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Sand Transport in Nile River, Egypt
S. Abdel-Fattah1; A. Amin2; and L. C. Van Rijn3

Abstract: Measurements of bed-load and suspended-load transport rates were carried out successfully at four cross sections
River, in Egypt, along the entire length from Aswan to Cairo using a mechanical sampler called the Delft Nile Sampler. The
transport rates were compared to similar data sets from two other large scale rivers: the Rhine-Waal River in the Netherlan
Mississippi River in the USA. The bed-load transport rates in the Nile River and in the Rhine-Waal River are in very good ag
Comparison of suspended transport rates in the Nile River and in the Mississippi River shows that both data sets are com
revealing a very consistent trend of suspended transport against current velocity; suspended transport is roughly proportional tVav)

3 to 4.
Three formulas for the prediction of bed-load transport were tested using the Nile data: Meyer-Peter–Muller, Bagnold, and Van
prediction formula of Van Rijn produced significantly better results than the other two formulas; the average relative error was a
The formula of Van Rijn was modified to extend it to conditions with slightly nonuniform sediment mixtures by introducing a co
factor for the bed shear parameter. Based on a limited number of flume experiments, the correction factor was found to be de
the characteristics of the sediment mixture (d10, d50, d90, andsg). Comparison of bed-load transport measured in the Nile River
computed transport rates of the modified formula showed improved results; the average relative error decreased to abou
formulas of Bagnold and Van Rijn were also used to compute the suspended transport rates in the Nile River. The computed tra
were found to be within a factor of 2 of measured values; the formula of Bagnold performed slightly better. The total load
formula of Engelund–Hansen was also successfully used~computed values within a factor of about 2 of measured values!.

DOI: 10.1061/~ASCE!0733-9429~2004!130:6~488!

CE Database subject headings: Sand; Egypt; Bed load; Transport rate; Nile River; Measurement.
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Introduction

The last secret of the Nile is the amount of sand carried by
river from High Aswan Dam to the sea. This value is estimate
be in the range of 10–100 kg/s, but the exact quantity is
known. Furthermore, it is unknown which part of the total s
load is transported as bed load and which part as suspended

In 1968 the High Aswan Dam~HAD! was built to regulate th
water supply in the river. The dam has enabled Egypt to obt
steady annual supply of 55.5 billion m3 of water. This is particu
larly important since the Egyptian population is increas
steadily, which means that the country requires more and
food and energy.

The flow regime imposed by HAD has resulted in signific
changes in those variables that reflect the geomorphic and hy
lic response of the river. The dam has affected the regime o
Nile and resulted in lowering of both water and bed levels do
stream of the barrages. Before the construction of HAD the
River experienced a large range of discharges~80–900 million m3

per day! and a corresponding large range in velocities. At
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flows the predominant bed form type is dunes of various
with megaripples superposed and large sand bars. The dun
much longer than the water depth; the megaripples have a l
of about the water depth. At high discharges the energy of
tends to wash out the dunes of the main channel and the pre
nant bed form type becomes transitional dunes with megarip
Megaripples have a length scale of about the water d
whereas dunes have a length scale much larger than the
depth and ripples much smaller than the water depth. Afte
construction of HAD, the predominant bed form type is dunes
to the controlled maximum flows. Maximum velocities are
duced and have a magnitude on the order of 1.0–1.5 m/s in
of 1.5–2.0 m/s before HAD construction~Gaweesh and Gass
1991!.

The suspended-load measurements before HAD constru
at Gaafra~km 34, below Aswan!, revealed that sediment conc
trations were as large as about 4 kg/m3 during the periods of hig
flow. After the construction of HAD, maximum concentratio
are only in the range 0.03–0.1 kg/m3.

The basic objective of the study is to determine the total
ment load in the Nile River as a function of flow parameters
determine the relative contributions of bed-load and suspe
load transport, and to determine the predictive skills of var
sediment transport formulas for the Nile River. As the wash
is negligibly small, the present data only refer to the bed ma
load.

Measured bed-load and suspended-load transport rates a
cussed in this paper and compared to computed transport
Measured transport rates of two other large rivers are show
comparison with the Nile data. The applied sand transport m
were selected because they are well-known and they represe

two main types of models: based on bed-shear stress~Meyer-
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Peter–Muller and Van Rijn! and energy~Bagnold and Engelund
Hansen!. The effect of the nonuniformity of the bed material
the transport rate is studied using data from both laboratory
field conditions. Finally, some details of the suspended sedi
concentration distributions in the Nile River are discussed. Fu
research will focus on the details of the processes of sand
port and sorting over dunes.

Field Measurements

Measurement Techniques

The sediment-load transport was measured using the Delf
Sampler~Van Rijn and Gaweesh 1992; Van Rijn 1993a!, which
was operated from an anchored boat. This mechanical sa
was designed to measure, in contact to the bed, the bed loa
the suspended load up to 0.5 m above the bed~the sample
height!. Three small propeller meters were attached to the sam
to measure the current velocities at 0.18, 0.37, and 0.50 m a
the bed. The bed-load transport is defined as the transpo
tween the bed surface and the top of the intake opening o
bed-load sampler~about 0.055 m!. This application of this prac
tical definition may result in some oversampling, as part of
suspended sediment is trapped. However, a special patch
mm mesh size was used at the upper side of the bed load b
allow the suspended sediment to leave the bag. The oversam
error is estimated to be of the order of 10–20%@see Gaweesh an
Van Rijn ~1994!; and Kleinhans and Ten Brinke~2001!#. The
suspended sand transport is defined as the transport betwe
top of the intake opening of the bed-load sampler and the w
surface.

A separate device~Delft fish! equipped with a small nozz
connected to a suction pump, a propeller meter, and an
sounder for depth determination was used to measure susp
load at different water depths above the bed and near the
surface, Fig. 1.

The locations of the measurement cross sections were se
in a stable reach to avoid nonsteady bed conditions durin
measurements. The sites are Aswan km 15, Quena km 288,
km 444, and Bani-Sweif km 828 measured downstream o
High Aswan Dam see also Fig. 3. For each measurement
echo sounding for the cross-section profile was performed.
cross-section profile was subdivided into six measuremen
tions, based on statistical error analysis~Gaweesh and Van Ri
1994!. A longitudinal echo sounding profile over at least 100
length was conducted at the location of each station to an est
of the local bed form dimensions. The positioning of the boat

Fig. 1. Sketch of measuring technique
determined using a laser range finder with respect to fixed stations

JO
e

d

g
on the bank of the river~accuracy of about 0.1 m in cross-riv
direction and 1 m in longitudinal direction; bed form length
about 50 m!.

The local water surface slope was determined by meas
the water level at two points with a distance of about 1000 m.
flow discharge was derived from the velocity measuremen
various stations across the river. During the measurement p
the local water surface slope, water level, and flow dischar

Fig. 2. Layout of measurement stations and locations

Fig. 3. Measurement locations along Nile River

Table 1. Main Characteristics of the Measurement Sites

Site Aswan Quena Sohag Bani-Sw

River width ~m! 517 578 481 400
Local slope~cm/km! 3.5 4.2 5.7 8.5
Flow discharge~m3/s! 1,331 1,250 1,560 1,040
Average bed form length~m! 44 22 24 28
Average bed form height~m! 1.6 0.8 0.7 0.75
the measurement site were almost constant.

URNAL OF HYDRAULIC ENGINEERING © ASCE / JUNE 2004 / 489
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The measurements of bed, suspended load, and velocity
files were conducted at the six measurement stations~St1 to St6
see Fig. 2!. At each station~St1 to St6!, measurements were p
formed at five locations~L1, L2, L3, L4, and L5! distributed ove
the length of the longitudinal section which is about equal to
mean bed form length. Fig. 2 shows the layout of the mea
ment stations and locations. In all, measurements were perfo
at 30 locations. At each station the following measurements
performed for the five locations:

1. Ten instantaneous samplings using the Delft Nile Sam
with a bag of mesh size 250mm; the sampler was lowered
the bed and immediately raised up after the nozzle
touched the bed~‘‘zero’’-samplings; these values are su
tracted from the bed-load samplings of 3 min to correc
the initial disturbance effect!.

2. Eight bed-load samplings of 3 min each using the Delft
Sampler with the same bag size.

3. Suspended-load samplings over the water depth usin
Delft Nile and the Delft Fish Samplers. The suction of
samples was driven by a set of pulsation pumps.
samples were collected (volume55 L) in plastic buckets.

4. Velocity profiles over the water depth using propeller cur
meters installed on the Delft Nile and the Delft Fish S
plers. The flow velocity measurements were carried ou
follows:
• At 0.18, 0.37, and 0.50 m above the bed level by u

three propeller-type current meters attached to the
Nile Sampler; and

• From 0.50 m above the bed level to the water surfac
using a propeller-type current meter attached to the D
Fish.

5. One bed material sample at the end of each measure
using a grab sampler.

6. Water temperature was measured.
7. At each station, a longitudinal bed profile for the five lo

tions was sounded.

Table 2. Measured Data per Station at Aswan

Station
Distance

from ~L.B.!
Mean depth

~m!
d10

~mm!
d50

~mm!
d90

~mm!

Standard
deviation

of bed
materialsg

1 60 4.98 207 313 493 2.0
2 140 5.72 187 322 580 1.8
3 220 4.78 215 359 577 1.7
4 300 5.02 234 389 635 2.0
5 380 4.82 266 542 1197 1.9
6 460 5.70 186 345 735 2.5

Table 3. Measured Data per Station at Quena

Station
Distance

from ~L.B.!
Mean depth

~m!
d10

~mm!
d50

~mm!
d90

~mm!

Standard
deviation

of bed
materialsg

1 81 4.34 231 378 556 1.2
2 164 4.65 141 282 429 2.0
3 252 4.40 166 267 389 1.5
4 338 3.55 161 277 354 1.5
5 414 4.03 135 239 315 1.6
490 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JUNE 2004
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All bed-load samples, taken at each location in the measure
station, are separately dried and weighed and then put toget
obtain a bulk sample which represents the bed-load material
measurement station. The bed material samples for the five
tions, at each measuring station, were also put together to o
a bulk sample which represents the bed material at each s
The samples of each station were analyzed. The suspende
ment particles obtained by the Delft Nile Sampler and Delft
were analyzed separately~bulk samples! to determine the fa
velocity by settling tube analysis.

Description of Measurement Sites

The sediment discharge measurements were carried out a
cross sections on the Nile River covering the entire length
Aswan to Cairo. The measurements were carried out at Aswa
15, Quena km 288, Sohag km 444, and Bani-Sweif km 828
sured downstream of the High Aswan Dam~HAD!, see Fig. 3
The main topographic and hydraulic characteristics of the
measurement sites are summarized in Table 1.

The measured data are presented in Tables 2–5. The eff
bed roughness height according to Nikuradse (ks) was obtaine
from data fitting of velocity measurements for all the location
each station~Van Rijn 1990, 1993b!. The values of water depth
the bed material characteristicsd10, d50, d90 (d10 means that 10%
of the sample is smaller than this diameter, etc.!, and the be
roughnessks for all the locations were averaged and are show
the tables for each measurement station. The mean and st
deviation values of the flow velocity, suspended load, and
load for each station are shown in the tables as well. The bed
and suspended-load transport are defined in the section on
surement techniques. The tables also indicated that the sta
deviation values (sg5 1

2d84/d501
1
2d50/d16) of the bed materia

are in the range from 1.1 to 2.5. Therefore the bed mater
considered slightly nonuniform (sg,3). For more details se
Abdel-Fattah~1997a,b,c,d!; and Gaweesh et al.~1994!.

Ks

!

Velocity ~m/s! Suspended load~kg/m/s! Bed load~kg/m/s!

Mean
Standard
deviation Mean

Standard
deviation Mean

Standard
deviation

.097 0.482 0.0310 0.0078 0.0008 0.0056 0

.086 0.487 0.0336 0.0081 0.0004 0.0012 0

.026 0.587 0.0085 0.0089 0.0009 0.0038 0

.100 0.618 0.0312 0.0098 0.0006 0.0058 0

.147 0.591 0.0198 0.0092 0.0010 0.0113 0

.188 0.415 0.0298 0.0077 0.0006 0.0005 0

nks

!

Velocity ~m/s! Suspended load~kg/m/s! Bed load~kg/m/s!

Mean
Standard
deviation Mean

Standard
deviation Mean

Standard
deviation

.20 0.66 0.033 0.034 0.0073 0.0167 0.
0.07 0.67 0.0313 0.033 0.0058 0.0120 0.
0.10 0.60 0.0124 0.010 0.0031 0.0064 0.
0.11 0.49 0.0236 0.006 0.0011 0.0015 0.
0.23 0.31 0.0121 0.003 0.0003 0.0001 0.
Mean
~m

0
0
0
0
0
0

0013
Mea
~m

0

6 517 3.88 184 267 344 1.4 0.35 0.36 0.0159 0.003 0.0003 0.0009 0.
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Results of Bed-Load Transport Data

The bed-load transport rates including variation ranges mea
in the Nile River are shown in Fig. 4. As can be observed, the
load transport rates of sediment in the range of (d50) 0.2–0.6 mm
increase from about 0.0005 to about 0.05~increase of a factor o
100! over the velocity range from 0.35 to 0.85 m/s. For comp
son, similar data from the Rhine-Waal River in The Netherla
~Van Rijn 1991, 1992; Gaweesh and Van Rijn 1994! are also
shown in Fig. 4. The Rhine-Waal data have been measur
depths of 4 to 5 m, with current velocities in the range of 0.
0.9 m/s andd50 values of about 0.53 mm, using the same bed-
transport sampler. Individual data points of the Nile and Rh
Waal data sets have been clustered as much as possible in
groups of current velocity and transport to reduce the sc
Generally, the scatter of the individual transport rates is relat
large, masking a clear view of the general trend of the data
values within the groups~based on at least 10 values within e
group! have been averaged to obtain representative g
averaged values. The variation range of the velocity with
group is about 10% of the mean value; the variation range o

Fig. 4. Bed-load transport as function of current velocity; d

Table 4. Measured Data per Station at Sohag

Station
Distance

from ~L.B.!
Mean depth

~m!
d10

~mm!
d50

~mm!
d90

~mm!

Standard
deviation

of bed
material

sg

1 55 4.54 352 586 1155 2.0
2 124 4.58 177 453 594 1.4
3 183 4.13 236 472 987 1.8
4 274 4.19 160 258 412 1.1
5 355 4.12 176 251 330 1.7
6 425 4.27 204 314 591 1.5

Table 5. Measured Data per Station at Bani-Sweif

Station
Distance

from ~L.B.!
Mean depth

~m!
d10

~mm!
d50

~mm!
d90

~mm!

Standard
deviation

of bed
material

sg

1 344 2.82 306 603 1661 1.77
2 282 2.76 415 490 1,216 1.64
3 221 2.76 359 409 700 1.43
4 179 3.40 305 343 543 1.39
5 120 4.28 295 350 697 1.56
6 60 5.04 251 296 619 1.63
corresponding suspended transport rates is as large as 50%. Th

JO
a

variation ranges are also shown in Fig. 4 to get some idea o
scatter involved. The bed-load transport rates from both r
show very good agreement, which gives some confidence
quality and consistency of both data sets. The bed-load tran
rates show rather good correlation with depth-mean velocity.
latter parameter was used as the independent variable bec
represents a simple and accurate local variable. An altern
variable is the local shear stress, but this variable involve
estimation of local friction or local slope and associated e
~regression of measured velocity profiles or reach-average
etc.!.

The following three formulas for the prediction of bed-lo
transport have been tested using the Nile data: Meyer-P
Muller ~MPM! ~1948!; Bagnold ~1966!; and Van Rijn~1984a!.
These models were selected because they are well know
they represent the two main types of models: based on bed
stress~MPM and Van Rijn! and energy~Bagnold and Engelund
Hansen!. The methods of MPM and Van Rijn are related to g
shear stress derived from flow velocity and grain roughness
method of Bagnold is based on the stream power concept~prod-

om Nile River in Egypt and Rhine-Waal River in The Netherlan

Ks

Velocity Suspended load~kg/m/s! Bed load

Mean
Standard
deviation Mean

Standard
deviation Mean

Standard
deviation

.29 0.82 0.0707 0.0396 0.006 0.0117 0

.38 0.77 0.0264 0.1118 0.0633 0.0313 0

.26 0.88 0.0512 0.1236 0.0296 0.0291 0

.28 0.78 0.0466 0.2199 0.0291 0.0259 0

.03 0.75 0.0465 0.0979 0.0168 0.01 0.

.06 0.61 0.0326 0.0175 0.001 0.002 0.

Ks

Velocity Suspended load~kg/m/s! Bed load

Mean
Standard
deviation Mean

Standard
deviation Mean

Standard
deviation

.29 0.81 0.0551 0.0163 0.0029 0.0191 0

.22 0.74 0.0157 0.0272 0.0034 0.0152 0
.03 0.72 0.0238 0.0422 0.0029 0.0178 0
.09 0.66 0.0169 0.0416 0.0050 0.0126 0
.23 0.71 0.0258 0.0482 0.0068 0.0057 0
.40 0.73 0.0075 0.0623 0.0094 0.0040 0
ata fr
Mean
~m!

0
0
0
0
0
0

Mean
~m!

0
0
0
0
0
0

euct of bed-shear stress and flow velocity!.
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Table 6 shows the comparison between the measured an
dicted bed load transport rates at the four sites; the ratio of
puted and measured transport rates is given between brack
can be concluded that the prediction formula of Van Rijn g
significantly better results than the method of Bagnold
slightly better results than the method of MPM. The metho
Bagnold generally overpredicts the bed load transport rate
cause the overall bed-shear stress is used instead of the
shear stress. The method of Van Rijn underpredicts the mea
rates for the two sites of Aswan and Quena with factors of
and 0.86, respectively; whereas it overpredicts the measured
for the two sites of Sohag and Bani-Sweif with factors of 1.90
2.90, respectively. The other formulas used overpredict the
sured rates within a factor ranging from about 2 to 5.

Effect of Graded Sediment on Bed Load Transport

Approach

Analysis of bed material samples shows that the bed mater
the Nile River is slightly nonuniform at present; the ratiod90/d50

has values up to 3. Selective grain transport processes ma
place, involving the selective movement of sediment particles
mixture near incipient motion at low bed-shear stresses and
ing generalized transport at higher shear stresses. Several
are important:~1! the degree of exposure of sediment particle
unequal size within a mixture~hiding of smaller particles restin
or moving between the larger particles!; and ~2! the nonlinea
relationship between transport rate and particle diameter. G
these effects, the predictions of the bed-load transport rates f
Nile River may not be so accurate if they are based on a for
developed for uniform sediment.

Since the bed-load formula of Van Rijn~1984a! gave the clos
est values to the field measurements, it was selected to be
fied by introducing a correction factor related to the size distr
tion ~standard deviation,sg) of the bed material. This correctio
factor modifies the effective bed-shear stress. Thesg parameter i
defined as

sg5
d84/d501d50/d16

2
(1)

with d16 which represents the size at which 16% by weigh
finer; d50 which represents the size at which 50% by weigh
finer, andd84 which represents the size at which 84% by weigh

Table 6. Measured and Predicted Bed-Load Transport Rates a
Four Sites

Site

Bed-load transport rates integrated over the cross sec
~kg/s!

Measured

Predicted

Bagnold MPM Van Rijn

Aswan 1.73 8.2 2.9 1.6
~4.7! ~1.7! ~0.93!

Quena 3.21 12.8 5.8 2.7
~4.0! ~1.8! ~0.86!

Sohag 7.21 31.2 19.1 14.0
~4.3! ~2.7! ~1.9!

Bani-Sweif 3.92 22.3 14.4 11.5
~5.7! ~3.7! ~2.9!

Note: Ratio of computed and measured transport rate is given in p
theses.
finer.
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Using this approach, the weakly nonuniform bed materia
the Nile River is schematized as a single fraction represent
d50 and sg . For strongly nonuniform bed material, it is mo
appropriate to use a multifraction method by schematizing the
material into a number of size fractions and to compute the
transport rate of each size fraction by using an existing s
fraction method~replacing the median diameter of the bed m
rial by the mean diameter of each fraction! with a correction
factor acting on the critical bed-shear stress to account fo
nonuniformity effects~Egiazaroff 1965; Almedeij and Dipla
2003; Roberts et al. 2003!.

Modification of Bed-Load Transport Formula

The original bed-load formula of Van Rijn~1984a,b! reads as

qb50.053D0.5g0.5d50
1.5D

*
20.3T2.1; T,3 (2)

qb50.100D0.5g0.5d50
1.5D

*
20.3T1.5; T.3 (3)

whereqb5volumetric bed-load transport~m2/s!; g5acceleratio
of gravity ~m/s2!; d505sediment size at which 50% of materia
finer ~m!; D5relative density5s215(rs2r)/r(2); D*
5dimension less particle parameter (2)5d50 @(s21)g/n2#1/3;
n5kinematic viscosity coefficient~m2/s!; s5specific densit
5rs /r ~2!; rs5sediment density~kg/m3!; andr5fluid density
~kg/m3!

T5~tb82tb,cr!/tb,cr (4)

tb85effective bed-shear stress5rg(u/C8)2; u5depth-mean flow
velocity ~m/s!; C85grain-related Chezy coefficie
518 log(4h/d90); h5mean flow depth~m!; andtcr5critical bed-
shear stress at which sediment start moving~according to
Shields!.

The correction of the bed-shear parameter,Tmodified will be as
follows:

Tmodified5~ltb82tb,cr!/tb,cr (5)

in which l5correction factor. Basically, this factor introduce
correction of the grain roughness of a sediment mixture.
grain roughness will decrease for a wider distribution becaus
larger particles will be less exposed in a relatively wide mix
~smaller particles will fill the interstices between the larger
ticles!. Therefore thel factor is assumed to be related to
characteristics of the mixture.

From Eqs.~2!, ~3!, and~4!, it can be observed that

l5tb,cr@11$qb /~0.053D0.5g0.5d50
1.5D

*
20.3!%1/2.1#/tb8 ; T,3

(6)

and

l5tb,cr@11$qb /~0.100D0.5g0.5d50
1.5D

*
20.3!%1/1.5#/tb8 ; T.3

(7)

Hence for givenqb , D, g, d50, andD* , the correction factorl
can be determined~Amin 1999!.

Experimental Laboratory Data Set

A series of laboratory experiments was carried out in a str
flume at HRI, Delta Barrage, Egypt, under steady uniform~equi-
librium! conditions. Different sizes of bed material and differ
flow characteristics were used in order to determine the c
sponding bed-load transport rates for a variety of boundary

ditions. In all, 19 flume tests were carried out. During the tests
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different bed material sizes of mean particle diameter (d50, rang-
ing between 245 and 1,100mm!, with different grain size distr
bution (1.1,sg,2.5), were used. The flow depths were in
range of 0.3–0.5 m and the flow velocities were in the rang
0.43–0.64 m/s. The basic data are presented by Gaweesh a
Rijn ~1994!.

Determination of Correction Factor l

Based on the available laboratory data set of bed-load tran
rates, the best expression forl can be determined with multip
regression techniques. Two different approaches~A and B! have
been followed:lA5 f (d10, d50, d90, andsg) and lB5 f (sg)
resulting in

lA51 ~no correction! for T,2.5 (8)

lA5exp~0.45a10.2b! for T.2.5 (9)

with a512sg andb5d50/d902d10/d50

lB51 ~no correction! for T,2.5 (10)

lB5exp~1.822.4sg10.6sg
2! for T.2.5 (11)

As expected, the correction factor decreases with increasing
dard deviation of the mixture expressing that the grain rough

Fig. 5. Correction factorl; l

Fig. 6. Measured and computed bed-load transport rates for
JO
n

in a mixture cannot be represented with sufficient accuracy b
largest particles (d90) of the mixture. Method A is somewh
more sophisticated as the asymmetry of the sediment size
bution is taken into account, whereas method B is based o
assumption of a symmetric size distribution. Fig. 5 shows a
of the correction factorl as a function of thesg parameter fo
methods A and B. Theb factor ~method A! was in the rang
between20.25 and10.25. The correction factor of method
increases slightly forsg.2, which is not realistic and therefo
the minimum value oflB (50.55) will be used forsg>2.

Introducing the correction method for the Van Rijn formu
the following results can be obtained:

qb50.053D0.5g0.5d50
1.5D

*
20.3T2.1 for T,2.5 ~no correction!

(12)

qb50.100D0.5g0.5d50
1.5D

*
20.3~Tmodified!

1.5 for T.2.5 (13)

In which

Tmodified5~latb82tb,cr!/tb,cr in the case of method A
(14)

Tmodified5~lbt82tb,cr!/tb,cr in the case of method B
(15)

Figs. 6 and 7 show computed and measured bed load tra

thod A; and right: method B

data; original method~open circles! and modified method A~triangles!
eft: me
flume
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rates for both approaches. Figs. 6 and 7 show that the resu
the modified formula using the two approaches are quite sat
tory, as it predicts the bed-load transport rates by a factor ran
between 1 and 1.1 for approach A and 1 and 1.3 for approa
Thus it can be concluded that the asymmetry of the sedimen
distribution ~method A! is important and should be taken in
account.

Verification of Modified Bed-Load Transport Formula
Using Nile Data

Since flume data have been used for calibration of the for
involved, it is necessary to make a verification with a new~inde-

Fig. 7. Measured and computed bed-load transport rates for

Fig. 8. Comparison of measured and computed bed-load tran
~triangles and squares!
494 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JUNE 2004
pendent! data set. This verification is done by comparing the
sults of the modified Van Rijn formula with the measured
load transport rates of four sites in the Nile River.

Figs. 8 and 9 show a comparison between measured be
transport and computed bed-load transport according to the
nal and the modified~A and B! Van Rijn formula. From the tw
figures it can be seen that:

• The modified Van Rijn formula yields values that are in be
agreement with the measured values than the original form
and

• The predictions of modified Van Rijn formula are rather g
for T,3; but not as good forT.3.

data; original method~open circles! and modified method B~squares!

for Nile data; original method~circles! and modified methods A and
flume
sport
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The following equation was used to calculate the percenta
the relative errors of the predicted values with respect to the
sured values:

relative error%5absolute ofS qb,measured2qb,predicted

qb,measured
3100D

(16)

in which qb,measured5measured bed load transport rates;
qb,predicted5predicted bed-load transport rates. The results are
sented in Table 7.

Table 7 shows that the modified formula based on method
B has an average relative error equal to 29 or 39% which is m
less than the relative error of 65% of the original formula. T
the modified Van Rijn formula shows quite good performanc
predicting the bed-load transport rates for conditions with slig
nonuniform bed material as present in the Nile River in Eg
Method A is proposed as the best correction factor for condi
with weakly nonuniform bed material. This analysis shows
the accuracy of bed-load transport formulas for uniform sedim
can be improved by taking the nonuniformity effects into acco

Analysis of Suspended Sand Transport Data

Measured Transport Rates

The depth-integrated suspended transport rates measured
Nile River are shown in Fig. 10 for two sediment size clas
(d50) of 0.2–0.4 mm and 0.4–0.6 mm. For comparison, sim
data from the Mississippi River in the USA~Peterson and How
ells 1973! are also presented in Fig. 10. The Mississippi data
been measured in depths of 1.0–11.0 m, with current velocit

Fig. 9. Measured and computed bed-load transport versus bed

Table 7. Percentage of the Relative Errors for Different Approac

Approach

Relative error %

Minimum Average Maximum

Van Rijn ~1984a! 0.60 65 224

Van Rijn Model A 0.18 29 92
Van Rijn Model B 0.60 39 140
JO
e

the range of 0.6–2.0 m/s andd50 values in the range of 0.2–0
mm. Individual data points of the Nile and Mississippi River d
sets have been clustered as much as possible into data gro
current velocity to reduce the scatter. The values within
groups have been averaged to obtain representative g
averaged values. The transport rates of the Nile data set are
lower velocity regime~0.3–0.8 m/s!, while the values of the Mis
sissippi data set are in the upper velocity regime~0.7–2.0 m/s!.
Overlapping transport data can be observed around velocit
0.7 to 0.8 m/s ford50 values in the range of 0.2–0.4 mm~upper
plot of Fig. 10!. The data points of both data sets are complem
tary and show a very consistent trend of suspended tran
against current velocity; transport is roughly proportiona
(Vav)

4 for velocities smaller than 1 m/s and (Vav)
3 for velocities

larger than 1 m/s. This change in the slope of the suspe
transport versus velocity plot is probably caused by the effe
the suspended sediment on the turbulence mixing capacity
high-velocity range~turbulence damping effect; Van Rijn 1993!.

Analysis of Concentration Profiles of Nile River

Adopting the sediment diffusivity theory based on a parab
distribution over the depth, the relative sediment concentr
profile can be expressed by the well-known Rouse concent
profile

C/Ca5$@~h2y!/y#@a/~h2a!#%Z (17)

in which C5sand concentration at heighty above the be
~kg/m3!; Ca5reference sand concentration~kg/m3!; Z
5suspension number orZ parameter (2)5Ws /(bku* ); Ws

5fall velocity of suspended sediment~m/s!; b5ratio of sedimen
and fluid momentum diffusivity coefficient~2!; k5Von Karman
coefficient~2!; andu* 5bed-shear velocity~m/s!.

Analysis of the measured and predicted concentration pr
was carried out for all data of the four measurement site
determine the two basic parameters:Z and Ca . To reduce th
variation within the dataset, the measured concentration pr
were clustered into two depth classes (h52.0– 4.5 and 4.5–6
m! and three current velocity classes~0.2–0.45, 0.45–0.7, an

r parameterT for Nile data; original method and modified methods A an
shea
0.7–0.95 m/s!. Averages and standard deviations were computed
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for all parameters within each class, see Table 8. Some o
average concentration profiles including standard error range
shown in Fig. 11, where the standard error is equal to the sta
deviation divided by the square root of the number of conce
tions within the class. The error of individual data points is ab
a factor of 2.

The Zmeasparameter derived from the measured concentr
profiles by using a fitting procedure is given in Table 8.
predictedZpredic parameter is defined asZpredic5Ws /(bku* ) with
Ws5fall velocity based on bulk samples of suspended sedim
b51, k50.4, andu* 5bed-shear velocity derived from me
sured velocity profiles~by fitting!. The Zpredic values are als
given in Table 8. TheZmeasparameters range between 0.3 and
whereas theZpredic parameters range from 0.7 to 2.7. This sign
cant discrepancy cannot be explained from the fitting proce
itself but only from the parameters of theZpredic parameter: th
measured fall velocityWs may be too large, the bed-shear vel
ity u* may be too small, and/or theb value may be much larg
than 1. This latter option is in line with the results of Colem
~1970! yielding values between 1 and 2~see Van Rijn 1993b!. The
reason forb.1 is explained by the presence of eddy-indu
centrifugal forces acting on the sand particles~of larger density!
and causing the particles to be thrown to the outside of the e
with a consequent increase of the effective mixing length
hence diffusivity. A more detailed study including statistics

Fig. 10. Suspended transport as function of current velocity; dat
0.2 and 0.4 mm; lower:d50 between 0.4 and 0.6 mm
required to identify the proper causes for the observed discrepan-
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cies of theZ parameter. The present results should be seen
first exploratory study of the parameters involved.

MeasuredCa values were compared to computed values b
on Van Rijn ~1984b! as follows:

Ca50.015~d50/a!~T1.5/D
*
0.3! (18)

where a5reference level above the mean bed~m!; D*
5dimensionless particle parameter~2!; and T5dimensionles
bed-shear parameter~2!.

The reference level~a! was assumed to be equal to the b
roughness height (ks value530z0 with z05zero velocity level!,
derived from the measured velocity profiles~zero-velocity level
see Tables 2–5!. The measuredCa values were determined fro
the measured concentration profiles by interpolation takinga
value equal to the bed roughness height (ks). The measured an
predictedCa values are given in Table 8. The measuredCa values
are in the range between 0.01 and 0.15 kg/m3. Some results a
conflicting; for example, the measuredCa at the Bani Sweif site
0.1 kg/m3 and 0.02 kg/m3 at Sohag for the same depth and ve
ity class (depth52.5– 4.5 m; velocity50.45– 0.70 m/s). Thus
variation of a factor 5 may easily occur for similar conditio
which stresses the variability of local near-bed conditions.
predicted values, which represent a spatial averaged value
the bed forms, are considerably larger than the measured

Nile River in Egypt and Mississippi River in the USA; upper:d50 between
a from
values ~factor 1–10; factor 3 averaged over all data!. Further
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0.81
0.85

0.66

2.46
2.37

2.13
1.37

1.13

2.72
1.79

1.65
studies are necessary to identify the effect of nonuniformity o
bed material on theZ andCa parameters.

Comparison of Measured and Predicted Suspended
Transport Rates

The suspended-load transport rates were computed using th
diction methods of Bagnold~1966! and Van Rijn~1984b!. These
models were selected because they are well-known and the
resent the two main types of models: based on bed-shear
~Van Rijn! and energy~Bagnold!. Table 9 shows the comparis
between the measured and predicted suspended-load tra
rates at the four sites; the ratio of computed and measured
port rates is given between brackets. It can be concluded th
prediction formula of~Van Rijn! underpredicts the measured ra
for the three sites of Aswan, Quena, and Sohag with facto
0.4–0.7, respectively; whereas it overpredicts the measured
for the site of Bani-Sweif with a factor of 1.6. The predict
formula of ~Bagnold! overpredicts the measured rates for
three sites of Aswan, Quena, and Bani-Sweif with factors o
to 1.2, respectively; whereas it underpredicts the measured
for the site of Sohag with a factor of 0.55. These results show
the suspended transport rates of both formulas are in quite
agreement with the measured values.

Comparison of Measured and Predicted Total Load
Transport Rates

The total load transport rates were computed using the pred

Table 8. Average Values of Suspension Parameters in Nile Rive

Site

Depth
range
~m!

Velocity
range
~m/s!

Median particle
sized50

~mm!

Bed
roughnessks

~m!

Average Standard Average Stand

Bani-Sweif 2.5–4.5 0.20–0.45 — — — —
0.45–0.70 350 28 0.073 0.062
0.70–0.95 476 96 0.160 0.126

4.5–6.5 0.20–0.45 — — — —
0.45–0.70 — — — —
0.70–0.95 296 0 0.478 0.037

Aswan 2.5–4.5 0.20–0.45 — — — —
0.45–0.70 — — — —
0.70–0.95 — — — —

4.5–6.5 0.20–0.45 340 11 0.183 0.10
0.45–0.70 390 84 0.056 0.047
0.70–0.95 — — — —

Sohag 2.5–4.5 0.20–0.45 — — — —
0.45–0.70 314 0 0.059 0.043
0.70–0.95 374 120 0.119 0.095

4.5–6.5 0.20–0.45 — — — —
0.45–0.70 — — — —
0.70–0.95 552 57 0.340 0.166

Quena 2.5–4.5 0.20–0.45 253 14 0.018 0.0
0.45–0.70 300 46 0.087 0.071
0.70–0.95 — — — —

4.5–6.5 0.20–0.45 — — — —
0.45–0.70 282 0 0.017 0.007
0.70–0.95 — — — —
method of Engelund–Hansen~1967!, see Table 10. This model

JO
-

s

rt

was selected because it is well-known and it represents the e
type of models. Furthermore, it gets around the problem of
load and suspended-load definitions. The results of the meth
Bagnold and Van Rijn are also given. Table 10 shows the
parison between the measured and predicted total load tra
rates at the four sites; the ratio of computed and measured
port rates is given between brackets. It can be concluded th
prediction formula of Bagnold slightly overpredicts the meas
values; and the method of Van Rijn tends to underpredic
measured results. The method of Engelund–Hansen gives c
tent results with Bagnold formula and slightly overpredicts
measured values. The three used methods revealed good r
all computed transport rates are within a factor of about 2 o
measured values. It can be concluded that the prediction fo
of ~Van Rijn! underpredicts the measured rates for the three
of Aswan, Quena, and Sohag with factors of 0.6–0.9, res
tively; whereas it overpredicts the measured rates for the s
Bani-Sweif with a factor of 1.9. The prediction formulas of~Bag-
nold! and~Engelund–Hansen! overpredict the measured rates
the four sites with factors of 1 to about 2.2.

Conclusions

Measurements of sediment-load transport rates were carrie
successfully at four cross sections on the Nile River, in Eg
along the entire length from Aswan to Cairo using a mecha
sampler called the Delft Nile Sampler. Based on analysis re

ed shear
elocity

* ~m/s!

Measured Predicted

Ca,meas Zmeas Ca,predic Zpredic

verage Standard Average Standard Average Standard Averag

— — — — — — —
.052 0.003 0.10 0.062 0.426 0.079 0.11
.05 0.005 0.09 0.043 0.427 0.143 0.37

— — — — — — —
— — — — — — —

.06 0.001 0.05 0.01 0.409 0.053 0.14

— — — — — — —
— — — — — — —
— — — — — — —

.026 0.006 0.01 0.002 0.313 0.053 0.
.028 0.01 0.01 0.003 0.373 0.087 0.16

— — — — — — —

— — — — — — — —
.033 0.006 0.02 0.003 0.395 0.037 0.27
.054 0.016 0.15 0.123 0.502 0.124 0.31

— — — — — — —
— — — — — — —

.06 0.004 0.03 0.023 0.416 0.154 0.15

0.023 0.007 0.01 0.004 0.611 0.034 0.
.035 0.011 0.02 0.013 0.620 0.163 0.11

— — — — — — —
— — — — — — —

.037 0.01 0.06 0.020 0.777 0.029 0.2
— — — — — — —
r

B
v

U

ard A

—
0
0
—

—
0

—
—
—

1 0
0
—

0
0
—

—
0

12
0
—
—
0
—

of the data, the following conclusions are given:
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1. Comparison of measured and predicted bed-load tran
rates shows that, for the Nile river, the bed-load formul
Van Rijn ~1984a! gives values which are in good agreem
with the measured bed-load transport rates; the average
tive error is about 60%.

2. Modification of the Van Rijn formula~1984a! was performe
to extend it to conditions with slightly nonuniform sedim

Fig. 11. Concentration profi

Table 9. Measured and Predicted Suspended-Load Transport Ra
the Four Sites~Ratio of Computed and Measured Transport Ra
given between Brackets!

Site

Suspended-load transport rates
integrated over the cross section~kg/s!

Measured

Predicted

Bagnold~1996! Van Rijn ~1984a,b!

Aswan 4.4 4.9 1.8
~1.1! ~0.4!

Quena 8.9 10.1 6.6
~1.1! ~0.7!

Sohag 47.9 26.3 34
~0.6! ~0.7!

Bani-Sweif 15.8 18.5 25
~1.2! ~1.6!
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mixtures by introducing a correction factor for the bed-s
parameter. Based on a limited number of flume experim
the correction factor was found to be dependent on the
acteristics of the sediment mixture.

3. Comparison of bed-load transport measured in the
River with computed transport rates of the modified form
show improved results; the average relative erro

a! Bani Sweif, and~b! Sohag

tTable 10. Measured and Predicted Total Load Transport Rates a
Four Sites~Ratio of Computed and Measured Transport Rate is G
between Brackets!

Site

Total load transport rates
integrated over the cross section~kg/s!

Measured

Predicted

Bagnold Engelund-Hasen Van Rij

Aswan 6.1 13.2 7.4 3.4
~2.2! ~1.2! ~0.6!

Quena 12.1 23.0 19.7 9.4
~1.9! ~1.6! ~0.8!

Sohag 55.1 57.5 66.2 48.0
~1.05! ~1.2! ~0.9!

Bani-Sweif 19.7 40.8 43.3 36.9
~2.1! ~2.2! ~1.9!
les at~
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about 30%.
4. Comparison of bed-load transport rates measured in the

River with similar data from the Rhine-Waal River in t
Netherlands shows very good agreement, which gives
confidence in the quality of both data sets.

5. Comparison of depth-integrated suspended transport
measured in the Nile River with similar data from the M
sissippi River in the USA shows that both data sets
complementary, revealing a very consistent trend of
pended transport against current velocity; transpor
roughly proportional to (Vav)

3 to 4.
6. Analysis of measured and predicted concentration profil

the Nile River shows that the computed suspension nu
Z is much larger than the measured one. This can be
plained by assuming that the diffusivity of fine sand parti
is much larger than the diffusivity of fluid momentum.

7. Comparison of suspended transport rates measured
Nile River with computed suspended transport rates sh
that the formulas of Bagnold and Van Rijn yield good
sults; all computed transport rates are within a factor of
measured values; the formula of Bagnold performs slig
better.

8. Comparison of the total load transport rates measured
Nile River with computed total load transport rates sh
that the formulas of Bagnold, Van Rijn, and Engelun
Hansen yield good results; all computed transport rate
within a factor of about 2 of measured values.
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Notation

The following symbols are used in this paper:
a 5 reference level above mean bed;
C 5 sand concentration at heighty above bed;

C8 5 grain-related Chezy coefficient;
Ca 5 reference sand concentration;
D* 5 dimension less particle parameter;
d10 5 sediment size at which 10% by weight is finer;
d16 5 sediment size at which 16% by weight is finer;
d50 5 sediment size at which 50% by weight is finer;
d84 5 sediment size at which 84% by weight is finer;

g 5 acceleration of gravity;
h 5 mean flow depth;

ks 5 effective bed roughness height;
qb 5 volumetric bed load transport;

s 5 specific density;
T 5 dimensionless bed-shear parameter;

Tmodified5 correction of the bed-shear parameter;

u 5 depth-mean flow velocity;

JO
u* 5 bed-shear velocity;
Ws 5 fall velocity of suspended sediment;

Z 5 suspension number orZ parameter;
b 5 ratio of sediment and fluid momentum diffusivity

coefficient;
D 5 relative density;
k 5 Von Karman coefficient;
l 5 correction factor;
n 5 kinematic viscosity coefficient;

rs 5 sediment density;
r 5 fluid density;

sg 5 standard deviation of bed material;
tcr 5 critical bed-shear stress at which sediment start

moving ~according to Shields!; and
tb8 5 effective bed-shear stress.
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