
Multiple Linear Regression Model for Total Bed Material
Load Prediction

S. K. Sinnakaudan1; A. Ab Ghani2; M. S. S. Ahmad3; and N. A. Zakaria4

Abstract: A new total bed material load equation that is applicable for rivers in Malaysia was developed using multiple linear regression
analyses. A total of 346 hydraulic and sediment data were collected from nine natural and channelized rivers having diverse catchment
characteristics in Malaysia. The governing parameters were carefully selected based on literature survey and field experiments, examined
and grouped into five categories namely mobility, transport, sediment, shape, and flow resistance parameters. The most influential
parameters from each group were selected by using all possible regression model method. The suitable model selection criteria namely the
R-square, adjusted R-square, mean square error, and Mallow’s Cp statistics were employed. The accuracy of the derived model is
determined using the discrepancy ratio, which is a ratio of the calculated values to the measured values. The best performing models that
give the highest percentage of prediction from the validation data were chosen. In general, the newly derived model is best suited for
rivers with uniform sediment size distribution with a d50 value within the range of 0.37–4.0 mm and performs better than the commonly
used Graf, Yang, and Ackers–White total bed material load equations.
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Introduction

Reliable and quantitative estimates of the bed aggradation or deg-
radation are very important in river engineering and water man-
agement projects as well as accurately predicting the water
surface elevations during floods in estimating flood related dam-
age. A number of sediment transport studies have been conducted
in channels and flumes to develop analytical solutions for simpli-
fying the governing equations describing complex phenomenon
of the aggradation and degradation processes �Ab. Ghani 1993;
Karim 1998; Molinas and Wu 2001; Sinnakaudan 2003�. Re-
searchers have separately treated the suspended load and the bed
load calculation. However recent literature shows that total sedi-
ment load �or bed material load� equations are much preferred
and researchers are now moving toward employing more complex
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analytical methods such as the artificial neural network �Nagy
et al. 2002�.

Good appraisals of available total sediment load equations and
their performance were given by White et al. �1975�, Brownlie
�1981�, Yang and Molinas �1982�, Shen and Hung �1983�,
Raphelt �1990�, Nakato �1990�, Woo et al. �1993�, and Nagy et al.
�2002�. Some of the available total bed material load equations
are developed by Graf �1971�, Ackers and White �1973�, Van Rijn
�1984a,b,c�, and Karim �1998�. The existing equations are mostly
developed based on flume data in western countries including
America and Western Europe. However not all of these equations
are widely used or evaluated in other parts of the world. Several
equations such as Ackers–White �1973� have been incorporated
into current loose boundary models such as HEC-6 �USACE
1993� and the Graf �1971� equation is available in Fluvial-12
�Chang 1993� to simulate the sediment transporting capability of
rivers.

Since the 1990s, few attempts have been made to evaluate the
available equations for Malaysian conditions and are mostly cited
in Ariffin et al. �2002� and Sinnakaudan et al. �2003�. The Ma-
laysian river data, against which these equations were checked,
consists of field experiments in natural and channelized water-
courses that were recently compiled by the Department of Irriga-
tion and Drainage �DID� Malaysia �DID 2003�. However, most of
the developed equations rely heavily on flume data as well as
river data �Brownlie 1981�, which are not native to this region
and have significant differences in hydraulic and sediment char-
acteristics. The uncertainties of the usage of the existing equation
for Malaysian river conditions are further proven by analysis of
the discrepancy ratio, which is a ratio between predicted versus
measured total bed material load values. Any equation is consid-
ered suitable if it falls within the acceptable range of 0.5–2.0. The
performance test on Graf �1971� and Ackers and White �1973� as
summarized in Table 1 indicates that these equations have a pre-

dictive power of less than 40%.
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Most sediment transport equations have limitations of applica-
bility that generally implies the range of data used for the equa-
tion’s calibration. For example, the Engelund–Hansen equation is
applicable within the median sediment size range of less than
1.6 mm �Shen and Hung 1983� and the Yang, equation is
0.06–10 mm �Yang and Molinas 1982�. The transport parameter
��� in the Graf �1971� equation can be used for the range of
10−2���103 and the Ackers and Whites �1973� equation has
been found unsuitable for fine sediments �Woo et al. 1993�. These
limitations are normally ignored by the equation testers.

Currently, there is no sediment equation that would consis-
tently predict the sediment discharge correctly for all ranges of
sediment sizes and it is clearly apparent that there is no specific
total bed material load sediment transport equation/s considering
the morphological condition of Malaysia in particular and South
East Asia in general. As such, there is a need for the development
of a more reliable sediment transport equation that can cater to the
Malaysian sediment transport mechanism. An initial attempt to
develop sediment transport equations for Malaysian rivers was
made by Ibrahim �2002� using 108 river data. Further develop-
ment of the new sediment transport equations for Malaysian riv-
ers is given herein utilizing a larger set of river data.

Malaysian River Data

A reliable sediment and hydraulic database consisting of 346 data
altogether was established based on recent studies �Ariffin et al.
2001, 2002; DID 2003�. The bedload and suspended load were
measured together with bed material samples. The 346 data sets
were then shuffled and divided into two groups, whereby 181 of
them were used for the analyses process �equation development�,
and the balance of 165 data were utilized for model validation.
The data used for analyses and validation process are shown in
Tables 2 and 3.

The wash load contribution �sediment size less than 0.0625
mm� to the total bed material load is considered very small and
thus ignored. The uniformity of the sediment size was tested
using the uniformity coefficient �Cu� equation given below

Table 1. Percentage of Data Falls within Acceptable Discrepancy Ratio
�0.5–2.0� for Selected Total Bed Material Load Equations

Equation

Researcher and
�number of data� Yang

Engelund
and

Hansen

Ackers
and

White
�1973� Graf �1971�

Abu Hasan
�1998� �11�

54.5 27.3 45.5 45.5

Yahaya
�1999� �60�

65.0 n.a.a 3.3 61.7

Ariffin et al.
�2001� �56�

19.1 9.6 4.5 n.a.a

Ibrahim
�2002� �108�

28.0 41.5 20.0 27.0

DID �2003�
�346�

23.7 61.8 12.7 13.3

Average 38.06 35.02 17.79 36.85
an.a.�not available.
�Julien 2002�.

522 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / MAY 2006
Cu =
d60

d10
� 3 �1�

If the Cu values is less than 3, then the sediment sample can be
considered as uniformly distributed. The results show that the
Malaysian river data have a uniformity coefficient �Cu� ranging
from 1.053 to 5.0 and an average uniformity coefficient value of
3.153. Thus it can be concluded that the sediment particles are
nearly uniform for the study area and the use of d50 is adequate
for this study. It it also assumed that the sediment transport func-
tions being developed are suitable for rivers with uniform sedi-
ment size particle distribution.

U.S. River Data

A total number of 968 available sediment and hydraulic databases
from rivers in the United States �Brownlie 1981� were obtained to
further validate the equation being developed in the present study.
The available flow and sediment data from the Sacramento River
which were collected by USGS at two standard USGS stations
near Butte City �Station 11389000� and Colusa �Station
11389500� between the year 1977 and 1979 were obtained from
the USGS online data base for sediment and auxiliary data at the
web site �USGS 2003a,b�. The measured sediment discharge only

Table 2. Summary of Malaysian River Data Used for Analysis and
Validation Processes

Data properties

River
Cathment area

�km2�
Total
data

Analysis
data

Validation
data

Pari 284 56 30 26

Kinta 271 20 12 8

Raia 242 41 18 23

Kampar 432 21 8 13

Kerayong 52 27 13 14

Kulim 137 16 12 4

Langat 1,620 23 11 12

Semenyih 225 50 26 24

Lui 68 92 50 42

Total data 346 181 165

Note: Data no. 1–6 from DID �2003�; data 7–9 from Ariffin et al. �2001,
2002�.

Table 3. Range of River Data for Analysis and Validation

Data groups

Variable/parameter Analysis data Validation data

Number of data 181 161

Discharge Q �m3/s� 0.75–47.90 0.74–87.79

Average velocity V �m/s� 0.20–1.26 0.19–1.42

Bottom width B �m� 13.50–30.00 13.50–30.00

y0 flow depth �m� 0.23–1.90 0.22–3.23

Area A �m2� 3.42–62.67 3.61–96.83

Hydraulic radius R �m� 0.22–1.77 0.21–2.66

Longitudinal slope S0 1.0�10−3–1.7�10−2 3.0�10−4–1.67�10−2

d50 �mm� 0.37-4.00 0.40–3.90

Total bed material load
Tj �kg/s�

0.16–28.52 0.10–118.95



represents suspended loads. The bed load discharge Tb was then
calculated using the Meyer–Peter–Muller equation as suggested
by Vanoni �1975� and Nagy et al. �2002�.

Evaluation of Governing Parameters for Sediment
Transport

The most important task in developing new sediment transport
equations is to find the most reliable parameters to be included in
the equations. These parameters were used as a foundation to
develop a new total bed material load equation that has a better
prediction compared to the existing ones. There are two phenom-
ena that make it difficult to derive the functional relationships
between sediment transport and various independent variables.
The first is the inherent variability of river flow and sediment
transport data caused by the random components of storm events
and analysis errors. Second, the large numbers of independent
variables and parameters that may influence the mechanism of
sediment transport process.

Ab. Ghani �1993� describes the fundamental parameters that
govern the sediment transport processes in steady or gradually
varied free surface flow in open channels consisting of the flow
depth �y0�, hydraulic radius �R�, mean flow velocity �V�, shear
stress ��0�, kinematic viscosity ���, density of water ���, sediment
size �d�, particle density ��s�, volumetric concentration of sedi-
ment �Cv�, cross-section geometry �B and y0�, bed roughness �n�,
friction factor with sediment ��s�, bed slope �S0�, and acceleration
due to gravity. Van Rijn �1984a,b,c� added a few more parameters
such as particle fall velocity �	s�, diffusion of fluid momentum
�
 f�, the differences in the diffusion of a discrete sediment particle
and the diffusion of a fluid particle �� factor�, and suspension
parameter which expresses the influence of the upward turbulent
fluid forces together with the downward gravitational forces �Z�.
A comprehensive analysis on total bed material load approaches
and relevant variables used in the existing sediment concentration
equations can be found in Nagy et al. �2002�.

Based on previous studies, the most significant parameters
controlling sediment transport can be grouped into five main cat-
egories �Table 4�, which are the mobility parameters, the transport
parameters, the sediment parameters, the channel shape param-
eters, and the flow resistance parameters. Some of these dynamic
variables and parameters may be highly correlated with each
other and each specific dimensionless parameter may represent
more than one parameter class. Thus, choosing more than one
parameter from the same class may not yield any significant

Table 4. Characteristic Parameters for Sediment Transport in Open
Channels

Parameter class Dimensionless groups

Mobility �=
�Ss−1�d50

RS0
,

V

�gd50�Ss−1�
,

U*

V
,

VS0

	s

Transport Cv , �=
CvVR

�g�Ss−1�d50
3

Sediment Dgr=d50�g�Ss−1�

2 �1/3

, d50/B ,
U*

	s
,

	sd50



Conveyance shape B /y0

Flow resistance
changes to the prediction power of the model. This was taken into

J

consideration when choosing variables for multiple linear regres-
sion analyses.

Total Bed Material Load Equation Development

A one to one relationship between total bed material load and
governing parameters as highlighted in Table 4 was initially em-
ployed. This gave a general view of the most influential param-
eters by observing the perfect fit line. The general relation
between total bed material load and the parameters can be de-
scribed in the following equation:

TJ = f�R,y0,V,y0/d50,R/d50,B/y0,U*/V,VS0/	s� �2�

Two other conditions that assume the transport parameter ��� and
concentration by volume �Cv� as dependent variables were also
tested as depicted in the following equations:

� = f��,R/d50,y0/d50,Dgr,B/y0,�s,U*/V,VS0/	s� �3�

Cv = f�B/y0,R/d50,y0/d50,Dgr,B/y0,�s,U*/V,U*/	s,	sd50/u,VS0/	s�

�4�

Generally, all the parameters except �s have a good correlation
with the transport parameter ���. The parameters R /d50 and
VS0 /	s which show good agreement with the transport parameter,
were given special attention. Figs. 1 and 2 show the log-log plot
between transport parameter versus R /d50 and VS0 /	s, respec-

Fig. 1. Relationship between transport parameter ��� and R /d50

Fig. 2. Relationship between transport parameter ��� and VS0 /	s
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tively. The aspect ratio parameter B /y0 is only important for
relatively small streams where the flow can be assumed as one
dimensional. It does not have any impact on wide rivers since the
flow is two or three dimensional. Thus, this parameter was ig-
nored for equation development. However, all the parameters
were chosen to test and establish the best-fit sediment transport
equation. Sediment concentration by volume �Cv� has a poor re-
lationship with other independent variables with a higher scatter.
Cv as a dependent variable was rejected and not chosen for any
further analyses in this study. Based on the visual analyses, � was
set as the dependent variable with the following functions to be
considered for final equation development:

� = f��,VS0/	s,Dgr,R/d50y0/d50� �5�

The second step is to divide the existing database into two groups.
One is used for equation development and the other for valida-
tion. There are few methods available such as holdout method,
U-method, and bootstrap method �Hair et al. 1995; Sharma 1996�.
The first method best suited the needs of the present research and
was applied by splitting the database into two disjoint subsets.
The first group, namely the analysis sample, is used to develop
the multiple linear regression models. The second group, the
holdout sample or validation sample, is used to test the regression
models.

No definite guidelines have been established for dividing the
sample for analysis and holdout groups �Hair et al. 1995; Sharma
1996�. The divide range of 50% as suggested by Nagy et al.
�2002� was favored in this research. However a slightly higher
weight was given to the analysis group. Thus, the existing 346
data sets were shuffled using SPSSWIN software where 52% of
them were used for the analyses process and the other 48% were
used for validation.

Multiple Linear Regression Analyses

The selected analysis variables were changed to the form of loga-
rithms of the original variables to minimize the percentage error.
The multiple linear regression technique was applied to investi-
gate the relationship between the dependent �response� variable
and several independent �explanatory� variables. The fitting of all
possible regression equation methods is preferred in this study
since all the possible test cases formed must represent one vari-
able from each category as listed in Table 4. A total number of
137 possible regression models were established and tested in this
study.

Four criteria were used to select the best regression model.
The first criterion is based on the coefficient of determination or
R square values. Rp

2 denotes the coefficient of determination for
regression model with p-1 independent variables and an intercept
term �p� which is less than or equal to the number of variables
plus 1. The analysis adds variables to the model up to the point
where any additional variable is not useful because it results in a

2

Table 5. ANOVA Analysis for Eq. �6�

Source of variation Sum of squares Degree of f

Regression SSR=36.146 K=2

Error SSE=17.494 n− p=1

Total SSYY =53.640 n−1=1
small increase in Rp. The second criterion is to consider the mean
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square error MSE�p� for a p variable�s� equation. The model with
minimum MSE�p� is chosen. The third criterion is Mallow’s Cp

statistics. Mallow’s CP is used in multiple linear regression analy-
sis as the criterion for choosing the best subset of predictor effects
when a best subset regression analysis is being performed. This
measure of the quality of fit for a model tends to be less depen-
dent �than the R square� on the number of effects in the model,
and hence it tends to find the best subset that includes only the
important predictors of the respective dependent variable. The
best model is the one where the Cp value is approximately equal
to p�Cp� p�.

The fourth criterion is based on the modifications of Rp
2 that

account for the number of variables in the model. While the ad-
dition of predictor variables will always cause the coefficient of
determination to rise, the adjusted coefficient of determination
may fall if the added predictor variables have little explanatory
power and are statistically insignificant �Hair et al. 1995�. The

model that yields the maximum increase in value of R̄p
2 was se-

lected for further analyses. The best model as depicted by Eq. �6�
is selected based on the possible combinations of parameters,
with the values of R2 equal to 0.674, adjusted R2 equal to 0.670,
Cp statistic equals to 4.76, and MSE equal to 0.0983

� = 3.565 � 10−4�VS0

	s
�0.329� R

d50
�1.308

�6�

Significance of Regression Model

The analyses of variance �ANOVA� approach was used to test the
statistical significance of the derived regression model. To test the
hypothesis that the amount of variation explained by the regres-
sion model is more than the variation explained by the average,
the F ratio is used �Hair et al. 1995�. The analyses items are
further elaborated on as follows: The total sum of squares SSYY

can be written as

SSYY = SSR + SSE �7�

Thus, The ANOVA table further can be arranged as shown in
Table 5. The test hypothesis is

null hypothesis

H0:�1 = �2 = �i = 0

alternative hypothesis

H1:�i � 0 for at least one i

The null hypothesis is rejected if F0�F�,k,n−p. An example of the
model significance test for Eq. �6� is given in Table 5. From the F
distribution table with F0.05, for k=3 �number of independent
variables�

Test tools

Mean square F0

SSR /k=MSR=18.073 MSR /MSE=183.894

SSE / �n− p�=MSE=0.098
reedom

78

80
P = k + 1



n = 181

F0.05,3,179 = 2.605 �8�

and

F0 = 118.816 � F0.05,3,179

Therefore the null hypothesis is rejected and the model is ac-
cepted as significant.

Suitability Analyses

This step was necessary to give some idea about which variables
might provide an insight into the relationships between selected
parameters and total bed material load data. A discrepancy ratio
was calculated for each measured sediment load by comparing the
computed and measured sediment load as depicted in Eq. �9� �Yu
and Woo 1994�. The analysis was further extended by calculating
the population mean ��� or central value of the distribution and
population standard deviation ��� of the discrepancy ratio, to
show the variance of values from the mean discrepancy ratio
values

r =
Tjcalculated

Tjmeasured

�9�

where the acceptable range is 0.5–2.0. The values of discrepancy
ratios were then averaged and the functions were recommended
based on the mean of the discrepancy ratio. The closer the value
to unity and smaller the standard deviation, the better suited the
total sediment load equation is assumed for the current data set.
The summary of the suitability analyses for the selected equations
for analysis and validation data are given in Tables 6 and 7, re-
spectively. Eq. �6� has the best performance where it shows
64.24% of the variability in the validation data and has an
R-square value of 0.67. Eq. �6� can be rewritten in the form of Eq.

Table 6. Summary of the Model Suitability and Performance Test for
Analyses Data

Equation number

Analysis data �181 data points�

Mean
���

Standard
deviation

���

Discrepancy
ratio
�%�

Eq. �6� �present study� 1.249 0.934 66.85

Yang 15.007 30.489 35.91

Ackers and White �1973� 12.570 16.729 12.71

Graf �1971� 170.093 1,276.639 17.13

Table 7. Summary of Model Suitability and Performance Test for
Validation Data

Equation number

Validation data �165 data points�

Mean
���

Standard
deviation

���

Discrepancy
ratio
�%�

Eq. �6� �present study� 1.381 0.929 64.24

Yang 1.775 1.705 38.78

Ackers and White �1973� 26.689 14.008 0.00

Graf �1971� 156.298 984.369 10.91
J

�10� with the volumetric concentration �Cv� as the dependent
variable

Cv = 3.565 � 10−4�VS0

	s
�0.329� R

d50
�1.308��g�Ss − 1�d50

3

VR
�

�10�

The predictive power of Eq. �10� is later improved by performing
the outlier and fitted value tests.

Analyses of Outliers and Influential Fitted Values

Outliers are observations that have large residual values and can
be identified only with respect to a specific regression model.
They may result from clerical errors or from initially accepting
marginal or unacceptable data. A qualitative way of checking for
outliers is applied by plotting one variable against another �the
dependent variable under consideration versus the independent�.
Data that stand apart from the mass can be checked more closely
as possible outliers. In identifying the extreme observations the
studentized deleted residuals �SDR� test was used. Not all the
outliers can be removed from the data sets to give a better pre-
diction. The removal of the influential outliers may change the
results of the regression model dramatically. Thus, a measure to
determine whether case i is influential or not on the fitted value ŷi

is tested using DFFITSi.
A test case is considered as influential if the absolute value of

DFFITSi exceeds 1 for small to medium size data and �P /n for
large data sets. The procedures for the outlier test carried out for
Eq. �10� are summarized as follows:

t�,�P� = �n − p − 1� degrees of freedom �DOF� �11�

For Eq. �10�, with 181 analyses data and two independent
variables

p = 2 + 1 = 3

t�P� = �181 − 3 − 1�DOF = 177 DOF

from the table of critical values for t distributions, 5% confidence
interval, with 177 DOF then, t=1.645. The obtained SDR for 181
data from SPSSWIN were compared with the t value. If the SDR
values were greater than t values, then the sample is an outlier. A
total number of nine outliers were identified from the data of
Kulim, Langat, and Semenyih Rivers. The outliers were then
checked to determine whether the case is influential or not by
using the fitted value of DFFITSi, as given in the following
equation

The case is considered to be influential if it exceeds the
value of

�p

n
=� 3

181
= 0.2575 �12�

The nine identified outliers had a DFFITSi, value less than 0.2575
and it was therefore concluded that it has no influence on the
prediction model. The outliers were removed and the new form of

Eq. �10� derived as
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C = 1.811 � 10−4�VS0

	s
�0.293� R

d50
�1.390��g�Ss − 1�d50

3

VR
�

�13�

Total bed material load is obtained by substituting Eq. �13� into
the following equation:

Tj = C�ppm�
* Q*�s �14�

The removal of outliers has resulted in an increase in the coeffi-
cient of determination �R square� where Eq. �13� accounts for
71.51% of the variability in analyses data and 63.63% in the
validation data. Figs. 3 and 4 show a comparison between mea-
sured and estimated total bed material load and validation of Eq.
�13�. Fig. 5 shows the derived sediment-rating curve using Eq.
�13�, which falls very closely to measured Malaysian River data.
Table 8 shows the prediction results using Eq. �13� for rivers in
the United States compared to the Ackers–White �1973� and Graf
�1971� equations.

Fig. 3. Comparison between measured and estimated total bed
material load for Eq. �13�

Fig. 4. Validation of Eq. �13�
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Table 8. Performance Test with River Data from United States

River
�number of data�

Data within acceptable
discrepancy ratio �0.5–2.0�

Eq. �13�
�present
study�

Graf
�1971�

Ackers
and

White
�1973� Yang

No. �%� No. �%� No. �%� No. �%�

Sacramento River
@Butte City �16�
and Colusa �13�

21 72.41 23 79.31 0 0.00 2 6.90

Atchafalaya
River �68�

23 33.82 3 4.41 12 17.65 13 19.12

Colorado
River �100�

70 70.00 62 62.00 1 1.00 7 7.53

Mississippi
River �165�

47 28.66 40 24.24 0 0.00 52 31.52

Middle
Loup �38�

2 5.26 0 0.00 0 0.00 0 0.00

Mountain
Creek �100�

64 64.00 52 52.00 30 30.00 0 0.00

Niobrara �40� 4 10.00 0 0.00 0 0.00 0 0.00

North
Saskatchewan
River �55�

12 21.82 21 38.18 5 9.09 7 12.73

Oak Creek �17� 1 5.88 0 0.00 0 0.00 0 0.00

Red River �30� 8 26.67 9 30.00 0 0.00 0 0.00

Rio Grande
conveyance �8�

0 0.00 0 0.00 1 12.50 0 0.00

Rio Grande
River �293�

11 3.75 117 39.93 0 0.00 82 27.99

Snake and
Clearwater
River �21�

0 0.00 6 28.57 0 21.00 7 33.33

Trinity River �4� 2 50.00 0 0.00 1 25.00 0 0.00
Fig. 5. Sediment rating curve derived using Eq. �13�



Based on the results of the present study, it may be concluded
that Eq. �13� gives an overall better agreement with the measured
data of Malaysian rivers than the others. Graf’s �1971� equation
has a better prediction for overseas data as a total where the
prediction percentage is 33.74 compared to Eq. �13� with a per-
centage of 26.85. However, Eq. �13� performs best for Atchafa-
laya River, Colorado River, Sacramento River, Trinity River,
Mountain Creek, and relatively good for Mississippi River as
summarized in Table 8. These rivers have the range of d50 within
the predictive range of Eq. �13�. Thus, the results clearly indicate
that the range of sediment particle size �d50� and physically justi-
fied parameters that were used in the model development play a
prominent role in determining the model predictive capability.
Records show that rivers in the United States have a relatively
wider range of values for hydraulic parameters such as flow
channel width, and velocity, as compared to Malaysian rivers
�Brownlie 1981; DID 2003�. Thus, it is expected that the model
accuracy will improve dramatically if more data, which were
measured during low and high flows, were incorporated into the
existing hydraulic and sediment databases for rivers in Malaysia.

The unit stream power VS0 /	s and relative roughness on the
bed R /d50 variables have greater influence when predicting sedi-
ment load for rivers in Malaysia over the measured range of ob-
served data. It is strongly recommended that the newly developed
equations be appraised with river data from various parts of the
world.

Conclusions

In general, the newly derived model is best suited for rivers with
uniform sediment size distribution with a d50 value within the
range of 0.37–4.0 mm and performs better than the commonly
used Graf �1971�, and Ackers–White �1973� total bed material
load equations. The present study also indicates that employing
local sediment transport data yielded a better equation that can
accurately predict sediment transport in Malaysian rivers. The
newly developed sediment transport equation in this study has
been programmed into the SFlood model for flood risk analyses
incorporating sediment transport �Sinnakaudan and Abu Bakar
2005�.
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Notation

The following symbols are used in this paper:
A � flow area �m2�;
B � channel width �m�;

B /y0 � stream width ratio;
Cp � statistical Cp value;
Cu � uniformity coefficient;

Cv � volumetric sediment concentration �ppm�;

J

Dgr � dimensionless grains size;
DFFITS � influential fitted value;

DOF � degree of freedom;
d50 � median diameter of bed material;

g � acceleration due to gravity �9.81�;
MSE � mean square error;

n � size of data points;
n � Manning’s roughness coefficient;
p � k+1 �k is number of independent variables�;
Q � total discharge �m3/s�;
R � hydraulic radius �m�;

R2 � coefficient of determination;

R̄2 � adjusted coefficient of determination;
R /d50 � relative roughness on bed;

r � discrepancy ratio;
Ss � specific gravity of sediment �2.65�;
S0 � energy slope �m/m�;

SSE � sum of square error;
SSR � sum of square residual;

SSYY � total sum of squares;
Tj � total bed material load of sediment �kg/s�;

tv�P� � t distribution;
U* � shear velocity;

U* /V � ratio of shear velocity and average velocity;
U* /	s � ratio of shears velocity and fall velocity;

V � average flow velocity �m/s�;
VS0 /	s � dimensionless unit stream power. Time rate of

potential energy expenditure per unit weight in
alluvial channel;

y0 � flow depth �m�;
y0 /d50 � dimensionless flow depth �water depth ratio� and

relative roughness on bed;
Z � suspension parameter;
� � velocity-head coefficient;
� � constant;

 f � diffusion coefficient;
� � friction factor;

�s � friction factor with sediment;
� � statistical mean;
� � water density �t / s /m4�;

�s � sediment density �kg/m3�;
� � statistical standard deviation;
�0 � shear stress;
� � kinematic viscosity;

� � transport parameter;
� � flow parameter; and
	s � fall velocity of sediment particle �d50��m/s�.
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