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Abstract: This study investigates sediment transport processes in the Kelani River Basin,
Sri Lanka, focusing on the formation of bed material sediment size distributions. Sediment
transport processes during the flood events in 2016 and 2018 are evaluated using two ap-
proaches: assuming an equilibrium condition (Case 0) and evaluating basin-scale sediment
transport using a distributed Rainfall-Sediment-Runoff (RSR) model based on the unit
channel (Cases 1 and 2). Case 1 considers sediment transport only inside river channels,
while Case 2 considers sediment supply at upstream end unit channels. The results indicate
significant sediment deposition in the downstream reach, particularly downstream of
Location 7. In Case 1, the sediment size distribution downstream rapidly coarsens, while
in Case 2, considering sediment supply, the bed sediment size distribution downstream is
close to the observed one, regardless of flood magnitude. This suggests that with sufficient
sediment supply, the bed sediment size distribution forms based on channel conditions
such as width and slope. Case 0 shows a similar trend in sediment transport rate to Case
2, demonstrating the applicability of this simple approach. In conclusion, this study has
revealed the formation process of the present sediment bed conditions, which provides
insight into effective and sustainable river management, including sand mining activities.

Keywords: Kelani River Basin; rainfall-sediment-runoff; sediment transport processes;
sediment sorting; sediment grain size distribution

1. Introduction

The Kelani River is Sri Lanka’s second-largest water resource, supporting 20% of
the nation’s population [1] and significantly contributing to the country’s economic pros-
perity as it flows through the capital of the country. This vital waterway supplies 80%
of Colombo’s drinking water requirements [2], generates hydroelectric power in its up-
per reaches, and sustains crucial aquatic ecosystems [3] and biodiversity within the
basin [4]. However, extensive sand mining has resulted in the erosion of the riverbed
and banks, causing an annual decline of approximately 10 cm in riverbed elevation [5].
In the downstream reach of the Kelani River, approximately 6 m of riverbed degradation
has been observed since 1961 [6]. Consequently, saltwater intrusion now extends to the
Ambatale water treatment facility, degrading water quality and posing a threat to the river’s
aquatic life [3]. Therefore, it is imperative to implement sediment management strategies
in the Kelani River to re-establish the river’s sustainability.

The distribution of sediment grain sizes in riverbeds plays a crucial role in under-
standing fluvial hydraulics, sediment transport dynamics, and river morphology [7,8]. This
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distribution undergoes continuous alteration in natural watercourses, both temporally
and spatially, due to ongoing sediment exchange, deposition, and erosion within river
channels [9]. Modifications in bed material can influence bed roughness, subsequently
affecting flow patterns. Moreover, the sediment grain size distribution impacts the sedi-
ment transport capacity, leading to longitudinal and transverse sorting patterns [10]. These
variations in sediment transport directly influence the deposition and erosion trends ob-
served in river channels [11,12]. Furthermore, the distribution of sediment particle sizes
plays a role in forming stable river cross-sections [13] and affects the habitat conditions
for communities of macroinvertebrates [14,15]. Therefore, understanding the grain size
distribution of bed material forms is essential for various management practices such as
the sustainable development, maintenance, and restoration of rivers and estuaries.

The geometry of river channels and the size of sediment grains are fundamentally
connected to the amount of sediment transported from upstream areas [16]. The supply of
sediment is influenced by various events, including landslides, debris flows, swift bank
erosion, or sediment movements involving hillsides, riverbanks, tributaries, riverbeds, or
upstream areas [7]. Flume tests by Venditti et al. [17] demonstrate that pulses of coarse
sediment result in a finer bed surface and coarser bed load. Conversely, pulses of finer
sediment also lead to a finer bed surface, but in gravel-bed rivers, they cause the bed load
to become finer as well. A study conducted by Buffington and Montgomery [18] utilising
a flume apparatus indicates that an inverse relationship exists between the median grain
size of the bed surface and the rate at which sediment is supplied in an equilibrium gravel
channel. The behaviour of sediment pulses in gravel-bedded channels has garnered con-
siderable attention, resulting in numerous flume experiments [17,19] and one-dimensional
numerical simulations [20]. This research explores how rivers form their bed material size
distribution in response to the absence or presence of sediment input from the uppermost
tributaries. The study focuses on uppermost tributaries that maintain equilibrium sediment
transport throughout flood events, examining their influence on downstream sediment
transport processes using numerical simulations.

To investigate the formation processes of riverbed material size distribution, this
study employs a distributed Rainfall-Sediment-Runoff (RSR) model. The RSR model
conceptualises the river network as a series of interconnected unit channels, introduced
by Egashira and Matsuki [21], each representing a channel between confluences. By
evaluating sediment inflow and outflow in terms of bedload and suspended load for
each unit channel and connecting them across the entire basin, the RSR model calculates
basin-scale sediment runoff [22,23]. The bed shear stress at each unit channel is evaluated
based on flood discharges obtained from a distributed rainfall-runoff calculation. The RSR
model simulation allows a relatively precise evaluation of the dynamic changes in riverbed
elevation and bed material grain-size distribution during the flood event.

This study aims to investigate sediment transport processes in the Kelani River Basin,
specifically focusing on the formation processes of bed material sediment size distribution
to contribute to improved sediment management in the Kelani River. Sediment transport
processes during the 2016 and 2018 floods are calculated to understand how sediment
supply, sediment transport, and local flow conditions interact to form the present bed
environment, characterised by the present sediment size distributions. This study eval-
uates sediment transport during the flood events that occurred in May 2016 and May
2018 by comparing the results of three calculation approaches: one assuming an equilib-
rium condition (Case 0), and the other two by evaluating basin-scale sediment transport
using a distributed Rainfall-Sediment-Runoff (RSR) model based on the unit channel
(Cases 1 and 2). Case 1 considers sediment transport only inside the river channels, while
Case 2 considers sediment supply at the upstream end unit channels.
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2. Study Area and Data Set

This study focuses on the Kelani River Basin, depicted in Figure 1A, which is situated
between latitudes 6°47’ and 7°05’ and longitudes 79°52’ and 80°13/, extending from the
central hill region to Colombo, encompassing an area of 2230 km? [24]. One-third of the
Kelani River Basin area is occupied by rubber cultivation, 24.6% comprises homesteads,
10.2% is forested, and 11.8% is covered by tea cultivation [25]. The catchment receives
a substantial amount of rainfall, as it is entirely located within the wet zone of the country.
The average annual rainfall is approximately 3718 mm. While the Southwest monsoon
provides a major portion of the yearly rainfall, the northeast monsoon and periods between
monsoons also make substantial contributions to total precipitation [26]. During the
monsoon period, the water flow varies between 600 and 1800 m?3 [24]. The upstream
region is characterised by steep terrain, whereas the downstream area below Hanwella is
predominantly flat [27]. The lower basin exhibits a high vulnerability to flooding. The most
recent severe flood occurred in 2016. This study considers two flood events, including the
2016 flood event and a moderate flood event that occurred in 2018. Figure 1B illustrates
the riverbed elevation profile measured by the Irrigation Department in 2016 and the
channel width based on measured cross-sections in 2016 and Google satellite images, with
locations denoted as 1 to 11 in Figure 1A. As shown in Figure 1B, the downstream bed slope
from Locations 1 to 7 is approximately 0.000055, whereas the upstream bed slope from
Location 7 and above is approximately 0.0005. The average downstream channel width
is approximately 80 m, whereas the average upstream channel width is approximately
60 m. Figure 1C shows the sediment grain size distribution of the riverbed material at
Locations 1 to 11. The “merged downstream” shows the average of the field-measured
average sediment grain size distribution from Locations 1 to 7, whereas “merged upstream”
shows the field-measured average sediment grain size distribution from Locations 8 to 11.
The sediment samples were collected in January/February 2023 from the middle of the
river and in proximity to the riverbank at each cross-section using a scraper bucket sampler
with a long handle. According to Figure 1C, the mean diameter of the downstream region
is approximately 0.45 mm, while the upstream mean diameter is approximately 1 mm.

Additional data utilised for this investigation comprise 15-arc (500 m) HydroSHEDS
(Hydrological data and maps based on Shuttle Elevation Derivatives at multiple scales),
hourly discharge data at Glencourse and Kithulgala obtained from the Irrigation Depart-
ment, hourly rainfall data from seven locations (Colombo, Hanwella, Glencourse, Deraniya-
gala, Kithulgala, Holombuwa, and Norwood) provided by the Irrigation Department and
Meteorological Department, and hourly turbidity data supplied by the National Water
Supply and Drainage Board.
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Figure 1. (A) Study map of the Kelani River Basin. (B) Longitudinal profiles of riverbed elevation
and channel width with fieldwork Locations 1-11. (C) Sediment size distribution curves at fieldwork
Locations 1 to 11.

3. Methodology

This study employs the Rainfall-Sediment-Runoff (RSR) model to understand the
characteristics of sediment transport in the Kelani River Basin. In this method, the river
network is conceptualised as a series of unit channels. A unit channel is a river segment
located between two tributaries with two inflow entry points and one outflow point, as
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shown in Figure 2. In addition, this study evaluates sediment transport rates assuming
an equilibrium condition. This section introduces these methodologies.

Basin

Figure 2. Definition of a unit channel.

3.1. Formulas to Evaluate the Bedload Rate and Suspended Sediment Concentration

The evaluations of the bedload transport rate and suspended sediment concentration
are keys when evaluating bedload and suspended load with rainfall runoff at a given
cross-section of the channel network in a drainage basin. First, regarding the bedload
formulas, there are three types, such as the 3/2-power of non-dimensional bed shear stress
like Mayer—Peter and Muller’s formula [28], the 5/2 power of non-dimensional bed shear
stress like Brown’s formula [29], and the intermediate between the two. The bed load rate
computed by the 3/2 power type formula does not depend on sediment particle sizes, and
the 5/2 power type formula gives the transport rate that increases proportionally with
the decrease in sediment particle size. We adopt the 5/2 power type, which makes it easy
to evaluate the sediment sorting processes and apply Egashira et al.’s equation [30,31],
which is derived by applying the constitutive relations of the water—sediment mixture to
the bedload layer.

o = 4/15K3K2/ [ fr + fat2/? (1)

where Ky = 1/cos61/tan¢ — tanf, Ky = 1/c¢s, ff = 0.16, and f; = 0.0828(1 — e?)(o/p)ct/3.
gp« is the non-dimensional bedload rate defined as Dosqy/ /(e 7p—T)g” © 19 the non-
dimensional bed-shear stress defined as T = hi/(c/p —1)d, (i is the energy slope),
6 is the bed slope, ¢ is the internal friction angle of sediment particles, & is the thick-
ness of the bedload layer, & is the flow depth, ¢s is the sediment concentration of the
bedload layer and approximated by ¢ = c¢/2 (c is the sediment concentration of the station-
ary layer), e is the restitution, ¢ is the mass density of sediment particles, and p is the mass
density of water. For simplicity, using the values and conditions such as cosf = 1, tanf < 1,
cs=¢/2=026,0/p=265e=085 2 =34°, and K = 1/cs = 3.85 ((1 —hs/M)V2 =1),
Equation (1) can be simplified as

Gpu = 44T 2

This simplified formula is applied to the bedload computations later.

On the other hand, for suspended sediments, if the erosion rate of the bed material in
unit time and unit area and the deposition rate of suspended sediment on the riverbed can
be reasonably formulated, the following convection equation can be used to evaluate the
suspended sediment concentration.

och/ot+1/BocvB/dx = E—D 3)

where c is the cross-sectional average concentration of suspended sediment, & is the flow
depth, v is the cross-sectional average velocity, B is the flow width, E is the entrained
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sediment volume in unit time and unit area, and D is the deposition sediment volume in
unit time and unit area.

In evaluating E, most research has employed the idea that the settling sediment volume
should be balanced with the upward transporting sediment volume due to turbulent
diffusion. This study employs the method developed by Harada et al. [32], taking into
account the non-equilibrium characteristics of the suspended sediment, in which the
entrainment rate is formulated by considering that the suspended sediment originates from
the entrainment of the bedload layer. This is expressed as follows.

E = Wecs 4)

where W, is the entrainment velocity which they evaluated using the result obtained from
the flume tests on density-stratified flows [33].

W, /v = K/R;,, (Ri*(cr/pfl)fsgh/ U2> ©

where R;, is the Richardson Number, K = 0.0015. In addition, the deposition rate of the
suspended sediment is assumed to be applicable.

D = wyc (6)

where wy is the fall velocity of the suspended sediment. Harada et al. obtained an ex-
pression of the equilibrium concentration of the suspended sediment using the relation of
E = D and Equation (4):

ce =K/(c/p—1)v/woF?, (Fr = vA/gTz) )

where F, is the Froude Number.

In the computations by rainfall runoff and sediment runoff (RSR model), Equation (2)
for the bedload and Equation (3) together with Equations (4) and (6) for the suspended load
are employed. In addition, we compute the suspended load using Equation (7) assuming
that an equilibrium transportation is accomplished in comparison to the results obtained
from the RSR model. The formulas illustrated in Equations (2) and (3) and associated
formulas, and Equation (6) are modified when we apply them to non-uniform sediment.

3.2. Sediment Transport Rates with RSR Model

The RSR model evaluates rainfall-runoff processes for each cell in a Cartesian grid
system, whereas sediment transport processes are evaluated using the unit channel model,
as illustrated in Figure 2.

The unit channel features two entry points at the upstream junction (x;, y;) and a single
exit point at the downstream junction (x;;1). The continuity equation for the water flow is
as follows,

ohj/ot =1/B;L;[Q(x;) + Qi) — Q(xiy1) + gis1L;] (8)

where, hj, Bj, and L; represent the flow depth, width, and length of the unit channel
j, respectively, ¢ denotes time, g;;1 is the lateral inflow discharge per unit length into
the unit channel, and Q is flow discharge which is determined using a kinematic wave
approximation which is expressed as Q =, where 1 is Manning’s roughness coefficient, i is
the bed slope, h is the flow depth, and B is the flow width.
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The convection equation for the transport of suspended sediment in the unit
channel j is,

ohci(xiq1)/0t = (1/ BiLj){csi(xi)Q(xi) + csi(vi) Qi) — csi(xip1) Q(xi1) }

9
—Dygi(xi11) + Esi(xi11) 2

where c; is the suspended sediment concentration for the sediment size class i, c; is the
sediment concentration for the sediment size class i, D; is the deposition rate of the
suspended sediment for the sediment size class i which is given by Dy; = w,;c;, where w,;
is the settling velocity of the sediment, Eg; is the erosion rate of the suspended sediment
for the sediment size class i, which is given by E;; = W, fyic, [34], where f}; is the fraction
of the sediment size class i, ¢; is the sediment concentration of the bedload layer, and W,
is the entrainment velocity, which is given by W, /v = K/R;, [33], where R, is the overall
Richardson number given by R;, ;/,_1)c,gn/02, ¥ is the spatial average velocity, and K is
consistent with its definition in Section 3.1.

The mass conservation equation for the bed sediment in the unit channel j is as follows,

0Zy/9t = (1/(1 = A))Y_[(1/ BiL;) {Qui(xi) + Qui(vi) — Qui(xi41)} + Dsi(xit1) — Esi (Xi41)] (10)

1

where Zj, is the riverbed elevation, A is the porosity of the bed sediment, Qy; is the bedload
rate for the sediment size class i, which is determined by Egashira et al.’s formula given
by qp.i = 4.4piTl5/ 2, where g;,; is the non-dimensional bedload rate in unit time and unit
length for the sediment size class i, and T; is the non-dimensional bed shear stress for the
sediment size class i. The bedload rate per unit time and unit length for the sediment size

class i is denoted by g;,;, which is calculated by gy = qp.iv/(0/p — 1)gd3.
The temporal changing rate of sediment grain size fraction for the surface layer for the
sediment class i is as follows,

oP; /ot = (1/(1 — A)6B;L;) { Qpi(xi) + Qui(yi) — Qui(xiy1)} + Dsi(Xiy1) 1)
—Egi(xiy1) — (92 /0t)(fi/ 9)
Pip when dz /ot <0
piwhendz /ot > 0
pi is the fraction of the sediment size class i, J is the depth of the surface layer, which

where Zi\] pi=1, fi=

is the exchange layer or bedload layer, and p;; is the fraction of the sediment size class i in
the second layer underneath the exchange layer.

The RSR model is prepared for the Kelani River Basin utilising the 15-arc HydroSHEDS
Digital Elevation map, with rain gauge data from seven locations as presented in Figure 1A,
establishing the initial sediment distribution as illustrated in Figure 1C, and incorporating
upstream boundary discharge at Kithulgala using the observed streamflow data. River
geometry is defined in relation to the upstream contributing area: Channelwidth = 1.8A%°
and Channeldepth = 5A0‘05, where A represents the upstream contributing area in kmZ. In
the present study, the sediment supply at the uppermost unit channels is not considered.
The variables utilised in the RSR model include a mesh size of 500 m, a specific gravity of
sediment (¢ /p) of 2.65, and 12 sediment size classes. The calibrated Manning’s roughness
coefficient of the river, and the equivalent roughness of slope, soil depth, soil porosity, and
saturated hydraulic conductivity are 0.04, 0.85, 1 m, 0.4, and 0.09 m/s, respectively.

The model calibration and validation were carried out for the flood events that oc-
curred in May 2016, May 2017, and May 2018 using the hourly sediment data at the
Ambatale Water treatment Plant, which is the only location where hourly sediment is
monitored in the Kelani River. Additionally, hourly streamflow data at Location 9, which is



Water 2025, 17, 1683

8 of 18

located in the middle region of the watershed, was utilized due to its data availability, ease
of validation, and data quality such as no backwater or tidal effects. Figure 3 shows the
calibration and validation results for the RSR model. Figure 3A compares the simulated
flood hydrograph calculated using the RSR model with the observed discharge at Location
9 for the 2016, 2017, and 2018 flood events. Figure 3B depicts the simulated suspended
sediment concentration compared with the measured suspended sediment concentration at
the Ambatale water treatment plant during the aforementioned flood events. The observed
hourly sediment concentration data at the Ambatale water treatment plant is based on
hourly turbidity measurements taken using the portable turbidity meter HACH 2100 P by
the National Water Supply and Drainage Board. The relationship between turbidity (in
NTU) and the total suspended solids concentration (in mg/L) is described by the linear
regression equation y = 3x + 3, with a Pearson correlation coefficient of 0.63, based on
the observed turbidity and total suspended sediment concentration measurements during
2016-2020 by the National Water Supply and Drainage Board. As shown in Figure 3A,B, the
RSR model demonstrates an accurate prediction in terms of flow discharge and suspended
sediment concentration. Figure 3B shows that the calculation results underestimate the
peak sediment concentration for the 2016, 2017, and 2018 floods. This is likely attributable
to the removal of temporary sandbags barrier at the Ambatale water treatment plant, which
are typically used to prevent saltwater intrusion during the dry season. The Mean Error
(ME), Root Mean Square Error (RMSE), and Pearson correlation coefficient (R?) for the sim-
ulated flood hydrographs and sediment concentrations for the 2016, 2017, and 2018 floods
are presented in Table 1. The results confirm that the model’s performance is satisfactory.

104 - 4 - 4

é 2016 - Location 9 - 10 2017 - Location 9 10 2018 - Location 9

Q === Observe 2 w

) 2 —— > === Observe

P € Observe 2

= ——RSR model = —LRSRmodel | £ ——RSR model

2 10 'l N ©103 ] 1 5103

c ¥ IS ! o2 S

5 i 5 / S vAS

2 Wil = 2 71 2 nof™

S NN ° T g ‘7\\ 2

102 . 102 l 102 .
200 400 600 0 200 400 0 200 400

B Time (hours) Time (hours) Time (hours)

1072 1072 1072

S 2016 - Ambatale S 2017 - Ambatale IS 2018 - Ambatale

S S S

.- € €

91073 === Observe 21073 21073 ;

§ ) ——RSR model % A ==FObserve 2 -=-~ Observe

8 n‘ ) S "l \ = RSR model 3 ——RSR model

c10-4""r"| A\ 104 !\ 104

£ MVOE E : g10

5 £ 4 £
§ ¢ 3 L US| 3
10-5 I 10-5habt N 10-5 | W
200 400 600 0 200 400 0 200 400
Time (hours) Time (hours) Time (hours)

Figure 3. (A) Simulated flood hydrograph, (B) Simulated sediment concentration by the RSR model
with observed data for the 2016, 2017, and 2018 flood events.

Table 1. Mean Error (ME), Root Mean Square Error (RMSE), and Pearson correlation coefficient (R?)
for the simulation results by the RSR model.

Performance Indices ME RMSE R?
e Flood hydrograph
Flood in 2016 —95 192 0.95
Flood in 2017 —58 122 0.94
Flood in 2018 —76 212 0.85
e Sediment concentration
Flood in 2016 —32x107° 8.5 x 10° 0.66
Flood in 2017 2.0 x 1075 82 x 107> 0.68

Flood in 2018 —3.6 x 1075 6.9 x 107° 0.67
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4. Comparison of Sediment Transport Estimations with No Bed
Variations and the RSR Model

4.1. Sediment Transport Rates

This section compares the sediment transport estimations with no bed variations and
the numerical simulation results obtained by the RSR model. In this context, Case 0 refers
to sediment transport estimations with no bed variations, while Case 1 represents sediment
transport estimations by the RSR model. The Case 0 sediment transport estimation with
no bed variation utilises observed discharge hydrographs at Locations 7 and 9 and the
observed average upstream and downstream sediment grain size distributions in Figure 1C
for the estimations. The bed slope at Location 7 (downstream) is set to 0.000055 with a flow
width of 80 m. At Location 9 (upstream), the bed slope is set to 0.0005, and the flow width
is 60 m. In Case 1, the RSR model considers sediment transport throughout the entire basin,
whereas Case 0 sediment transport estimations with no bed variations assume that the
sediment size distribution remains constant over time. The difference between Case 0 and
Case 1 represents the non-equilibrium of the sediment transport processes.

Figure 4 compares the bedload and suspended load rates for Cases 0 and 1 during
the 2016 and 2018 flood events at Locations 7 and 9 to understand the sediment transport
rates at both upstream and downstream locations. Location 7 is the most downstream
streamflow gauge, where hourly streamflow data can be obtained, while Location 9 is
situated in the upstream reach. Both locations are adjacent to hourly streamflow gauges.
As shown in Figure 4, the bedload transport rate at Location 9 (upstream) is 18 and 3 times
higher than that at Location 7 (downstream) for Case 0 and 1, respectively. This difference
is attributed to the steeper bed slope at Location 9 than at Location 7, as illustrated in
Figure 1. The suspended transport rates obtained in Case 0 are 15-25 times higher than
those obtained in Case 1 for all cases. This difference arises because Case 0 assumes
a constant sediment size distribution, whereas Case 1 considers factors such as sediment
inflow from upstream and bed material coarsening. This suggests that incorporating such
non-equilibrium transport processes is important for rivers such as the Kelani River, where
suspended sediment transport is dominant.

4.2. Sediment Grain Size Distribution

Figure 5 compares the calculated sediment size distribution for Case 1 (i.e., the RSR
model results) with the observed sediment size distribution at Location 8. Location 8 was
selected to analyse the sediment grain size distribution due to its location between Locations
7 and 9, which were utilized for the estimation of sediment load rates for both downstream
and upstream areas, and the field-measured sediment grain size distribution data availability.
Additionally, sediment distribution at Location 8 can be influenced by the sediment supply
from hillslopes at the ul, u2, and u3 unit channels in the later part of this study. The computed
results are presented for the bed surface, bedload, and suspended load at Location 8, at both
peak discharge and the initial condition. It is interesting to note that while the sediment size
distribution of the bed surface at peak discharge shows an approximately 34-43% reduction in
mean diameter relative to the initial condition, the sediment size distributions of bedload and
suspended load closely resemble the observed values at Location 8 with a difference in mean
diameter of less than 40% for the 2016 flood event and 15% for the 2016 the 2018 flood event,
respectively. Here, the mean diameter is defined with reference to Folk and Wark (1957) [34].
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Figure 4. Comparison of Cases 0 and 1 for the bedload transport rate at Location 7 (downstream) and
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Figure 5. Sediment grain size distribution of bed surface material, bedload material, and suspended
material for Case 1 with field measurement and initial condition of the calculation at Location 8.

5. Influences of Sediment Supply from Upstream Hillslopes

Figure 3 shows that in Case 1, the RSR model with no sediment supply from the
end of the most upstream unit channels demonstrates good agreement with the observed
data in terms of suspended sediment concentration at the Ambatale water treatment
plant. It is important to note that these data were collected near an intake weir and are
significantly influenced by conditions such as water extractions at the weir. Furthermore,
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as shown in Figure 3, the observed sediment concentrations are very low. In addition,
Figure 4 shows a substantial difference in the suspended transport rates between Case
0 (assuming equilibrium) and Case 1. These results suggest that incorporating sediment
supply from hillslopes into the channel network is crucial for understanding sediment
dynamics in the basin. Therefore, this section shows an analysis incorporating the sediment
supply from hillslopes into the channel network. Although there are several methods
for evaluating such sediment supply, this study presents a simple approach: imposing
a constant sediment size distribution in several upstream unit channels. This additional
calculation specifically aims to discuss the supply conditions that could reproduce the
current observed bed surface sediment size distribution.

As shown in Figure 6, Location 8 in Figure 1 is selected as the target location to
discuss the observed and calculated sediment size distribution. A calculation for Case 2 is
conducted with sediment supply from unit channels ul, u2, and u3.

Case 1

W no supply Case 2

Location
Location

no supply

no supply

Figure 6. Outlines of Case 1 and Case 2.

For Case 1, the inflow sediment condition of unit channels ul, u2, and u3, and the
temporal variations of the sediment store volume of the unit channel dS; /9t are

Qts,xir Qts,yi: 0/ aS]/at # 0 (12)

where x;, and y; are referred to in Figure 2. This means that the sediment supply at
the uppermost unit channels is not considered, and bed erosion occurs as sediment
transport occurs.

For Case 2, the inflow sediment condition of unit channels ul, u2, and u3, and the
temporal variations of the sediment stored volume of unit channel dS;/dt are assumed
as follows:

Qts,x,-/ Qts,y,-?’é 0, asj/at =0 (13)

This means that in Case 2, the sediment size distributions at unit channels ul, u2, and
u3 are constant in time, and bed deformation is not considered in these unit channels. This
is a simple sediment supply condition from these unit channels.

The sediment grain size distribution of the bed surface material at Location 8 in
Cases 1 and 2 is evaluated to elucidate the bed surface material composition in relation
to the sediment supply from the end of the upstream unit channels. Figure 7 compares
the sediment grain size distribution and mean diameter of the bed surface, bedload, and
suspended load material for Cases 1 and 2 during the 2016 and 2018 flood events. Figure 7A
compares the sediment grain size distribution of the bed surface, bedload, and suspended
load material for Cases 1 and 2 at the peak discharge, along with the initial sediment
grain size distribution of the RSR model and the field-measured sediment grain size
distribution at Location 8. As shown in Figure 7A, the sediment grain size distribution of
the bed surface material in Case 2 exhibits a composition of finer sediment (<2 mm) that is
4-5 times higher than that of the bed surface material in Case 1 and the initial sediment
grain size distribution of the RSR model. Furthermore, the Case 2 results more closely
approximate the field-measured sediment size distribution at this location, with a mean
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diameter difference of 0.29 mm. Both distributions are very well sorted and Leptokurtic,
with a standard deviation difference of 0.2, and a Kurtosis difference of 0.2, as referenced by
Folk and Ward (1957) [34]. These results suggest that the bed surface stratum is enhanced
due to the fine sediment supply originating from the most upstream unit channel. The
bedload and suspended materials in Case 2 exhibit an increase in finer grain sizes (<2 mm)
of 30% compared to those in Case 1. This difference is due to the presence of a greater
proportion of fine material in the bed surface form in Case 2, resulting in a finer sediment
grain-size distribution for both bedload and suspended material. Figure 7B illustrates the
temporal variations in the mean diameter of the bed surface, bedload, and suspended
materials for Cases 1 and 2 at Locations 8 throughout the flood period. As shown in
Figure 7B, the mean diameter of the bed surface material in Case 2 decreases significantly
during the flood, whereas the mean diameter of the bed surface material in Case 1 remains
coarser with less variation during the flood. The mean diameter of bedload material and
suspended load material in Case 1 increases during the flood, reaching more than 1 mm
from an initial mean diameter of 0.1 mm, while the mean diameter of bedload material and
suspended material in Case 2 remains approximately 0.1 mm even during the flood.

Temporal changes in sediment grain size distribution affect sediment transport rates.
Figure 8 compares the bedload and suspended load rate variations for Cases 0, 1, and
2 during the 2016 and 2018 flood events at Locations 7 (downstream) and 9 (upstream). As
shown in the Figure, bedload transport rates are 9-20 times higher in Case 2 than in Case 1.
Suspended load transport rates exhibit trends similar to those of bedload transport rates,
with Case 2 resulting in transport rates approximately one order of magnitude higher than
those of Case 1.

Figure 9 compares the erosion and deposition in the river channel networks during the
2016 and 2018 flood events for Cases 1 and 2. In both cases, the downstream channels show
deposition trends, whereas the upstream channels show erosion trends. The main channel
exhibits a significant sediment deposition trend in its downstream reach, particularly
downstream of Location 7. This is attributed to the notably milder bed slope in this reach,
as shown in Figure 1. Table 2 presents the sediment stored volumes of channels C1 to C6,
as shown in Figure 9. It is evident that sediment stored volumes are significantly higher
in Case 2 than in Case 1, except for channel C1. This difference is attributed to the steep
terrain in the most upstream unit channel of channel C1, where the equilibrium sediment
transport is demonstrated while the adjacent unit channel is subjected to severe erosion
in Figure 9. The amount of sediment deposition in the downstream reach (channel C6) in
Case 2 increases by seven times compared to that in Case 1 for both the 2016 and 2018 flood
due to sediment supply from hillslopes.

Table 2. Sediment stored volume (m3) of channels C1 to C6.

Flood in 2018 Flood in 2016
Channel

Case 2 Case 1 Case 2 Case 1

—1,110,000 40,000 —1,000,000 1,110,000 C1
620,000 50,000 3,530,000 —110,000 C2
350,000 30,000 670,000 70,000 C3
90,000 20,000 150,000 10,000 C4
320,000 27,000 630,000 10,000 C5

1,020,000 150,000 2,040,000 290,000 Cé
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Figure 8. Bedload and suspended load rate at Location 7 (downstream) and Location 9 (upstream)
for Cases 1 and 2.
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Figure 9. Deposition and erosion amount over catchment for Cases 1 and 2.

6. Discussion

This section discusses the sediment transport processes in the Kelani River, specif-
ically the formation process of the bed material grain size distribution, by comparing
three calculation cases.

Case 0: with no bed variations and constant sediment grain size distribution.

Case 1: with no sediment supply from slopes.

Case 2: with sediment supply from slopes.

The conditions for these cases are as follows: In Case 0, sediment transport estimates
are conducted with no bed variations, uniform channel geometry width, and the sedi-
ment conditions are set to the field-measured sediment grain size distribution for both
the downstream and upstream reaches. A constant sediment grain size distribution is
maintained in the downstream and upstream reaches, with no sediment supply from the
slopes. In Case 1, sediment transport estimates utilise the RSR model, with the channel
geometry determined by the input Digital Elevation Model. Sediment conditions are set
to the calibrated sediment grain size distribution as the initial sediment grain size of the
channel bed in the river network. The sediment grain size distribution changes temporally
and spatially depending on variations in sediment transport rates, channel characteristics,
and flow, assuming no sediment supply from the slopes. The only difference between
Cases 1 and 2 is that Case 2 incorporates sediment supply from hillslopes at the ends of the
most upstream unit channels.

As shown in Figure 8, the bedload and suspended transport rates in Case 1 are ap-
proximately one order of magnitude smaller than those in Case 2. This indicates that
without sediment supply from the hillslopes, the bed sediment size distribution rapidly
coarsens, even with a single flood event. The condition in Case 2, where the grain size
distribution in unit channels ul, u2, and u3 remains constant over time, means that
the bed material transported by the flow is immediately replenished by the sediment
supplied from the hillslopes. In other words, such an amount of sediment supply, i.e.,
a sufficient amount to maintain a constant sediment size distribution in unit channels ul,
u2, and u3, contributes to the formation of the current bed sediment size distribution in the
downstream reaches.
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Regarding this formation process, it is interesting to note that in Case 2, as shown
in Figure 7, the sediment size distributions are close to the observed values, with a mean
diameter difference of less than 0.29 mm. Both distributions are very well sorted and
Leptokurtic, with a standard deviation difference of less than 0.2, and a Kurtosis dif-
ference of less than 0.2, as referenced by Folk and Ward (1957) [34] for both 2016 and
2018 flood events, regardless of the flood magnitude. This suggests that with a sufficient
amount of sediment supply, the bed material sediment size distribution is formed based on
channel conditions such as the width and slope at that location. This could be further dis-
cussed through sensitivity analysis by varying the initial bed material size distribution and
flow magnitudes.

Considering that the observed bed material sediment size distribution does not change
rapidly over time, a simplified evaluation of the sediment transport capacity using manual
calculations, as in Case 0, which assumes a constant sediment size distribution of the
observed bed material, provides valuable information for river channel management. On
the other hand, calculations for the spatiotemporal distribution of bedload transport, sus-
pended load transport, and bed deformation, as in the RSR model, also provide insights for
effective and sustainable river management and sand mining activities. Notably, as shown
in Figures 1 and 9, the Kelani River exhibits a tendency for sediment deposition down-
stream at Location 7. Therefore, analyses such as Case 2 are beneficial for understanding
measures to restore riverbed elevation and gain insights for sustainable river management
and sand mining.

7. Conclusions

This study investigates the characteristics of sediment transport in the Kelani River
Basin during floods using three different calculation methods, with a particular focus on
the formation process of the bed material grain size distribution in the downstream reach.
The conclusions are as follows:

1. The RSR model results indicate a significant sediment deposition trend in the down-
stream reach, particularly the downstream reach of Location 7. Case 2 results exhibit
bedload and suspended transport rates in the downstream reach approximately one
order of magnitude higher than those in Case 1, which does not consider hillslope
sediment supply. In Case 1, the sediment size distribution in the downstream reach
rapidly coarsens.

2. InCase 2, which incorporates the sediment supply, the bed sediment size distribution
in the downstream reach is close to the observed size distribution, regardless of the
flood magnitude. This suggests that with a sufficient amount of sediment supply, the
bed material sediment size distribution is formed based on channel conditions such
as the width and slope at that location.

3. While simplified evaluation of sediment transport capacity using manual calculations,
as in Case 0 (assuming a constant grain size distribution), provides valuable infor-
mation for river management, the RSR model offers advantages by calculating the
spatiotemporal distribution of bedload transport, suspended load transport, and bed
deformation. This provides insights for effective and sustainable river management
and sand mining activities. Therefore, analyses such as Case 2 are also beneficial for
understanding measures to restore riverbed elevation and gain insights for sustainable
river management and sand mining.
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