(௦ିଵ) = 1.46 ቀௗఱబ௧ೞ ቁ.ସ ቀௗఱబ௬బ ቁି.ଶହ
 . (5) 

 

3.3. Comparison of Empirical Equations 

The performance of predicted 𝐹ௗ, obtained from Equation (5) is assessed by comparing with 
calculated 𝐹ௗ through the Novak & Nalluri (1984) and El-Zaemey (1991) equations. Fig. 6 
shows that the developed equation managed to well incorporate the effect of sediment bed 
thickness. Despite overestimation, at larger 𝐹ௗ (that is at lower thickness), the equation is 
able to provide an accurate 𝐹ௗ (hence, critical velocity) value at higher sediment thickness. 
Most of the data falls close to the line of agreement. This is useful as the thickness of the 
sediment deposit in rigid pipes (or open channels) is often much larger than the median grain 
size 𝑑ହ. 
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Fig. 6 - The performance of predicted 𝐹ௗbased on El-Zaemey’s (□), Novak’s (△) and 

proposed equations (i.e. Eq. 5) (○) for bed thicknesses of (a) 𝑑ହ, (b) 5 mm, (c) 10 mm and 
(d) 24 mm. 

 
Interestingly, Fig. 6 (a) shows that the prediction of 𝐹ௗ through both Novak and Nalluri 
(1984) and El-Zaemey (1991) equations work well for higher 𝐹ௗ, where the data points 
coincide well with the line of agreement. On the contrary, calculated 𝐹ௗ for 𝑡௦ = 𝑑ହ is 
consistently overestimated, and deviates from the line of agreement. Therefore, to analyse 
the influence of bed depth, the data is revisited and individually plotted according to the 
sediment thickness to determine the feasibility of both El-Zaemey and Equation (5), shown 
in Fig. 6 (b), (c) and (d) for 𝑡௦= 5, 10 and 24 mm, respectively. 

Data in Fig. 6 shows that the prediction of 𝐹ௗ is good when using both Novak and Nalluri’s 
and El-Zaemey’s equations for 𝑡௦ = 𝑑ହ. It is worthwhile to highlight that although both 
equations provide similar efficiency (based on the concentrated values close to the line of 
agreement), the El-Zaemey based 𝐹ௗ are slightly overestimated whilst the Novak and Nalluri 
equation on the other hand underestimated the 𝐹ௗ. 

However, as thickness increases and the ratio ௗఱబ௧ೞ < 1, the suitability of Novak and Nalluri’s 
and El-Zaemey’s equations diminishes where calculated 𝐹ௗ by Equation (5) proved to have 
better prediction. In Fig. 6(c), where thickness is 10 mm, the critical Froude number 
calculated using Equation (5) lies well on the line of agreement. The validity of developed 
Froude number equation becomes more evident at higher bed thickness (or low grain-bed 
ratio), where the prediction values are concentrated on the line of agreement. Values 
calculated using both Novak and Nalluri’s and El-Zaemey’s equations, on the contrary, 
deviated from the line of agreement. It is interesting to observe that 𝐹ௗ using both Novak and 
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Nalluri’s and El-Zaemey’s equations are mostly overestimated up to three times more, in 
particular for thicker deposition at 𝑡௦≥ 5 mm.  

Based on the analysis, this study proposed the calculation of critical velocity (through Froude 
number) for rigid pipes as 

𝐹ௗ = 0.75 ቀௗఱబோ ቁି.ଷସ
 for 𝑡௦ = 𝑑ହ and, 𝐹ௗ = 1.46 ቀௗఱబ௧ೞ ቁ.ସ ቀௗఱబ௬బ ቁି.ଶହ

,                  for 𝑡௦ > 𝑑ହ.  (6) 

The subjectivity of the definition of sediment incipient motion that is based on the 
interpretation of a researcher is believed to be one of the elements in the deviation of available 
equations. This study described the parameter 𝐹ௗ based on the incipient sediment motion as 
adopted by Novak and Nalluri (1984), whereas El-Zaemey (1991) presented the limitation of 
movement is based on the threshold of sediment deposition in sewer pipes. The Shields 
entrainment curve (which furnishes the value of 𝜃) for a range of sediment when described 
based on initial deposition criteria, lies above the trend obtained based on incipient motion 
(Safari et al., 2014). 

 

4. CONCLUSIONS 

In this paper, the threshold criteria of sediment motion with varying sediment thickness 𝑡௦ 
ranging from 𝑑ହ to 50 mm is reported. Using a set of homogeneous sediment with diameters 
from 0.55 mm to 4.75 mm, a series of experiments were conducted to obtain the critical mean 
velocity 𝑈 for sediment movement. Attention was also focused on evaluating the Shields 
curve, whereby the shear critical velocity 𝑢∗was expressed using the bed-slope product and 
log law. Both sets of data displayed underestimation of critical Shields parameter 𝜃, which 
is well below the traditional Shields curve. Increasing sediment thickness was found to 
subsequently increase the 𝜃, particularly for lower Reynolds particle number 𝐷∗, whereas 
for higher sediment size, a relatively constant 𝜃was observed and can be said to be 
independent of 𝑡௦. 

We also expressed the threshold criteria based on the increasingly received attention 
parameter of particle critical Froude number 𝐹ௗ to obtain the mean critical fluid velocity 𝑈. 
A higher value of 𝑈 is needed for smaller sediment thickness and decreased as the thickness 
gets bigger. For smaller 𝑡௦, 𝑈 exponentially increased as the sediment size got bigger but the 
big variation of 𝑈 lessen as the sediment bed gets thicker. The effect of sediment bed 
thickness is rather evident and should be taken into account in the engineering design, 
particularly in the determination of self-cleansing velocity in rigid pipes. 
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