


Effects of Silt-Laden Flow on Bed Load Transport and Frictional Resistance in Alluvial Channels


ABSTRACT
This study investigates the influence of silt-laden flow on bed load transport and frictional resistance in an alluvial channel. A series of controlled experiments were carried out in a 13m long tilting flume using uniform gravel (1.9 mm) as bed material and fine silt (0.062 mm) as wash load. The tests covered a wide range of silt concentrations, from approximately 97 ppm to 9165 ppm. The results indicate that bed load transport rate increased by nearly 65% with rising silt concentration primarily due to a reduction in friction factor. A comparison with existing bed load transport equations, including those by Meyer-Peter and Müller, Misri et al., and Khullar, shows that conventional models tend to overestimate transport rates under silt-laden conditions. Friction factor calculations further reveal a systematic decline with increasing silt concentration, contradicting the criteria proposed by Arora et al. but aligning with Khullar’s predictive model. In addition, silt infiltration into the gravel bed was found to reach approximately 50 times the mean gravel size, with the highest accumulation occurring near the surface in upstream sections. These provide valuable insights for improving sediment transport modelling, river ecosystem management, and hydraulic engineering applications in silt-prone environments. Moreover, the insights gained from this study can serve as a foundation for future research aimed at refining sediment transport models and developing effective management strategies for silt-laden river systems.
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INTRODUCTION
Alluvial channels—rivers and streams whose beds and banks are composed of loose sediments are dynamic systems shaped by the continuous interaction between flowing water and transported sediments. Among the various factors influencing their behaviour, the presence of suspended silt plays an important role in modifying flow characteristics, sediment transport rates, and channel stability (Jain et. al. 2021). Silt-laden flow, commonly observed in rivers draining erodible catchments or during high-runoff events, alters the physical and hydraulic properties of the water-sediment mixture, leading to significant changes in bed load transport and frictional resistance (Lodhi et. al. 2016, 2018; Pandey et. al. 2021a,b). Sediment transport in alluvial channels is a dynamic process influenced by a combination of hydraulic forces and sediment characteristics (Karna et. al. 2015a). Among the various factors affecting sediment movement, the presence of fine particles, such as silt, plays an important  role in altering the hydraulic and sediment transport dynamics of a river system. Silt-laden flows introduce complexities that go beyond conventional bed load transport, influencing channel morphology, flow resistance, and ecological conditions.
In natural river systems, particularly in mountainous regions, heavy rainfall and watershed disturbances introduce large amounts of fine sediments into gravel-bed streams. This increase in sediment load not only modifies the physical properties of the flowing water but also affects the mobility of coarser bed materials. Previous studies have reported varying effects of fine sediment infiltration on riverbeds, including changes in bed load transport rates, variations in flow resistance, and adverse ecological impacts on aquatic life, such as salmon spawning grounds. However, the mechanisms governing these interactions remain an active area of research, as different studies have reported conflicting results regarding frictional resistance and sediment transport behaviour in silt-laden flows (Karna et. al. 2015b).
The term bed load usually refers to sediment particles that move along the channel bed through rolling, sliding, or saltation once the flow exceeds the threshold of incipient motion.. Silt normally lies in the size range of 60 microns and hence termed as wash load. There are several definitions of wash load. Some researchers have defined wash load in terms of its own particle size or size of the bed particles and some has defined wash load based on the carrying capacity of the flow. Despite of all theories and definitions, silt is always considered as wash load and hence termed as wash material as well.
Numerous bed load transport equations have been proposed over the decades, following either force-based or power-based approaches.. Based on these two approaches three types of bed load transport equations are developed; empirical, semi-theoretical and equation based on dimensional consideration. Some examples of empirical equations are Shulits (1995), Meyer-Peter and Müller (1948). Einstein (1940, 1950), Kalinske (1947), Bagnold (1956) are some semi-theoretical bed load transport equations. Rotner (1959) is an example of bed load transport equation based on dimensional consideration. Yet, despite their abundance, only a few yield comparable results under similar conditions. For example, Yalin (1972) states “There is no room here to go through all these formulas, nor it is necessary, for many of them now have become historical meaning”. The condition these days has not changed; even the bulk of such equations being continuously added.
There are basically two main processes that cause a river bed to clog with fine sediments. The first arises from watershed disturbances such as logging, mining, and agriculture, which increase fine sediment delivery to rivers (Owens et al., 2005). The second occurs when flow regulation reduces a river’s transport capacity, leading to deposition of fines on the bed and banks (Karlinger et al., 1983; Andrews, 1986). Such infiltration not only alters the river’s morphology but also harms aquatic ecosystems by limiting oxygen and sunlight penetration, thereby affecting the spawning and survival of organisms such as salmon (Osmundson et al., 2002). Several other aquatic lives which normally habitat and incubate in the pores of gravel deposit gets badly affected.
When silted water flows through gravel deposit, the bed load transport rate differs from that under clear-water conditions. This variation is primarily attributed to changes in frictional resistance caused by the presence of fines.. Again, frictional resistance gets affected in two ways; dampening of the turbulence and formation of bed forms. Vanoni (1946), Einstein and Chein (1955), Cellino and Graf (1999) etc. observed decrease in resistance in presence of suspended load while on other hand Yano and Daido (1964), Ippen (1973), Imamoto et al. (1977) stated increase in frictional resistance by silted water compared to clear water flow. While Arora et al. (1986) and Khullar N.K. (2002) observed conditional increase or decrease in the resistance. And hence accordingly the bed load transport rate also changes with the silt concentration.
It has been observed by several investigators that fines infiltrate into the pores of the gravel deposit and gradually piles up to the surface unless it’s being flushed by relatively clear water. But the clear water normally doesn’t clean up all the fines/silt infiltrated into the gravel bed. Several flume studies have shown that fines infiltrate a clean gravel bed regardless of transport mode (Beschat and Jackson, 1979; Diplas and Parker 1992). Fine sediment infiltration and deposition increase with supply until the bed is fully covered with sand (Diplas and Parker 1992). The depth to which the fines normally infiltrate is called an active bed layer. Simons et al. (1963) observed clay infiltration down to the flume bottom. Einstein (1968) observed similar results with silica flour as wash material. Beschta and Jackson (1979) observed fines infiltration down to bottom in case of finer sand as filler material and only surface deposition in case of coarser sand. Frostick et al. (1984) observed more fine sediment infiltration in coarser deposit than finer material deposit. Khullar N.K. (2002) also observed limited depth infiltration by flowing silt. Sower and Sower (1970) mentioned that the relative size of settling fines and voids of gravel bed is the main controlling factor for fines infiltration.
In recent years, several studies have advanced understanding of sediment–flow interactions, turbulence modification, and predictive modelling of bed load transport. Zhao and Nepf (2021) demonstrated that bed load transport in vegetated or sediment-laden flows is primarily governed by turbulence intensity rather than bed shear stress, underscoring the role of fine sediment–induced turbulence damping. Van Rijn (2019) refined sediment pick-up functions for fine particles under high-velocity conditions, highlighting the need to recalibrate classical entrainment formulations for modern applications. Similarly, Guo and Julien (2021) revisited velocity distribution and resistance relationships in sediment-laden open-channel flows, providing updated analytical frameworks that better capture near-bed processes. Furthermore, the theoretical and experimental works of Charru and Mouilleron-Arnould (2002, 2004) and their later developments (2016) offer valuable insights into erosion–deposition mechanisms and sediment bed instability under varying hydraulic conditions.
This study aims to provide a comprehensive understanding of how silt concentration affects bed load transport and friction factor in an alluvial channel. Through controlled laboratory experiments using a tilting flume, this research examines the interplay between sediment concentration, transport rates, and resistance forces. The study also evaluates existing sediment transport models and their applicability to silt-laden conditions. By addressing these knowledge gaps, this research contributes to a better understanding of sediment transport dynamics in natural rivers and informs strategies for river management, flood control, and ecological conservation.
EXPERIMENTAL METHODOLOGY 
All experiments were conducted in the Hydraulic Engineering Laboratory at the Indian Institute of Technology Roorkee. A tilting flume of 13m length, 0.40m width and 0.60m depth was selected for the experiments. The flume bottom was made of steel and fiberglass, while the sides were constructed of transparent glass to allow observation of flow and sediment movement. Water was supplied by a centrifugal pump, and discharge was measured using a calibrated orifice installed in the inlet pipe. Baffle walls, boulder layer and other arrangements were provided at the upstream end of the flume to dissipate the excessive turbulence. A manually operated tail gate was fitted at the downstream end of flume to control the depth in the flume.
Uniform size gravel passing through 2mm sieve and retained on 1mm sieve was used to pave the bed of the flume. The median size of the gravel was 1.9mm with standard deviation 0.90. Similarly silt passing through 125microns and retained on 45microns was selected as wash  material. The median size of the silt was 0.062mm with standard deviation 1.21.
Table 1. Properties of materials used in experiments
	Material
	d50 (mm)
	d65 (mm)
	σg
	M

	Gravel
	1.9
	1.92
	0.905
	0.63

	Silt
	0.062
	0.072
	1.21
	0.27


The washed gravel was laid on the bed of the channel to a uniform depth of 15cm and thoroughly levelled with a wooden template and checked with point gauge. Before going for silt laden run,  a base experiment with clear water was performed. This run was basically to get a reference set of data for further comparison. A reference set of data included velocity of flow, bed load transport rate, turbulence parameters. After clear water run, several experiments with silted water were carried out. In each successive runs, the amount of silt added to flow were progressively increased to increase the silt concentration in the flow. The amount and duration of silt feeding were decided such that concentration should not cross the limiting value and at least 3-4 equilibrium conditions were achieved during the run. During the run, widths integrating suspended samples were taken at the end of the flume with the help of sampler to check the change in concentration of flow with time. Also, depths integrating suspended samples were taken from two locations (3m & 9m) in the channel to examin the vertical distribution of silt concentration. Temporal and vertical variation of the silt concentration are not discussed in this paper. Bed load samples were continuously collected at the downstream end using a net bag, which was replaced at 30-minute intervals. The collected sediment was weighed, converted to dry weight using a predetermined conversion factor, and then recirculated to the upstream section to maintain sediment continuity. After each experimental run, the flume was drained and allowed to dry. Bed samples were then collected in 2 cm vertical slices from three locations (3 m, 6 m, and 9 m downstream). These samples were washed with clear water, dried, and analyzed to determine the percentage of silt infiltration at various depths along the channel.
RESULTS AND DISCUSSION
The flow conditions in all experiments exceeded the threshold for incipient motion, and therefore, the bed materials were observed to move with the flow. Bed load samples were collected at the downstream end in a net bag, which was replaced every 30 minutes. The replacing of bag used to take hardly few seconds. Hence it is assured that there was almost no loss of bed load during the net bag changing process. The collected material was dried, weighed, and converted to dry mass using a predetermined conversion factor to minimize measurement error. Table 2 below shows the variation of equilibrium bed load transport rate with successive runs.

Table 2. Bed load transport rate of various runs at different wash load concentration
	Run No.
	Bed load transport rate (qB X 103) N/m-s
	Concentration (C) PPM

	C1
	97.48
	2

	1
	103.63
	97

	2
	109.75
	146

	3
	115.81
	833

	4
	114.86
	2173

	5
	124.47
	3454

	6
	132.06
	4611

	7
	137.73
	6239

	8
	152.12
	7953

	9
	162.15
	9165




Fig.1. Change in bed load transport rate with increase in the wash load concentration
Figure 1 shows that the bed load transport rate increases with silt concentration. Although minor fluctuations occur, the overall trend is consistently upward. To plot in the logarithmic scale, clear water concentration is arbitrarily considered as 2 as the log graph does not plot the zero value. Another point to be noted is that the rate of increment of bed load transport is not uniform. Since no significant bed form development was observed in any of these experiments, the only possible reason for the increase in the bed load transport rate can be given to the reduction in the friction factor. According to Darcy- Weisbach friction factor equation, friction factor is inversely proportional to the square of the flow velocity ; hence, a decrease in friction factor leads to higher velocities and, consequently, higher bed load transport rates. We are not yet sure whether friction factor is increasing or decreasing with the increase in silt concentration. In the succeeding section, the change in the friction factor will be analysed.
To evaluate the predictive capability of existing models, the observed transport rates were compared with several established bed load transport equations, including those of Meyer-Peter and Müller (1948), Misri et al. (1984), Patel and Ranga Raju (1996), and Khullar (2002). Ning Chien (1954) proposed a more simplified version of Meyer-Peter and Mullar (1948) equation and also mentioned that this equation gives result as satisfactory as Einstein more rational formula if single characteristics size that represents bed material is used. Ning Chien (1954) simplistic form is;



Where,		

Meyer-Peter and Mullar (1948) divided total shear stress into two parts and mentioned that one which is responsible for bed movement is the grain shear stress only. Based on this concept Misri et al. (1984) proposed new relationship between and . 
             (4) 
and


If the bed is composed of uniform sediment each particle is supposed to be subjected with same shear stress by the flowing water. But in case of non-uniform sediment finer particles are less subjected as they are sheltered by the coarser particle whereas coarser particles are exposed and hence subjected to more shear stress than finer one. Hence Patel and Ranga Raju (1996) and Khullar (2002) considered a shelter- cum- exposure factor  in their equations. They also mentioned that if the bed is uniform,  can be taken as unity and same equations can be used for bed load transport of uniform sediment. The dimensionless bed load transport rate for any size fraction in a mixture as proposed by them is



Fig.2. Comparison of observed transport rate with the above mentioned four models
Figure 2 is the comparative study of the observed bed load transport rate and computed bed load transport rate using various well-known equations. The results show that observed transport rates were generally lower than predicted by most models. The closest agreement was obtained using the Khullar (2002) equation, while the Meyer-Peter and Müller (1948) and Patel and Ranga Raju (1996) models tended to overpredict under silt-laden conditions.. The predictions by other two formulae are almost same till 2173 PPM. That is, when value exceeds 0.065 limit, it under predicts the transport rate. 
For the present study, the friction factor is being calculated by the Darcy-Weisbach equation.

where Rb is the hydraulic radius, S is the bed slope, and U is the mean flow velocity.Arora et al. (1986) and Khullar (2002) criteria have been checked here. Arora et al. (1986) criteria says that compared to the friction factor of clear water flow, friction factor for sediment laden flow increases with increase in sediment concentration if; and decreases with increase in sediment concentration if  This criterion when checked by Khullar (2002) for his own data found to be unsatisfactory and hence involved a new term and came with new equation. The inclusion of this new tern (s-1) to understand the resistance was earlier suggested by Einstein and Chien (1955) and Parker and Coleman (1986). Khullar (2002) friction factor predictor equation is;



Fig 3. Variation of friction factor with /US for alluvial channel (Arora et al. 1986)
The friction factor for silted water flow is continuously decreasing with increase in concentration. But it doesn’t satisfy the criteria of Arora et al. [20]. For  friction factor is not increasing with increase in concentration. Khullar (2002) has proposed a relationship to find the friction factor  offered by flowing water carrying silt. The relationship is

Figure 4 shows the considerable difference between observed and computed friction factor at higher concentration. This plot illustrates that the predicted friction factors are within approximately 10% of the observed values, with a maximum underestimation of about 14% at high concentrations. During these experiments, it was observed that silt infiltrated only halfway down to the gravel deposit. Silt particles gradually filled pore spaces near the surface, forming a partial seal that prevented deeper penetration. As mentioned earlier, bed samples were taken from three locations and different depths. Table 3 presents the percentage of silt retained at various depths after the final experimental run. The highest accumulation occurred within the upper 1 cm layer, decreasing progressively with depth..

Fig. 4. Comparison of observed and computed friction factor (Khullar, 2002)
Table 3: Percentage of silt infiltrated at different sections of flume after last experimental run
	Depth from top (cm)
	At 3m
	At 6m
	At 9m

	0-1
	21.66
	20.99
	21.12

	1--3
	17.27
	18.05
	13.00

	3--5
	7.57
	7.68
	9.24

	5--7
	7.24
	6.70
	7.05

	7--9
	7.35
	5.42
	6.79

	9--11
	4.41
	4.69
	2.28



With successive runs, silt infiltration increased at all sampling locations (Figure 5). The highest accumulation was consistently recorded near the upstream section (3 m from the inlet), while the lowest occurred at the downstream end (9 m). This indicates a gradual loss of suspended silt along the flow path, resulting in reduced infiltration toward the end of the flume (Figure 6). The maximum depth of infiltration was approximately 50 times the mean gravel size, confirming a shallow but significant influence of silt intrusion on bed structure.

Table 4 Amount of silt (Kgs) accumulated at different sections with successive runs
	Run
	At 3m
	At 6m
	At 9m

	Run 1
	0.47
	0.42
	0.39

	Run 2
	0.75
	0.79
	0.66

	Run 3
	0.77
	0.73
	0.7

	Run 4
	1.04
	0.95
	0.94

	Run 5
	1.2
	1.08
	1.06

	Run 6
	1.27
	1.22
	1.13

	Run 7
	1.34
	1.27
	1.13

	Run 8
	1.5
	1.4
	1.38

	Run 9
	1.73
	1.58
	1.51




Fig. 5. Percentage of silt at different depths at 3m section of flume with successive runs



Fig. 6 Variation of silt accumulation at three locations
CONCLUSIONS
A total of ten experimental runs were conducted using uniform gravel (1.9 mm) as bed material and uniform silt (0.062 mm) as wash load to study the effects of silt-laden flow on bed load transport and frictional resistance in an alluvial channel. The main findings are summarized as follows:

· The bed load transport rate increased consistently with rising silt concentration. This trend is primarily attributed to a decrease in the friction factor, as supported by the Darcy–Weisbach relationship.

· The experimental data did not conform to the criterion proposed by Arora et al. (1986) but showed good agreement with the predictive model developed by Khullar (2002). The difference between observed and predicted friction factors was generally less than 10%, with a maximum deviation of about 14% at higher concentrations.

· Among the bed load transport equations evaluated, those of Khullar (2002) and Misri et al. (1984) produced the most reliable results for silt-laden conditions, whereas traditional models such as Meyer-Peter and Müller (1948) tended to overestimate transport rates.

· Silt infiltration was observed to extend to a depth of approximately 50 times the mean gravel size, with the highest accumulation occurring near the surface of the upstream section. The quantity of infiltrated silt increased progressively with each successive run.

These results confirm that the presence of fine sediments reduces flow resistance and enhances bed load mobility in alluvial channels. The findings contribute to improved understanding of sediment dynamics in silt-rich environments and offer practical implications for river management, sediment control, and hydraulic structure design.
NOTATIONS
C 	Concentration (ppm)
da	Actual size of sediment
d50 	Median size of sediment
f	Friction factor for sediment laden flow
f0	Friction factor for clear water flow
qB 	Bed load transport rate
Rb	Hydraulic radius w.r.t. bed
R’b	Hydraulic radius w.r.t. grain resistance
S	Bed Slope
s	specific gravity of sediment
U	Flow Velocity
’*	Dimensionless average shear stress corresponding to grain
σg 	Standard deviation
f, γs	Specific weight of water and sediment respectively
	Dimensionless bed load transport rate
	Fall velocity
 	Shelter-cum-exposure factor

COMPETING INTERESTS DISCLAIMER:
Authors have declared that they have no known competing financial interests OR non-financial interests OR personal relationships that could have appeared to influence the work reported in this paper.
Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.


REFERENCES
Andrews, E. D. (1986). “Downstream effects of flaming gorge reservoir on the green river”. Colorado and Utah. Geological Society of America Bulletin, 97, 1012-1023.
Arora, A.K., Ranga Raju, K.G. and Garde, R.J. (1986). “Resistance to flow and velocity distribution in rigid boundary channels carrying sediment laden flow”. Water Resources Research, 22(6), pp 943-951.
Bagnold, R.A. (1976). “The flow of cohensionless grains in fluids”. Philosophical Transactions, RSL, No. 964 Vol. 249.
Beschta, R.L. and Jackson, W.L. (1979). “The intrusion of fine sediment into a stable gravel bed”. Journal of Fishery Research Board Canadia, 36, pp 204-210.
Cellino, M. And Graf, W.H. (1999) “Sediment laden flow in open channel under non capacity and capacity condition”. Journal of Hydraulic Engineering ASCE, 125(5) pp 455-462.
Charru, F., & Mouilleron-Arnould, H. (2002). Instability of a bed of particles sheared by a viscous flow. Journal of Fluid Mechanics, 452, 303–323. https://doi.org/10.1017/S0022112001007062
Charru, F., & Mouilleron-Arnould, H. (2004). Erosion and deposition of particles on a bed sheared by a viscous flow. Journal of Fluid Mechanics, 519, 55–80. https://doi.org/10.1017/S0022112004001028
Chien, Ning (1954). “Meyer-Peter formula for bed load transport and Einstein bed load function” IER. MRD Series No 7. 
Diplas, P. and Parker, G. (1992). “Deposition and removal of fines in gravel bed stream”. Dynamics of Gravel bed Rivers. John Willey and Sons Ltd. Pp 313-329.
Einstein, H.A., Anderson, A.G. and Johnson, J.W. (1940). “Distinction between bed load and suspended load in natural streams”. Transactions of American Geophysical Union,Vol. 21.
Einstein, H.A. (1950). “The bed load function for sediment transportation in open channel flows”. United States Department of Agriculture, Technical Bulletin No.1026.
Einstein, H.A. and Chein, N. (1955). “Effect of heavy sediment concentration near the bed on the velocity and sediment distribution”. Institute of Engineering Research, University of California, Berkeley, California, USA. Series No 33, Issue No 2.
Einstein, H.A. (1968). “Deposition of suspended particles in a gravel bed”. Journal of Hydraulic Engineering, ASCE, 94(5), pp 1197-1205.
Frostrick, L.E., lucas, P.M. and Reid, I. (1984). “The infiltration of fine matrices into coarse grained alluvial sediment and its implication for stratigraphical interpretation” Journal of Geological Society, London, 141(6), pp. 955-965.
Guo, J., & Julien, P. Y. (2021). Velocity distribution and flow resistance in sediment-laden open-channel flows. Journal of Hydraulic Engineering, 147(9), 04021040. https://doi.org/10.1061/(ASCE)HY.1943-7900.0001914
Ippen, A.T. (1973). “Transport of suspended sediment”. Proceedings of International Seminar on Hydraulics of Alluvial Streams. IAHR, New Delhi India.
Imamoto, H., Asano, T and Ishigaki, T. (1977). “Experimental investigation of a free surface shear flow with suspended sand grains” Proceedings of 17th Congress of IAHR, Baden, A-4.
Jain R. K., A. S. Lodhi, G. Oliveto and M. Pandey (2021). Influence of Cohesion on Scour at Piers Founded in Clay–Sand–Gravel Mixtures. Journal of Irrigation and Drainage Engineering 147 (10), 04021046. https://doi.org/10.1061/(ASCE)IR.1943-4774.0001616.
Kalinske, A.A. (1947). “Movement of sediment as bed load in rivers”. Trans. AGU, 28(4).
Karlinger, M.R., Eschner, T. R., Hadley, R. F., and Kircher, J. E. (1983). "Relation of Channel-Width Maintenance to Sediment Transport and River Morphology”. Platte River, South-Central Nebraska." Geological Survey Professional Paper 1277-E: E1-E18.
Karna N., Hari Prasad K. S., Giri S., and Lodhi A. S. (2015,a). Effect of fine sediments on river hydraulics–a research review. ISH Journal of Hydraulic Engineering, 21 (2):151-161.	
Karna N., Hari Prasad K. S., Giri S., and Lodhi A. S. (2015,b). Intrusion of fine sediments into river bed and its effect on river environment–a research review. ISH Journal of Hydraulic Engineering, 21 (2): 142-150.
Khullar, N.K. (2002). “Effect of wash load on transport of uniform and nonuniform sediments” Ph.D thesis, Indian Institute of Technology Roorkee, Inida.
Lodhi A. S., R.K. Jain, P.K. Sharma and Nilav Karna (2018). Influence of cohesion on scour at wake of partially submerged spur dikes in cohesive sediment mixtures. ISH Journal of Hydraulic Engineering. 1-13. DOI: 10.1080/09715010.2018.1525325
Lodhi A. S., R.K. Jain and P.K. Sharma (2016).  Influence of cohesion on scour around submerged dike founded in clay–sand–gravel mixtures. ISH Journal of Hydraulic Engineering, 22 (1): 70-87.
Meyer-Peter, E. and R. Mullar (1948). “Formulas for bed load transport”. Proc. IAHR, 2nd Congress, Stockholm.
Misri, R.L., Ranga Raju, K.G. and Garde, R.J. (1984). “Bed load transport of coarse nonuniform sediments”. Journal of Hydraulic Engineering, ASC,110(3), pp 312-328.
Osmundson, D. B., Ryel, R. J., Lamarra, V. L. and Pitlick, J. (2002). “Flow sediment-biota relations: Implications for river regulation effects on native fish abundance”. Ecological Applications, 12, 1719-1739.
Owens, P. N., Batalla, R. J., Collins, A. J., Gomez, B., Hicks, D. M., Horowitz, A. J., Kondolf, G. M., Marden, M., Page, M. J., Peacock, D. H., Petticrew, E. L., Salomons, W. and Trustrum, N. A. (2005). “Fine-grained sediment in river systems”. Environmental significance and management issues. In,. John Wiley & Sons Ltd, 693-717.
Pandey M., Valyrakis M., Qi M., Sharma A. and Lodhi A.S. (2021). Experimental assessment and prediction of temporal scour depth around a spur dike. International Journal of Sediment Research, 36 (1): 17-28.
Pandey M., Jamei M., Ahmadianfar I., Karbasi M., Lodhi A. S., and Chu X. (2021). Assessment of scouring around spur dike in cohesive sediment mixtures: A comparative study on three rigorous machine learning models. Journal of Hydrology, Vol. 606, 127330.
Parker,G. and Coleman, N.L. (1986). “Simple model of sediment laden flows”. Journal of Hydraulic Engineering, ASCE, 112(5), pp.356-375.
Patel, P. L. and Ranga Raju K.G. (1996). “Fraction wise calculation of bed load transport”. Journal of Hydraulic Research, IAHR, 34(3), pp. 363-379.
Rottner, J.A. (1959). “Formula for bed load transportation”. La Houille Blanche No. 3.
Shulits, S. (1965). “The Schoklitsch bed load formula” Engineering June.
Simons, D.B., Richarsons, E.V. and Haushid, W.L. (1963). “Some effects of fine sediment on flow phenomena” Water Supply Paper No. 1498G, US Geological Survey, Washington D.C.
Sowers, G.B. and Sowers, G.F. (1970). “Introductory soil mechanics and foundations” 3rd Edition, MacMillan, London.
Van Rijn, L. C. (2019). Modified sediment pick-up function for fine and coarse sand under high-velocity flow. Journal of Hydraulic Research, 57(5), 597–609. https://doi.org/10.1080/00221686.2019.1593720
Van Steeter, M. M. and Pitlick, J. (1998). “Geomorphology and endangered fish habitats of the upper Colorado River 1. Historic changes in streamflow, sediment load, and channel morphology”. Water Resources Research, 34, 287-302.
Vanoni, V.A. (1946). “Transportation of suspended sediment by water”. Transaction of ASCE, Paper No 2267, pp 67-133.
Yalin, M.S. (1972). “Mechanics of sediment transport”. Pergamon Press Ltd., Oxford 2nd Ed.
Yano, K. And Daido, A. (1964). “Fundamental study on mud flow (i) to (ii)”. Bulletin of the Diaster Prevention Research Institute, Kyoto University, Kyoto Japan.
Zhao, T., & Nepf, H. M. (2021). Turbulence dictates bedload transport in vegetated channels without dependence on stem diameter and arrangement. Geophysical Research Letters, 48(24), e2021GL095359. https://doi.org/10.1029/2021GL095359
Arora et al (1986)	3.8311909899509247	184.67262806021392	276.65506487581587	1574.7508742206028	4100.2767472079322	6486.0678190625449	8584.1332301931288	11485.926616741308	14476.202699641583	16612.340538979977	1	0.99805446490657701	0.96830793832133599	0.95361696269540475	0.96017156596385811	0.93090306489345598	0.91493198514834484	0.88507605038938075	0.85578245577281886	0.84861898689841464	Horizontal Line	1	10000	1	1	Verticle Line	1200	1200	0.70000000000000007	1.02	𝐶𝜔/US
f/f0

Observed	2	97	146	833	2173	3454	4611	6239	7953	9165	7.0894677989999537E-6	7.0756749906033077E-6	6.8647879482451422E-6	6.760636749609211E-6	6.8071053984161311E-6	6.5996073025525212E-6	6.4863808469842942E-6	6.2747181589015745E-6	6.0670421631505002E-6	6.0162569812362731E-6	Calculated	2	97	146	833	2173	3454	4611	6239	7953	9165	7.0890196407648948E-6	7.0678654932751254E-6	7.0571057356311419E-6	6.9052593963650927E-6	6.6098329295556902E-6	6.330752111401287E-6	6.0853283530565893E-6	5.7458875352973972E-6	5.3960963463000173E-6	5.1462190192674706E-6	Concentration (C)
Friction Factor (f)

At 3 m Section (Run Wise)
0--1	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	5.1180688336520062	10.968696763202725	10.564167725540024	10.19864864864865	15.548095545513235	16.529723366686287	17.95178282009724	20.118391451068618	21.663174858984696	1--3	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	6.5760000000000014	8.3570487483530957	8.4905818334030982	13.703239289446183	13.466846179737464	13.422727272727274	14.082745349583069	15.732926829268292	17.27032848680668	3--5	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	3.1535783365570604	3.3385918299568238	4.8499073502161814	9.7959647627166806	9.0595238095238102	9.2736763609246857	9.3838134950720224	8.884615384615385	7.5706281332940142	5--7	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	1.9163518618456559	2.2005761613251718	2.8320270751692189	4.5553447185325755	5.7667101402021528	4.4780656303972384	6.6125116713351986	6.7757665312153685	7.243853820598007	7--9	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	0.9850777637662872	2.0269700800674246	2.6816884176182683	2.1436147645311836	2.5283296541574702	5.396267652992603	5.532907991940899	3.5627983841351445	7.3545624416069755	9--11	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	0.50731403672580178	1.0103179972936402	0.70072680632749018	1.5447154471544708	1.9187425860023717	1.7651845970623259	1.8086491177321371	3.1090848806366043	4.4070675517376028	Run No
Concentration %

At 3m	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	0.47000000000000003	0.75000000000000011	0.77000000000000013	1.04	1.2	1.27	1.34	1.5	1.73	At 6m	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	0.42000000000000004	0.79	0.73000000000000009	0.95000000000000007	1.08	1.22	1.27	1.4	1.58	At 9m	Run 1	Run 2	Run 3	Run 4	Run 5	Run 6	Run 7	Run 8	Run 9	0.39000000000000007	0.66000000000000014	0.70000000000000007	0.94000000000000006	1.06	1.1299999999999997	1.1299999999999997	1.3800000000000001	1.51	Run No.
silt accumulated (Kgs)

2	97	146	833	2173	3454	4611	6239	7953	9165	97.48	103.63	109.75	115.81	114.86	124.47	132.06	137.72999999999999	152.12	162.15	Concentration (PPM)
Bed Load Tran. Rate x103(N/m-s)

Present Study	2	97	146	833	2173	3582	4579	6183	7881	9117	97.48	103.63	109.75	115.81	114.86	124.47	132.06	137.72999999999999	152.12	162.15	Meyer-Peter Mullar (1948)	2	97	146	833	2173	3582	4579	6183	7881	9117	148.76145417183355	156.85980309453726	163.06530176396831	166.30732381919157	168.86765434816925	175.67189958194655	187.9693464509036	204.63529191159557	222.26135775714604	229.11841003072513	Misri et al. (1984)	2	97	146	833	2173	3582	4579	6183	7881	9117	106.42809757176487	114.62461834971899	121.17073816693869	124.68427345090242	127.50506646590757	104.77644158105205	113.74325077410768	126.35623619233839	140.24928166840422	145.80180923423495	Khullar (2002)	2	97	146	833	2173	3582	4579	6183	7881	9117	106.5832497393754	114.69145627398403	120.8182613246871	123.99141598817585	126.48451745226497	133.05762799712949	144.75914878159088	160.29710234705729	176.3926487027916	182.57390990449321	Patel and Ranga Raju (1996)	2	97	146	833	2173	3582	4579	6183	7881	9117	141.27741302988238	145.69233218706631	151.87321900712368	176.59676628735303	181.01168544453685	182.77765310741037	189.84152375890454	229.57579617355896	238.40563448792665	264.89514943102955	Concentration (PPM)

Bed load Tran. Rate x103(N/m-s)





