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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 conducted in a tilting flume using uniform gravel as bed material and fine silt as wash load. The results indicate that bed load transport rate increases with rising silt concentration, which is attributed to a reduction in friction factor. Comparison with existing bed load transport equations, including those by Meyer-Peter and Muller, Misri et al., and Khullar, shows that conventional models overestimate transport rates in 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. Additionally, silt infiltration into the gravel bed was observed to reach approximately 50 times the mean gravel size, with maximum accumulation occurring near the surface in upstream sections. These findings have significant implications for sediment transport modelling, river ecosystem management, and hydraulic engineering applications in silt-prone environments.
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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 a crucial 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 a crucial 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 increased 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 area of ongoing 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 describes particles flowing in fluid that are transported along the bed of the channel. Bed load particles may move by rolling, sliding or by periodic bouncing (saltation). When the flow condition exceeds the criteria of incipient motion the bed load movement starts. 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.
There are numerous bed load transport equations developed by several investigators. But there are two broad approaches of bed load prediction; those calculated by force and those by power. 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 Mullar (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. In spite of the availability of plethora of bed load transport equation hardly very few equations give more or less similar results for a particular scenario. 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. First as mentioned by Owens et al [9], disturbance in watershed caused by logging, mining, and agriculture etc lead to an increase in the amount of fines delivered to the river system. Second as mentioned by Karlinger et al. (1983), Andrews (1986), Van Steeler and Pitlic (1998), flow regulation sometimes reduces the transport capacity of the river leading to deposition of fines on the bed and bank and hence causes potential change in the river morphology. Intrusion of fines/silt into the river bed has an adverse impact on the entire river ecosystem. A seal of silt on the channel reduces the oxygen supply necessary for Salmon eggs and alevin to develop properly. Silted water blocks an access of sunlight and sediment on the bed can reduce attachment area for algae, limiting primary production (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 is different than that if the flowing water is clear. The reason behind this change in bed load transport rate, as attributed by many researchers can be given to the possible change in the frictional resistance due to the presence of fines/silts in the flow. 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 will 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.
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 
Hydraulic Engineering lab of the Indian Institute of Technology Roorkee was selected for all the experiments. A tilting flume of 13m length, 0.40m width and 0.60m depth was selected for the experiments. The bottom of the channel was made of steel and fibre and sides of transparent glass. Water was supplied to the channel by a centrifugal pump. In the discharge inlet pipe, a well calibrated orifice was installed to measure the discharge entering into the flume. Baffle walls, boulder layer and other energy dissipating the excessive turbulence at the upstream of the flume. Manually operated tail gate fitted at the downstream end of flume to control the depth in the flume.
Uniform size gravel passing through 2mm sieve and retaining 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 retaining on 45microns was selected as filler 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


Washed gravel was laid on the bed of the channel to 15cm depth. Gravel bed was thoroughly levelled with a wooden template and checked with point gauge. Before going for silt laden run one experiment with clear water was done. 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 check the vertical distribution of silt concentration. (Temporal and vertical variation of the silt concentration are not discussed in this paper). During the run, bed load samples were also continuously collected. At every half an hour interval collected bed load was measured at fed back at the upstream of flume to maintain sediment continuity.  On the completion of the run, water was allowed to dry from the flume. Then bed samples from top to bottom of 2cm slice were taken from three locations (3m, 6m & 9m) along the channel. These samples were washed with clear water and water was allowed to dray to obtain the percentage of silt availability in each slice of bed sample at different locations.
RESULTS AND DISCUSSION
The flow was above incipient motion condition; hence bed was observed to move with the flow. Those bed materials were collected at the downstream in a net bag. At every half an hour interval, that bag was replaced with another one. This 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 bed load collected in the bag was weighted and converted into dry weight by multiplying it by predetermined conversion factor. 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 is a clear evident of increase in the bed load transport rate with increase in silt concentration in the flow. There seems to be slightly ups and downs in the equilibrium transport rate with increasing silt concentration. Nevertheless, in general it showing an increasing pattern. 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. As per Darcy- Weisbach friction factor equation, friction factor is inversely proportional to the square of the flow velocity. And when the velocity increases, the bed load transport rate may increase. 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.
The observed bed load transport rate for a particular hydraulic condition is now checked with some of the well-known bed load transport equation. Two equations which are formed for prediction of uniform bed load transport and two equations developed for non-uniform materials are selected. Since these later equations have the provision to be used for uniform sediment, these two equations are also selected. The models thus selected are Meyer-Peter and Mullar (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 made 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 bed load transport rate as observed and as found using various well-known equations. What is clearly seen is that observed bed load is lesser than that predicted by almost all bed load transport formulae. The least close predictions are by Meyer-peter and Mullar (1948) and Patel and Ranga Raju (1996). 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. Though not exactly, but Khullar (2002) equation suits well among these methods for this particular study.
For the present study, the friction factor is being calculated by the Darcy-Weisbach equation.

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 of offered by flowing water carrying silt. The relationship is

Figure 4 shows the considerable difference between observed and computed at higher concentration. This plot also tells that calculated value is lower than that observed. It’s observed that maximum under estimation of friction factor is around 14% only. For most of the concentration, the predicted friction factor do not differ more than 10% than its observed value. During these experiments, it was observed that silt infiltrated only halfway down to the gravel deposit. Silts that infiltrated into the gravel gradually started filling the gaps and making a seal to prevent the later incoming silts to move beyond that level. This is how the silt gradually accumulated up to the top surface. As mentioned earlier, bed samples were taken from three locations and different depths. Table 3 below shows the variation of silt at three locations for the last experimental run.

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 each successive runs the silt availability at different depths at 3m downstream from channel inlet is progressively increasing (Figure 5). The maximum accumulation of silt is observed at the top surface and the least at around 11cm from top.  So here in this present study its can be said that silt infiltrated down to around 50 times the mean size of the gravel. From the data it is also observed that the total quantity of silt (in terms of kgs) has also increased at each section with each successive runs (Table 4).

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
Figure 6 is an evident of maximum amount of silt infiltration at section 3m away from channel inlet and the lowest accumulation at the extreme downstream section. This also indicates that when silted water flows, it gradually loses its concentration. The flow contains less amount of silt towards flume end and hence less infiltration as it moves downstream.


Fig. 6 Variation of silt accumulation at three locations
CONCLUSIONS
A total of ten set of experiments were conducted using 1.9mm uniform gravel as bed material and 0.062mm uniform silt as filler material. The observed bed load transport rate continuously increased with increase in the silt concentration in the flow. And the reason for this increase is attributed to the decrease in the friction factor which is also proved by the Darcy-Weisbach equation. Arora et al. (1986) criteria not found to be satisfactory for this present study whereas Khullar (2002) friction load predictor equation gave better result with some exception at just few points. Khullar (2002) and Misri et al. (1984) bed load transport gave better result for the transport rate calculation. Silt infiltrated down to a depth around 50times the size of bed material and the maximum quantity of silt accumulation was observed on the top surface of the upstream section of the channel.
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
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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)





