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Abstract: In this study, a new empirical equation was established to predict the sedimentation 
volume resulting from the construction of a multipurpose weir or low-head dam. The study 
employed a one-dimensional numerical model (STAFF) to investigate the key parameters affecting 
sedimentation volume. Short-term predictions were conducted through laboratory experiments 
with movable bed, and the results indicated that dimensionless unit stream power and the Shields 
parameter exhibited the most significant correlation with dimensionless deposition volume. Using 
a multiple regression approach, an empirical equation was formulated and validated for predicting 
sedimentation in the upstream reservoir of the weir. 

Keywords: sedimentation volume; laboratory experiments; unit stream power; shields parameter; 
empirical equation 

 

1. Introduction 

The dredging of river channels has been a common practice in the construction of low-head 
dams and multi-purpose weirs, where these hydraulic structures are designed to manage water flow 
and sediment movement patterns. However, such installations have led to significant alterations in 
the flow patterns of rivers and the transport of sediments. As a consequence, changes in 
sedimentation and erosion patterns within the river channel have become apparent. Over the 
medium to long term, this has resulted in modifications to the characteristics of the riverbed material, 
the cross-sectional shape of the river, and the slope of the riverbed. Furthermore, the management of 
water levels and flow control associated with multi-functional weirs have introduced an additional 
factor known as the backwater effect. This effect gradually gives rise to the formation of a reservoir 
delta. The reservoir delta is a distinct landform that emerges from the rapid deposition of sediment 
transported downstream, particularly in areas where water depths are higher, and flow velocities 
slow down due to the influence of hydraulic structures such as dams and weirs, which induce 
backwater conditions [1,2]. Reservoir deposition changes through a very complex process depending 
on sediment discharge generated from the river basin, transportation capacity, bed form, etc. In 
particular, it is mainly influenced by flood frequency, reservoir topographical characteristics and 
operation, cohesion capacity, density flow, and land use changes, and should be analyzed taking into 
account dead zone, trap efficiency, hydrograph of upstream, sediment discharge [3]. The 
topographical features of a reservoir delta typically consist of three key elements: a topset bed 
composed of coarse pseudo-particles, a foreset bed forming a steep slope, and a bottomset bed 
characterized by silt or fine particles. The formation of this reservoir delta occurs when sediment-
laden water from upstream meets the reservoir, causing a sharp reduction in flow velocity. This 
phenomenon results in a decrease in the effective storage capacity of the reservoir and an increase in 
the flood level of the river, thereby aggravating flood damages during the rainy season [3]. While in 
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the short term, a reservoir delta may not bring about significant topographical changes, its long-term 
effects can be substantial. These effects include a notable reduction in the cross-sectional area and 
storage capacity of the river, leading to issues such as the expansion of flood inundation and a decline 
in the reliability of stable water supply. Moreover, the sedimentation of reservoirs poses a threat to 
the safety of river embankments and hydraulic structures, impacting the operation and management 
of river facilities. Globally, it is well-documented that the storage capacity of dams decreases at an 
annual rate of approximately 0.5 to 1.0% due to sedimentation [4]. Additionally, Toniolo and Parker 
[5] have analyzed that the presence of reservoir deltas causes an annual decrease of about 1% in 
reservoir capacity [5]. 

In recent years, there has been a growing focus on issues related to reduced storage capacity due 
to sediment deposition and increased flood levels. Numerous researchers are actively investigating 
these challenges. Research into numerical modeling approaches for studying sediment deposition in 
natural rivers can be categorized based on the dimensionality of the numerical models employed. 
Among these approaches, 3-D numerical models are often employed to examine short-term 
variations in the movable bed, particularly in the vicinity of hydraulic structures such as piers, 
upstream of outfalls, and directly downstream of multi-purpose weirs. While these models are 
valuable for short-term predictions, conducting long-term predictions for relatively long-term 
periods demands substantial effort and time. To develop effective sediment management plans for 
areas upstream of weirs, it is imperative to comprehend the deposition mechanisms of reservoir 
deltas. Various empirical research methods and numerical analysis techniques have been employed 
to predict sediment deposition upstream of dams or reservoirs. Wright and Coleman [6] conducted 
field research along the Mississippi River in the United States, categorizing reservoir delta shapes 
into distal bars, bar backs, bar crests, and bar fronts.  

Soni et al. [7], Hotchkiss [8], and Hotchkiss and Parker [9] conducted mathematical model 
experiments and numerical analyses to evaluate the applicability of one-dimensional numerical 
models for sediment transport. One-dimensional models for bed elevation change were well-suited 
for conducting numerical analyses over extended time periods [1,10–12]. Fan and Morris [13,14] 
analyzed data collected before and after flood events, as well as discharge-related data, with a focus 
on bed elevation changes in the Sanmenxia Reservoir within the Yellow River basin of China. Ahn et 
al. [15] utilized a one-dimensional model, GSTARS, to predict reservoir sedimentation and evaluate 
changes in riverbed conditions pre- and post-discharge events. This research collectively contributes 
to our understanding of sediment dynamics and hydraulic behavior in river systems. Choi [16] 
implemented laboratory experiments with mobile bed and validated empirical equation to predict 
sediment deposition. 

Within the realm of sediment deposition in reservoirs, several experimental and field studies 
have provided valuable insights. In an experimental context, KanToush et al. [17] conducted 
hydraulic experiments and numerical analyses to investigate deposition in channels with rectangular 
cross-sections. Gökçen and Güney [18] carried out hydraulic experiments and subsequently applied 
previously established empirical equations to assess their impact on sediment transport, thoroughly 
analyzing the key influencing parameters. Matthieu et al. [19] developed an empirical equation by 
scrutinizing the relationship between reservoir deposition and critical parameters, including channel 
width, dimensionless length, and water depth, through hydraulic model experiments. Souza et al. 
[20] explored the prediction of deposition mechanisms via a combination of mathematical 
experiments and numerical analysis. Notably, there has been a growing expansion of numerical 
analysis studies in tandem with advancements in computing resources [21]. Moreover, efforts to 
enhance our understanding of the time series patterns associated with sediment transport 
mechanisms have been underway. This includes the application of neural network and machine 
learning technologies, as evidenced by the work of Latif et al. [22]. These endeavors collectively 
contribute to the ongoing refinement of our knowledge within the field of river mechanics and 
hydraulics. 

The primary objective of this research is to investigate the volume and spatial distribution of 
sediment deposition upstream of a weir through experimental studies. The study aims to examine 
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the relationship among key parameters such as sediment particle size, bed slope, flow velocity, and 
water depth, which interactively influence sediment deposition mechanism. To achieve this goal, a 
one-dimensional numerical analysis model was employed to analyze these parameters, ultimately 
leading to the derivation of an empirical equation for predicting sediment deposition volume. The 
developed equation was rigorously tested and validated against experimental results to ensure its 
accuracy and reliability. 

2. Theoretical Backgrounds 

2.1. Reservoir Delta Theory  

Backwater forms in reservoirs located upstream of hydraulic structures, such as dams or multi-
purpose weirs, which serve various functions like flood control and water supply. When the flow 
entering into this backwater section increases, it results in an expansion of the passage area and a 
subsequent decrease in flow velocity and turbulence. Consequently, the sediment transport capacity 
decreases, causing sediments from upstream to settle at the reservoir's bottom. In this process, coarser 
sediments, such as gravel and sand, tend to preferentially deposit at the reservoir inlet, gradually 
forming what is known as a reservoir delta. On the other hand, fine particles like silt and clay pass 
through the reservoir delta in the form of density flow and subsequently settle within the reservoir. 
It's worth noting that if the inflowing sand from the basin contains a significant proportion of fine 
particles, the impact of fine particle deposition due to density currents on the reduction of reservoir 
capacity may not be substantial.  

Sediment deposition within the reservoir occurs gradually over a specific period during the 
operation of a weir or dam. As the river's flow diminishes, coarse materials accumulate in the 
impounded water, primarily in the upstream section of the reservoir. The transportation of bed load 
is driven by the movement of water waves. In this study, the concept of a reservoir delta, as depicted 
in Figure 1, is introduced to analyze the behavior of the reservoir delta upstream of the weir in 
response to the presence of a multi-purpose weir [23]. 

 

Figure 1. Schematic diagram of reservoir delta deposition at the upstream of weir gate. 

Variables in Figure 1 are defined as follows: Ad represents the sediment load amount per unit 
width, and Ld indicates the distance from the main body of the multi-purpose weir to the starting 
point of the reservoir delta. To analyze the behavior of sediment particle erosion and deposition, 
dimensionless variables were introduced, as illustrated in Figure 2. 
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Figure 2. Schematic diagram of reservoir sedimentation and dimensionless. 

In Figure 2, the concept of VS/ω is an extension of VS (Unit Stream Power) originally proposed 
by Yang [24]. It represents the rate of energy dissipation of water per unit weight divided by the fall 
velocity (ω) of sediment particle. And V and S denote the flow velocity and the river bed slope, 
respectively. U*/ω represents the ratio of the friction velocity applied to sediment particles and the 
fall velocity acting in the direction of gravity, and the delivery and deposition of sediment particle 
can be determined according to U*/ω. 𝑈∗ = ඥ𝑔𝑅𝑆 (1)

𝜏∗ = 𝜏଴𝛾(𝐺 − 1)𝑑௦ (2)

where, U* = the friction velocity; g = gravitational acceleration (= 9.81 m/s2); R= hydraulic radius; τ* = 
the Shields parameter; τ0 = bed shear stress; γ= specific weight of water; G= specific gravity of 
sediment; and ds= sediment particle size. It should be noted that the Shields parameter can be 
calculated based on particle size and unit weight of sediment, and the shear velocity of the particle, 
as previously defined by Shields [25]. The Shields parameter is utilized in the analysis of incipient 
motion criteria for sediment particles and the assessment of changes in riverbed morphology. It is 
defined in Equation (2) as a dimensionless variable that corresponds to the vertical axis of the Shields 
diagram.  

This study primarily focuses on the computation of one-dimensional sedimentation patterns and 
sediment deposition amounts (Ad) to examine the sedimentation pattern of a reservoir delta. To 
achieve this, a combination of numerical analysis using a one-dimensional numerical model and 
mobile bed experiments was conducted. The objective was to reveal relationships between 
dimensionless deposition per unit width (Ad/qt) and dimensionless variables such as dimensionless 
unit stream power (= VS/ω), the Shields parameter (= τ*), and U*/ω. The aim was to investigate and 
comprehend these relationships thoroughly. 

2.2. Model Description 

HEC-RAS, GSTARS, and Fluvial-12, which are widely utilized one-dimensional numerical 
simulation for bed elevation change and sediment transport modeling, employ an un-coupled 
scheme. This scheme calculates hydraulics and sediment routing processes, separately. The 
numerical analysis technique utilized in this study also employs the uncoupled scheme akin to a 
standard one-dimensional bed elevation change model. The process commences with hydraulic 
analysis, which uses defined upstream and downstream boundary conditions to compute hydraulic 
parameters such as flow velocity, water depth, bottom shear stress, and friction slope. Subsequently, 
these hydraulic parameters are employed to calculate sediment transport. Finally, bed elevation 
change can be calculated. The bed elevation change is then updated, and the model progresses to the 
next time step, repeating the same sequence of calculations. These approaches are referred to as 

flows

Deposition

(Re-) Suspension

Transport

z

d
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STAFF (Sediment Transport Analysis For Flume) model, and its detailed descriptions are given as 
follows. 

1. Flow velocity 
Using the energy equation given as follows: ℎଶ + 𝛽ଶ 𝑉ଶଶ2𝑔 = ℎଵ + 𝛽ଶ 𝑉ଵଶ2𝑔 + ℎ௅ (3)

where, subscripts 1 and 2 denote the downstream and upstream, respectively; h= water surface 
elevation; β= energy coefficient (≈ 1); and hL= energy loss. Assuming that hL is initiated by bottom 
friction, it can be expressed as the arithmetic average of the upper and lower cross sections as follows:  ℎ௅ = 12 ൫𝑆௙ଶ + 𝑆௙ଵ൯𝛥𝑥 (4)

where, Sf= friction slope; and Δx= stream-wise distance. Equation (4) can be rewritten with Equation 
(3) as: ℎଶ = ℎଵ + 𝑉ଵଶ2𝑔 − 𝑉ଶଶ2𝑔 + 12 ൫𝑆௙ଶ + 𝑆௙ଵ൯𝛥𝑥 (5)

Since this study focused on simulating the two-dimensional (stream- & depth-wise direction) 
behavior of a rectangular cross-section, the following relationship can be satisfied. 𝑉ଶଶ2𝑔 = 𝑞ଶ2𝑔𝑑ଶଶ = 𝑞ଶଶ2𝑔(ℎଶ − 𝑍ଶ)ଶ (6)

𝑉ଵଶ2𝑔 = 𝑞ଶ2𝑔𝑑ଵଶ = 𝑞ଵଶ2𝑔(ℎଵ − 𝑍ଵ)ଶ (7)

where, q= discharge per unit width; d= water depth; and Z= bed elevation from datum. Using 
Manning’s roughness equation: 𝑆௙ଶ = 𝑛ଶ𝑞ଶ(ℎଶ − 𝑍ଶ)ଵ଴ଷ  (8)

𝑆௙ଵ = 𝑛ଶ𝑞ଶ(ℎଵ − 𝑍ଵ)ଵ଴ଷ  (9)

where, n= the Manning’s roughness coefficient. Substituting Equation (6) – (9) into Equation (5) yields 𝑓(ℎଶ) = ℎଶ − ℎଵ − 𝑞ଵଶ2𝑔(ℎଵ − 𝑍ଵ)ଶ + 𝑞ଶଶ2𝑔(ℎଶ − 𝑍ଶ)ଶ 

− 12 ቈ 𝑛ଶ𝑞ଶ(ℎଶ − 𝑍ଶ)ଵ଴ ଷ⁄ + 𝑛ଶ𝑞ଶ(ℎଵ − 𝑍ଵ)ଵ଴ ଷ⁄ ቉ 𝛥𝑥 = 0 

(10)

The STAFF model calculates h2 using the Newton-Raphson method when h1 is given. 
2. Sediment load 

In this study, sediment concentration was calculated using the Engelund-Hansen formula [26]. 

𝐶௪ = 0.05 ൬ 𝐺𝐺 − 1൰ 𝑉𝑆௙ሾ(𝐺 − 1)𝑔𝑑௦ሿଵ ଶ⁄ ൤ 𝑑𝑆௙(𝐺 − 1)𝑑௦൨ଵ ଶ⁄
 (11)

where, Cw= sediment concentration by weight. Cv (= sediment concentration by volume) can be 
rewritten as follows: 𝐶௩ = 𝐶௪𝐺 − (𝐺 − 1)𝐶௪ (12)

Also, sediment discharge per unit width, qs, can be calculated as follows: 
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𝑞௦ =  𝐶௩ ∙ 𝑉 ∙ 𝑑௦ (13)

3. Bed elevation change  
Research on predicting bed elevation change according to the flow of water in natural rivers 

began when Exner [27] first introduced the continuity equation with the concept that the mass of 
water and sediment is conserved. Assuming that it is a one-dimensional flow in which the riverbed 
moves and that there is no lateral inflow, the Exner equation can be rewritten as follows: (1 − 𝑝) 𝜕𝑍𝜕𝑡 = − 𝜕𝑞௦𝜕𝑥  (14)

where, p= porosity of soil; t= time; and x= stream-wise length. Differencing Equation (14) with FTBS 
(Forward in Time Backward in Space) scheme: 

𝛥𝑍௝௞ = 𝑍௝௞ାଵ − 𝑍௝௞ = − 1(1 − 𝑝) ቀ𝑞௦௝௞ − 𝑞௦௝ିଵ௞ ቁ ⋅ 𝛥𝑡𝛥𝑥  (15)

where, ΔZ= bed elevation change; Δt= time step; and j & k= spatial and temporal index. The 
calculation procedure (hydraulic variables for steady flow, sediment load, bed elevation change) 
described in chapter 2.2.1 is shown in Figure.  

 

Figure 3. Flow chart of STAFF model calculation. 

3. Laboratory Experiments 

3.1. Dimensional analysis 

Dimensional analysis was performed to analyze the factors affecting the sedimentation amount. 
Representative factors affecting Ad are as follows: 𝐴ௗ = 𝑓(𝜌, 𝜈, 𝐻, 𝐷, 𝑆, 𝑑௦, 𝜔, 𝑔, 𝑉, 𝑈∗, 𝑡) (16) 

where, ρ= density of fluid; ν= kinematic viscosity; and D = upstream normal depth. Rewriting 
Equation (16) for performing the standard dimensional analysis: 𝐴ௗ𝑞𝑡 = 𝑓(Re, Fr, 𝜔𝑡𝐷 , 𝐷𝑑௦ , 𝑉𝑆𝜔 , 𝑈∗𝜔 , 𝜏*, 𝐻𝐷) (17)

As the experimental flow condition in this study represents fully turbulent flow, excluding the 
Re & Fr to assess the impact of viscosity on bed elevation changes, the sensitivity analysis was 
performed on the remaining six dimensionless parameters. 

  

Step I : hydraulic calculation 
derive , , , 

Step II : sediment transport rate
derive , , 

Step III : bed elevation change calculation
derive and update bed elevation ( )

Repeat until given duration ( ) 
by increasing 
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3.2. Model simulitude 

River hydraulics research can be categorized into two main types: (1) researches focusing on 
water level and flow rate within the channel; and (2) researches concentrating on sediment transport 
and bed elevation changes. The former typically employs a fixed bed model, while the latter involves 
a mobile bed model. When conducting hydraulic model experiments using a scaled-down model to 
understand the hydraulic behavior occurring in natural rivers, as is the case in this study, it's essential 
to ensure hydraulic similitude between the flow behavior in the prototype and the scaled model. 
Generally, in hydraulic experiments, Froude similitude and Reynolds similitude are the primary 
similitudes applied. However, in mobile bed experiments, achieving ideal conditions for these 
variables can be challenging due to issues such as spatial constraints and limitations in implementing 
sediment particles. Consequently, in this study, experimental conditions were devised to meet the 
similitude for sediment discharge by applying the Exner equation, which served as the governing 
equation for the analysis of bed elevation changes. 

Equation (14) can be expressed as follows: 𝛥𝑍 = 11 − 𝑝 𝛥𝑞௦𝛥𝑥 𝛥𝑡 (18)

To satisfy hydraulic similitude, Equation (18) can also be expressed with conversion ratio 
between prototype and scaled model as follows: 𝑡௥ = (1 − 𝑝)௥𝑋௥𝑍௥𝑞௦௥ିଵ (19)

where, subscript sr= scale ratio between prototype and scaled model; Xr, and Zr= scale ratios for 
horizontal and vertical direction, respectively; and qsr= scale ratio of sediment load per unit width. qsr 
in Equation (19) can be calculated through the scale ratio of qsp and qsm as follows. Sediment load per 
unit width can be calculated using the sediment transport formula proposed by Yang [28]. It was 
assumed that the amount of sediment in a river is related to the dissipation rate of the potential energy 
of water, and if the potential energy of a river decreases by Δz at Δt, its dissipation rate is as follows: 𝛥𝑧𝛥𝑡 = 𝛥𝑥𝛥𝑡 𝛥𝑧𝛥𝑥 = 𝑉𝑆 (20)

In this context, Yang [28] introduced the concept of unit stream power, defining it as the power 
of water per unit weight. Yang developed an equation using existing sediment transport data with 
unit stream power as a variable, which is as follows: log𝐶௧ = 5.435 − 0.286log 𝜔𝑑௦𝜈 − 0.457log 𝑈∗𝜔+ ൬1.799 − 0.409log 𝜔𝑑௦𝜈 − 0.314log 𝑈∗𝜔 ൰ × log ൬𝑉𝑆𝜔 − 𝑉௖𝑆𝜔 ൰ 

(21)

where, Ct= sediment concentration in parts per million by weight; Vc (= critical average flow velocity 
in incipient motion) can be calculated with following Equation (22): 

𝑉௖𝜔 = ⎣⎢⎢
⎡ 2.5log(𝑈∗𝑑௦/𝜈 − 0.06) + 0.66 ; 1.2 < 𝑈∗𝑑௦𝜈 < 702.05; 𝑈∗𝑑௦𝜈 ≥ 70  (22)

Procedure to estimate total sediment load using Yang’s formula [28] is as follows: 
- Estimate VS, ωds/ν, U*/ω from prototype and scaled model, respectively. 
- Calculate particle Reynolds number (= U*ds/ν) and Vc/ω in Equation (22). 
- Calculate Ct using Equation (21) and Qs using discharge.  

3.3. Numerical results of STAFF model 

Due to limitations in experimental conditions, numerical simulations were performed for a total 
of 2,646 conditions with respect to various discharges and sediment particle sizes in a range that 
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could not be reproduced by laboratory experiments. Figure 4 shows the relationship between Ad and 
dimensionless variables. 

a) ωt/D b) D/ds 

 
c) H/D d) U*/ω 

e) τ* f) VS/ω 

  

Figure 4. Results of STAFF model (2,646 cases). 

As shown in Figure 4, Ad/qt showed a large correlation in the order of dimensionless unit stream 
power, shields parameter, U*/ω, and D/d50. Consequently, in the laboratory experiment, it was 
decided to measure and analyze VS/ω, τ*, U*/ω, and D/d50. 

3.4. Experimental setup and measuring apparatus 

Sediment Channel-I (SC-I) is a flume of rectangular cross-section with dimensions of 78 mm in 
width, 1,550 mm in length, and 110 mm in height. This flume offers the flexibility to apply various 
experimental conditions by adjusting the slope of the flume using a slope control device, allowing 
the bed slope to closely match that of natural rivers. At the downstream end of the flume, a multi-
purpose weir model with adjustable height was manufactured and installed. It was modified to 
facilitate hydraulic model experiments in accordance with multi-purpose weir management water 
level operation (Figure 5). 

a) Side view of whole channel (schematic) 
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b) side view of channel (photo) c) reservoir tank 

Figure 5. Experimental sediment channel-I (SC-I) and its arrangement. 

The sediment channel-II (SC-II) is a flume with dimensions of 300 mm wide, 10,000 mm long, 
and 600 mm high. It was equipped with a slurry pump capable of circulating sediment particle. The 
inlet discharge range is from 0.6 to 8.0 liters per second, and similar to SC-I, the flume's slope can be 
finely adjusted in the vertical direction up to 500 mm. At the downstream part, a fixed weir model 
was installed to maintain the water level consistent. Additionally, an upstream stabilizer with 
dimensions of 295 mm in width, 600 mm in length, and 100 mm in height was installed to prevent 
unexpectedly rapid erosion of the mobile bed by the flow originating from the head tank (Figure 6). 

a) Side view of whole channel (schematic) 

 
b) Head box 

with flow stabilizer 
c) Measuring apparatus on 

the auto-traverse system 
d) Tailgate at the channel 

end and reservoir tank 

Figure 6. Experimental channel (SC-II) and setup. 

3.5. Experimental procedure and condition 

In the SC-I experimental conditions, mobile bed experiments were conducted using three 
different sediment particles (with d50 = 0.20, 0.62, and 1.20 mm). Also, ds was replaced by median grain 
size, d50 for the uniform particle. A 5 mm scale was affixed to the right glass wall of the flume, 
spanning a section of 1,550 mm. Images were captured at 30-second intervals using a Digital Single 
Lens Reflex (DSLR) camera, allowing for the determination of water surface elevation under various 
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experimental conditions through image processing. Bed elevation was also measured at each time 
step. 

In the case of the SC-II experiment, the adjustable slope system was designed to allow for slope 
adjustment within the range of 0% to 2.38%. At the downstream part, a fixed tailgate was installed to 
control the water depth. Sediment particle (d50= 0.62 mm) was used, and for each experimental 
condition, the sediment was placed at a height of 100 mm from the floor, covering a 10,000 mm section 
of the test water. The experiment had a duration of 9 minutes, and measurements of bed elevation 
and water depth were taken at five times: 1, 3, 5, 7, and 9 minutes later each. The experiment 
commenced as soon as flow was introduced to the experimental waterway, precisely when backwater 
was initiated at the downstream end [29]. 

4. Results and Analysis 

4.1. Experimental results 

Based on the experimental conditions presented in Table 1, changes in bed elevation and water 
depth over time are graphically shown (Figure 7). The initial bed profile is depicted with a bold line, 
and the upper lines without markers and the lower lines with markers represented the water surface 
elevation and bed elevation profiles for each time step, respectively. The experiment under the 
condition of d50= 0.20 mm was conducted for 4 minutes each, and bed elevation and water depth were 
measured every minute to analyze variations of them over time. The scenario in which the water 
depth at the downstream end was 20 mm and the channel slope varied from 2.2% to 3.1% led to an 
expansion of the reservoir delta by approximately 50 mm in the stream-wise direction and an increase 
in bed elevation of about 4 mm in the depth-wise direction, as depicted in Figure 7a & c. Moreover, 
in the scenario where the water depth downstream was 30 mm and the channel slope also varied 
from 2.2% to 3.1%, it resulted in the expansion of the reservoir delta by approximately 250 mm in the 
stream-wise direction and 5 mm depth-wise direction (Figure 7b & 7d). Second, in a scenario where 
H = 30 mm and values of S changes to the same as the H = 20 mm condition, the reservoir delta grows 
by about 250 mm in the stream-wise direction and 5 mm in the depth-wise direction (Figures 7b & 
7d). Through mass conservation calculations, it was confirmed that Ad increased by approximately 
3.4 times, growing from 1,500 mm2 to 5,100 mm2 as the slope increased from 2.2% to 3.1%, as shown 
in Figure 7. 

Table 1. Experimental conditions and parameters. 

Types  
No. of 

Cases 

S 

(-) 

Q  

(l/sec) 

H  

(mm) 

d50  

(mm) 
D/d50 U*/ω τ* VS/ω 

SC-I 

tests 
288 2.2-4.0 

0.215 
-0.368 

20-30 
0.20 
-1.20 

2.5 
-75.0 

0.315 
-2.456 

0.0606 
-1.1879 

0.0796 
-0.6496 

SC-II 

tests 
30 0.8-2.0 3-6 100 0.62 

25.8 
-45.2 

0.488 
-0.905 

0.1251 
-0.4301 

0.0021 
-0.0188 

 
a) Q= 0.215 l/s; S= 2.2 %; h= 20 mm b) Q= 0.215 l/s; S= 2.2 %; h= 30 mm 

  
c) Q= 0.215 l/s; S= 3.1 %; h= 20 mm d) Q= 0.215 l/s; S= 3.1 %; h= 30 mm 
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e) Q= 0.368 l/s; S= 2.2 %; h= 30 mm f) Q= 0.368 l/s; S= 3.1 %; h= 30 mm 

  

Figure 7. Comparison of delta deposition of SC-I experiments with d50= 0.20 mm. 

Temporal change of bed elevation profiles in the case with d50 = 0.62 mm were analyzed in a 
manner similar to that in the case with d50 = 0.20 mm. In other words, in the case of the minimum 
channel slope (=2.2%), the sediment deposition per unit width was calculated to be 3,450 mm2, while 
for the maximum channel slope (= 3.1%), Ad was estimated to be 7,300 mm2, which is about 3.4 times 
larger (Figure 8). 

For the case with d50 = 1.2 mm under the experimental conditions, Ad had a trend to increase by 
about 40% as the river bed slope increased by 0.2%. Notably, lower downstream water depth resulted 
in a shorter period for the creation of the reservoir delta and a quicker decline in reservoir capacity 
(Figure 9). And, in the case of the d50 = 0.2 mm series under same experimental conditions, Ad 
increased by about 1.8 times as the flow discharge rose from 0.215 l/s to 0.368 l/s. However, for the 
series with similar particle size (d50 = 1.2 mm), Ad increased by approximately 2.6 times under the 
same experimental conditions, indicating that the series with a larger sediment particle was more 
sensitive to changes in flow rate compared to the series with a smaller sediment particle (Figure 9). 
The overall relationship between Ad and Ld versus S were plotted and compared in Figure 10. 

a) Q= 0.215 l/s; S= 2.2 %; h= 20 mm b) Q= 0.215 l/s; S= 2.2 %; h= 30 mm 

  
c) Q= 0.215 l/s; S= 3.1 %; h= 20 mm d) Q= 0.215 l/s; S= 3.1 %; h= 30 mm 
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e) Q= 0.368 l/s; S= 2.2 %; h= 30 mm f) Q= 0.368 l/s; S= 3.1 %; h= 30 mm 

  

Figure 8. Comparison of delta deposition of SC-I experiments with d50= 0.62 mm. 

a) Q= 0.215 l/s; S= 2.2 %; h= 20 mm b) Q= 0.215 l/s; S= 2.2 %; h= 30 mm 

  
c) Q= 0.215 l/s; S= 3.1 %; h= 20 mm d) Q= 0.215 l/s; S= 3.1 %; h= 30 mm 

  
e) Q= 0.368 l/s; S= 2.2 %; h= 30 mm f) Q= 0.368 l/s; S= 3.1 %; h= 30 mm 
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Figure 9. Comparison of delta deposition of SC-I experiments with d50= 1.20 mm. 

a) Ad vs. S b) Ld vs. S 

  

Figure 10. Relationship between deposition rridge properties (volume and length) and channel 
slope. 

Changes in bed elevation and water depth by time step and experimental condition of the SC-II 
experiment are shown in Figure 10. In the case of Ad, it was proportional to flow rate and riverbed 
slope, similar to the SC-I experiment results. In addition, when the flow rate is fixed at 6 l/sec, the 
sedimentation amount at 1 minute after the start of the experiment is 3.27 times that of 9 minutes 
when the riverbed slope is 1.4%, but 4.53 times at 2.0%. With an increase of 0.6%, the sediment amount 
increased by about 140%. Comparing the bed slope and water depth graphs in Figure 9 c) and d) of 
the experimental results with bed slope of 1.4% and 2.0%, in the experimental condition of 1.4%, the 
backwater region is about 4.2 m away from the downstream weir body. However, at 2.0%, the 
backwater region is generated with a length of 2.4 m, making the backwater region shorter by about 
40%. Ld, the distance from the downstream weir body to the reservoir start point, tended to decrease 
by 50% as the slope of flume increased from 1.4% to 2.0%. 

4.2. Derivation of empirical equation 

The correlation analysis between Ad/qt and dimensionless parameters is shown in Figure 11 with 
the regression curves. To find the parameters with the highest correlation with Ad/qt. Statistical 
analysis was performed in Table 2. As a result, dimensionless unit stream power, Shields parameter, 
U*/ω, and D/d50 were analyzed to have the highest correlation. In this study, a nonlinear multiple 
regression method was applied to develop an empirical equation that can be used to predict the 
sedimentation behavior of upstream reservoirs. The 288 experimental result data calculated through 
SC-I cases were randomly classified into 192 and 96 terms for derivation and verification of empirical 
equation. In addition, in order to understand the statistical characteristics of the two data set, the 
range, median, and quartile values of VS/ω, Ad/qt, and τ* for each term were analyzed and presented 
in Table 3. 
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a) Q= 3.0 l/s; S= 0.8 % b) Q= 6.0 l/s; S= 0.8 % 

  
c) Q= 3.0 l/s; S= 1.4 % d) Q= 6.0 l/s; S= 1.4 % 

  
e) Q= 3.0 l/s; S= 2.0 % f) Q= 6.0 l/s; S= 2.0 % 

  

Figure 11. Delta deposition of SC-II experiments (d50= 0.62 mm; h= 100 mm). 

a) D/d50 b) U*/ω 

  
c) τ*  d) VS/ω 
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Figure 12. Relationship between Ad/qt and dimensionless hydraulic parameters. 

Table 2. Comparison of R2 between numerical modeling and experimental research for parameters. 

Parameter D/ds U*/ω τ*/ω VS/ω 

Numerical Simulation 0.8854 0.9042 0.9052 0.9451 
SC-I Experiments 0.1081 0.2002 0.2110 0.3743 

Table 3. Statistical characteristics of data sets (SC-I Experiments). 

Parameter 
Derivation Data Set Verification Data Set 

Range Mean Quartile Range Mean Quartile 

Ad/qt  0.0015-0.0142 0.0039 0.0025 0.0027-0.0085 0.0036 0.0028 
VS/ω 0.0796-0.4024 0.2200 0.1307 0.1392-0.3356 0.2176 0.1720 
τ* 0.6000-1.1879 0.1225 0.0888 0.1290-0.2346 0.1681 0.1350 

The empirical equation as a result of deriving the multiple regression analysis equation using 
192 experimental result data among the SC-I experiment data is as follows: 𝐴ௗ𝑞𝑡 = 0.024 ൬𝑉𝑆𝜔 ൰ଵ.ଵଵଵ (𝜏∗)଴.଴ସଽ (23)

In the derivation of this equation, the correlation coefficient was analyzed to be 0.91 and the 
standard deviation was 0.00071. 

The empirical equation derived in this study was verified using 96 data out of 288 SC-I 
experiment results and 30 data acquired from SC-II experiment. Figure 13 showed the discrepancy 
ratio, where the correlation can be seen through a 1:1 graph between the computed results calculated 
using Equation (23) and the measured data.  

 

Figure 13. Comparison between measured and computed results. 
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Figure 14 shows the discrepancy rates for the SC-I experiment and SC-II experiment, 
respectively. RMSE (Root Mean Square Error), MAE (Mean Absolute Error), and AGD (Averaged 
Geometric Deviation) were calculated, and the results are shown in Table 4. The SC-I data showed a 
smaller error than the SC-II data, and it was found that the SC-II experimental conditions were under-
predicted with the empirical equation. 

RMSE = ቈ෍ ൫𝑍௖௝ − 𝑍௠௝൯ଶ 𝐽ൗ௃௝ୀଵ ቉ଵ ଶ⁄
  (23)

MAE = 1𝐽 ෍ห𝑍௖௝ − 𝑍௠௝ห௃
௝ୀଵ  (24)

AGD = ቎ෑ 𝑅௝௃
௝ୀଵ ቏ଵ ௃⁄ , 𝑅௝ ቈ𝑍௖௝ 𝑍௠௝⁄𝑍௠௝ 𝑍௖௝⁄ for    

𝑍௖௝ ≥ 𝑍௠௝𝑍௠௝ ൑ 𝑍௖௝ (25)

Herein, Zc represents the dimensionless sediment deposition calculated using the empirical equation, 
while Zm represents the dimensionless sediment deposition measured through experiments. J denotes 
the number of experiments, and Rj represents the special discrepancy ratio. The verification results 
are presented in Table 4 and are derived from the analysis of the Pearson correlation coefficient. 
Accordingly, it was determined that there was a strong positive correlation. 

a) SC-I test b) SC-II test 

  

Figure 14. Discrepancy ratios for two data sets. 

Table 4. Statistical analysis for verification results. 

Experimental Case Data Set RMSE MAE AGD 

SC-I test 96 0.0007 0.0005 1.0390 
SC-II test 30 0.0039 0.0026 1.1161 

5. Conclusions and discussion 

In this study, numerical analysis and mobile bed experiments were performed to investigate the 
behavior of reservoir delta deposited upstream of weir model. Using the one-dimensional uncoupled 
numerical approach for the calculation of flow and sediment transport, six dominant factors of the 
laboratory experiment including dimensionless unit stream power, Shields parameter, ratio of shear 
velocity and fall velocity, ratio of upstream normal depth and sediment particle size were 
determined. 

From the experimental approach, it was observed that the formation and evolution of a reservoir 
delta are significantly influenced by four key factors: sediment particle size, channel slope, flow 
discharge, and downstream water depth. In particular, as the channel slope increased by 0.1%, the 
sediment deposition increased by approximately 12%. This was confirmed through both 
experimental results and predictions based on empirical equations. Under the experimental 
conditions with a channel slope of 0.8%, there was no backwater observed. However, at a channel 
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slope of 1.4%, backwater was generated, extending approximately 4.2 m. As the channel slope 
increased to 2.0%, the length of backwater tended to decrease by about 2.6 m. Nevertheless, when the 
water depth, which maintained a slope nearly parallel to the channel bed, encountered the backwater 
section, the slope abruptly decreased to nearly 0%, resulting in a rapid reduction of flow and 
subsequent sedimentation as previously revealed [30]. 

As a result of one-dimensional numerical simulation, reservoir delta was found to be 
significantly influenced by four conditions: diameter of sediment particle, bed slope, inlet discharge, 
and water depth at downstream. Correlation analysis of dimensionless sediment deposition per unit 
width (Ad/qt) and dimensionless hydraulic and sediment parameters (time, flow rate, fall velocity of 
sediment particle, unit stream power, water depth at the weir gate, friction velocity, bed slope) 
Through this, multiple regression equations consisting of dimensionless unit stream power and 
Shields parameter, which have the greatest correlation, were derived. As a result of statistical analysis 
through application of the derived empirical formula, RMSE was 0.0007, MAE was 0.0005, and AGD 
was 1.0390, indicating that the range was quite acceptable. 

In particular, sedimentation patterns were observed to differ according to the experimental 
conditions when there was significant variation in water depth. Therefore, additional research is 
deemed necessary to address issues related to reservoir capacity and potential degradation of flood 
stages. On the other hand, it was found that bed elevation changes, which vary with flow, including 
shear velocity, Shields parameter, and unit stream power based on channel slope and flow discharge 
in natural rivers, are suitable for the development of reservoir deltas. As a result of predicting the 
sedimentation amount in experiments using the developed empirical formula, there was a tendency 
for the predicted sedimentation amount to be somewhat lower than that observed in the smaller 
scaled experiments (SC-I experiment). This phenomenon can be improved through further research 
that considers changes in inlet discharge, sediment particle size, and downstream water depth using 
medium- to large-scale experimental channels. 

The empirical formula developed in this study can be employed in two future directions. Firstly, 
it can be applied for multi-purpose weirs and dams planned for construction in upcoming reservoir 
projects to predict short- and long-term sedimentation volumes in advance. This information can be 
utilized to plan for reservoir capacity and sedimentation management. Additionally, it can provide 
valuable insights into the limitations, dimensions, and requirements for related additional structures 
when constructing riverine hydraulic facilities. Notably, the empirical formula's application can 
substitute the need for time-consuming and labor-intensive long-term researches or field 
measurements when determining deposition in the reservoir delta, suggesting the possibility of using 
it for the delta deposition management and flushing. 

Secondly, the hydraulic similitude applied in this study can contribute to establishing 
experimental conditions for hydraulic experimental modeling. This will be beneficial for studying 
long-term deposition and flushing operation management methods in the future. Unlike fixed bed 
modeling, it is expected that similitude can be more easily achieved by using the method described 
in this paper for mobile bed modeling, where applying similitude is typically challenging. 
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