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Abstract 
In natural streams the flow varies from time to time, cross-sectional geometry changes and bed material is not uniform. 

Therefore, in a realistic flow-sediment transport prediction model, it is necessary to incorporate unsteady, non-uniform 

flow computation components, a sediment transport equation and a grain sorting and armouring algorithm in order to

model water -sediment movement satisfactorily.  

The non-linear coupled model incorporated with and without a grain sorting and armouring algorithm for uniform and 

graded sediments (NCM and NCMG models) were applied to real river data and some sediment routing examples were

studied. The relative merits of the models were also discussed. The Missouri river downstream of Garrison dam is 

selected as a case study to deal with the most serious problems involved within a natural river. Descriptions of this

river, the data sets used, and the results of application of the NCM and NCMG models to flow and sediment routing are

discussed in the following sections. 
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Introduction 
The prediction of changes in channel characteristics due to the construction of hydraulic structures is an important problem in 
the hydraulic engineering field.  In particular degradation downstream of hydraulic structures is a well- known problem.  The 
numerical models developed by author can be used to study such long- term channel development problems. 
  
Description of River and Data Sets 
The example, degradation in the Missouri river between the tail water of Garrison dam and Station Gauge, is 
chosen for applying the NCM and NCMG models.  The location and plan of this river is shown in figure 1. 
As reported by Chen [1973], data for the 14.5 km. long reach of the Missouri river downstream of Garrison dam, 
was prepared by the US Geological Survey during three years flooding seasons measurement (1954 to 1956).  
The data include rating curves at the tail water and at Station Gauge, the geometry and hydraulics of cross-
sections, the sediment data consisting the bed material sizes d10, d50, and d90 as well as the monthly suspended 
load at Station Gauge.    
As can be seen from the Chen report, for this river reach the measured bed level was available only for 8 months 
after operation of the Garrison dam.  The bed material in this river reach consists of mixed grain sediment 
though not well graded [Table 1].  Two models NCMG and NCM incorporated with and without a grain sorting 
and armoring algorithm were applied to this river and their performances were compared.  It was thought 
interesting, even with the comparative lack of grading, to compare these models and assess the importance of the 
grading algorithm in the degradation process.  Details of the data taken from Chen are as follows: 

 

Channel characteristics 
As reported by Chen, the experimental 14.5 km long reach downstream of Garrison dam to Station gauge (Fig.1) 
was divided into seven sub-reaches.  The hydraulic properties of the seven sections along the channel are given 
in table (1).  The data include bed roughness (Manning’s n), width of channel, depth of water, and bed slope at 
different sections downstream of the dam.  The upstream flow hydrograph (Fig.2) as well as the rating curves at 
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the tail water and Station Gauge were provided.  These data, although limited, have been the subject of many 
researches.   
The results of numerical calculations obtained by the NCM and NCMG models are also compared with the Chen 
model.  The Chen model, is one-dimensional the three basic equations of sediment continuity, flow continuity 
and momentum for sediment-laden water are solved in a coupled way using a linear implicit finite difference 
scheme.  The model was developed for uniform sediments without incorporation of an armoring algorithm.  
Details of the model can be seen from ref. [4].  
  
Table 1 Channel characteristics and the initial values for depths and bed slopes, Station Gauge below Garrison dam, 

Missouri river {after Chen [1973]} 

Nodes 1-Tail-
Water 

2 3 4 5 6 7 Station 
Gauge 

Dist. D/S (km) 0.0 2.0 4.2 6.8 9.2 11.6 14.5 
Manning's n 0.018 0.02 0.028 
Width (m) 460 460 290 290 300 480 480 
Bed slopes 0.00006 0.0003 0.00035 
Depth (m) 1.00 1.00 1.4 1.4 1.52 1.1 1.1 
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Figure 1 Map and location, Missouri river below Garrison dam flow–sediment studies 
 
Initial and boundary conditions 
The initial discharge for every section was taken as 426m3 (base flow in December 1953).  The initial depths of 

flow and bed slopes are presented in table (1).  One upstream boundary condition was defined by the 1954 
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discharge hydrograph (fig. 2), and another boundary condition, for bed level at the upstream was defined by Eq. 

1, where input sediment was assumed as zero. 

ΔAd (1) = (Qsu - Qse) Δt /[c Pw  p Δx]  (1) 

Where, Qsu is the upstream sediment input [this is taken from the upstream inflow sediment hydrograph] and Qse, 
the equilibrium sediment load as calculated by the sediment load formula.  Pw, is the upstream wetted perimeter.  
The value of c was assumed to be 1.0 [this is assumed in such away that cΔx represents a physically reasonable 
distance to avoid computational problems at the first computational point. 
The downstream boundary condition was defined by the Manning's equation. 
 

 
 

Figure 2 predicted flow discharge compared with measured after 200 days operation. 
 

 
Sediment characteristics  
The sediment data adopted herein, taken from Chen, are limited to the original and final bed size distribution at 
the downstream, 8 months after the operation of the dam.  These are used for comparing the performance of the 
numerical prediction.  6 different size classes with different fractions, as used by Chen, were used in this study.  
These are shown in table 2.  From the report prepared by Chen, the available sediment data are sand size material 
with particle sizes of d10, d35, d50, and d90 as 0.15, 0.2, 0.3, 0.5 mm respectively.  The sediment uniformity index 
is about 2.1, and the value of sediment porosity, p, was taken to be 0.56. 
 

Table 2 Missouri river bed size distribution 
Sed.dia. (mm) 0.1 0.2 0.5 1.0 2.0 2.5 
% Finer (original bed) 8.0 36. 93. 98. 99.5 100. 
% Finer Measured (after 8 months) 4.0 26. 91. 96. 98. 99.5 

 

Lateral flow  
The lateral discharge was estimated from ql = -0.03 Q/L, as given by Chen, where L is the length of the reach. 

 

Frictional slope: 
For conditions in a river or natural stream, estimation of roughness values at different sections along the reach is 
not an easy task.  For instance, in the Missouri river, cross-section changes, flow and sediment conditions vary 
from one section to another so the resistance of the river bed, calculated from an equation varies along the 
channel.   
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Manning's formula was used to estimate the frictional slope. Different roughness values for the upstream and 
downstream portion of the reach were taken from Table 1 for friction calculations. These roughness values, 
α=0.018, α=0.02, 0.028 were used in numerical calculations for the specified reach lengths as given in Table1. 

Sediment Loads: 
Any standard sediment transport formulae can be applied for calculating sediment discharge in the NCMG 
model.  Accurate prediction of the sediment load in a mathematical model is very important. The accuracy of 
evaluating the degradation in this study can therefore depend on application of a reliable sediment transport 
formulae for calculating sediment discharge. In this study the modified Ackers-White formula [1973], and a 
simplified sediment transport equation [Eq. 2], were employed for comparison. Eq. 2 was used with the 
parameters, α1=2.7 x 10-8, β1=3., γ1= 2., initially estimated by comparison with the Ackers-White formula for a 
given effective size of d35=0.2 mm. 
 

QS = α1 Q(Q/A)β1 y /dm
γ1  (2) 

In this equation, Q is in m3/s, A is in m2, y is in m, and dm is in m. 

Routing of Graded Bed Material 
In this example, for a river downstream of a dam it was assumed that;  
i) The sediment was completely arrested by the dam,  
ii) The river- banks were not erodible, [this is the case for the steady flow in the U/S released from the 
dam without putting sludge into the reach], 
iii) The bed material characteristics are affected by the degradation [predicted by NCMG model]. 
Figure 2 shows the predicted and measured discharge hydrographs over a period of 8 months, at Station Gauge. 
The predicted results agree well with the measured one. 
In figure 3 the calculated bed level changes for this river reach after the 1954 flood are compared with the 
measured bed and Chen (1973) results. The predicted and measured results show good agreement. However, the 
result of simulation by the NCM and NCMG models, can be further improved, if the initially selected sediment 
parameters used here are further adjusted by optimisation using real measured data.  
In fig. (3), models with and without incorporating armoring algorithm are compared. In this figure, comparing 
measured bed change results with those predicted by the NCM, NCMG and Chen models, the NCMG generally 
performs better than the NCM and Chen models. When free-sediment water is released from reservoir 
downstream of a dam, bed erosion is generally expected.  This is captured by the NCM model before 
incorporating it with a grain sorting and armoring algorithm.  When the NCMG model is applied, it confirms that 
the NCM model needs to be incorporated with a grain sorting and armoring algorithm, clearly, even with this 
poorly graded material, the effect of grain sorting is significant in reducing the erosion downstream of the dam.   
Comparing the NCM and Chen result in Fig. (3), Chen has not determined the large erosion expected probably 
because of the following reasons; 
• The Chen model is a uniform sediment transport model, 

• The sediment transport formula used in the Chen model is different from the NCM and NCMG, 

• Chen used the Toffaleti [1958] sediment transport formula, which seems to be more suitable for 

uniform sediments, in his sediment transport predictor a mean diameter of d50, was used, which did 

not predicted suspended and finer particles accurately for this particular case.   

• Moreover, the Chen results differ from the NCM and NCMG because the Chen model is linear i.e. it 

uses a linear implicit finite difference solution.  

• In linear models the high order and nonlinear partial differential terms of the governing equations 

are approximated linearly which can lead to errors for real river problems with relatively widely 

varying flow and sediment conditions. 
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• Also in the Chen model, a fixed value of the space weighting factor φ = 0.5 is considered. This is a 

centered implicit scheme model, which is suitable for fixed bed channels but may not be suitable for 

moving bed channels. 

• Furthermore, Chen generally underestimated bed erosion, because in this particular case study, the 

bed is poorly graded. A major part of the bed is fine sand which is likely to be washed and moved 

within the water, fine particles washed away or transported in suspension is not counted for bed load 

erosion, thus the bed load formula used underestimated bed erosion.   

Over all, it is expected that a model applied to the case of erosion downstream of a dam would handle variable 
flow, non-uniform bed material, and simulate bed degradation and armoring.  The results of the comparison 
(Fig.3) confirm that a nonlinear method of solution (NCMG model) incorporated with grain sorting is 
advantageous. 

 
 

 
 

Figure 3 predicted bed level changes compared with measured along Missouri river. 
 
Discussion 
In this paper the following conclusions are reached concerning application of different models as discussed as 
above to real river situations.   
Flow and graded sediment routing, sorting and armoring algorithms were applied satisfactorily to two different 
natural rivers.  As can be seen the flow and sediment characteristics in the Missouri river is broadly variable, for 
instance the flow discharge in the Missouri varies from 100 to 1100 m3/s [Fig. 2].  Also a wide difference can be 
seen in the size and grading of the bed materials.  The Missouri river bed consists of sand size (0.1-2.5 mm) with 
d50 equal to 0.25 mm, and uniformity index equal to 2.1, models thus worked for different bed materials.   
The measured size distributions show that the bed sediment for this river is graded and hydraulic sorting of the 
bed material can occur due to preferential transport of finer sediments. 
The proposed grain sorting and armoring algorithm, and the assumed active layer thickness for determining the 
natural river bed degradation and bed gradation were shown to give encouraging results in terms of bed level 
changes and sediment sorting. 
The Ackers-White formula has been shown to be one of the best available to predict sediment transport in both 
laboratory and real river situations. For Missouri, however, a simpler relationship (Eq. 2) is also worked. It has 
been shown that, with the parameters in Eq. (2), chosen by comparison with Ackers-White, the performance of 
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the two equations is similar.  Thus equation can be used with correctly optimized parameters, in particular for 
real river situations. 
Overall, selection of an appropriate numerical sediment routing model incorporating the grain sorting and 
armoring algorithm for a particular application, depends upon the variability of flow, depth and sediment 
material characteristics as well as the influence of the boundary conditions.  The NCMG model, applied to 
Missouri river predicted reasonably good results. 
Comparing the performance of the NCMG, with the Chen model, applied to a real river data, a good 
improvement is achieved in the sediment transport modeling, though, generally, the reliability of the data sets 
used in a numerical model is not certain.  Chen (1973) reported that his model results compared with the 
measured one, showed a deviation of more than 50% in sediment transport and bed level prediction.  Deviation 
for NCMG results as compared with the measured values for Missouri river studied here is less than 30%. 
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