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

Three formulas for the prediction of bed-load transport were tested using the Nile data: Meyer-Peter—Muller, Bagnold, and Van Rijn. The
prediction formula of Van Rijn produced significantly better results than the other two formulas; the average relative error was about 60%.
The formula of Van Rijn was modified to extend it to conditions with slightly nonuniform sediment mixtures by introducing a correction
factor for the bed shear parameter. Based on a limited number of flume experiments, the correction factor was found to be dependent ¢
the characteristics of the sediment mixtuth¢, dsg, dgg, andag). Comparison of bed-load transport measured in the Nile River with
computed transport rates of the modified formula showed improved results; the average relative error decreased to about 30%. Th
formulas of Bagnold and Van Rijn were also used to compute the suspended transport rates in the Nile River. The computed transport rats
were found to be within a factor of 2 of measured values; the formula of Bagnold performed slightly better. The total load transport
formula of Engelund—Hansen was also successfully ysechputed values within a factor of about 2 of measured values
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Introduction flows the predominant bed form type is dunes of various sizes
with megaripples superposed and large sand bars. The dunes are

river from High Aswan Dam to the sea. This value is estimated to much longer than the water depth; t_he megaripples have a length
be in the range of 10-100 kg/s, but the exact quantity is un- of about the water depth. At high dlsgharges the energy of row.
known. Furthermore, it is unknown which part of the total sand (€Nds to wash out the dunes of the main channel and the predomi-
load is transported as bed load and which part as suspended load!@nt Ped form type becomes transitional dunes with megaripples.

In 1968 the High Aswan DartHAD) was built to regulate the Megaripples have a length scale of about the water depth,
water supply in the river. The dam has enabled Egypt to obtain a'Whereas dunes have a length scale much larger than the water
steady annual supply of 55.5 billion3rof water. This is particu- ~ depth and ripples much smaller than the water depth. After the
larly important since the Egyptian population is increasing construction of HAD, the predominant bed form type is dunes due
steadily, which means that the country requires more and moret0 the controlled maximum flows. Maximum velocities are re-
food and energy. duced and have a magnitude on the order of 1.0—-1.5 m/s instead

The flow regime imposed by HAD has resulted in significant 0f 1.5-2.0 m/s before HAD constructidiGaweesh and Gasser
changes in those variables that reflect the geomorphic and hydrau1992.
lic response of the river. The dam has affected the regime of the ~ The suspended-load measurements before HAD construction,
Nile and resulted in lowering of both water and bed levels down- at Gaafralkm 34, below Aswaj revealed that sediment concen-
stream of the barrages. Before the construction of HAD the Nile trations were as large as about 4 kgftaring the periods of high
River experienced a large range of dischar@®s-900 million n? flow. After the construction of HAD, maximum concentrations
per day and a corresponding large range in velocities. At low are only in the range 0.03-0.1 kgim

The basic objective of the study is to determine the total sedi-
associate  Professor, Hydraulics Research Institute, Delta Ment load in the Nile River as a function of flow parameters; to

The last secret of the Nile is the amount of sand carried by the

Barrage 13621, Egypt. determine the relative contributions of bed-load and suspended-
’Research Assistant, Hydraulics Research Institute, Delta load transport, and to determine the predictive skills of various
Barrage 13621, Egypt. sediment transport formulas for the Nile River. As the wash load
*Senior Hydraulics Engineer, Delft Hydraulics, P.O. Box 177, is negligibly small, the present data only refer to the bed material
2600 MH, Delft, The Netherlands. load

Note. Discussion open until November 1, 2004. Separate discussions

must be submitted for individual papers. To extend the closing date by cussed in this paper and compared to computed transoort rates
one month, a written request must be filed with the ASCE Managing pap P P P ’

Editor. The manuscript for this paper was submitted for review and pos- Measured transport rates of two other large rivers are shown for
sible publication on June 6, 2001; approved on October 10, 2003. This comparison with the Nile data. The applied sand transport models
paper is part of thdournal of Hydraulic Engineering Vol. 130, No. 6, were selected because they are well-known and they represent the
June 1, 2004. ©ASCE, ISSN 0733-9429/2004/6-488-500/$18.00. two main types of models: based on bed-shear sttietesyer-

Measured bed-load and suspended-load transport rates are dis-
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Fig. 1. Sketch of measuring technique
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Fig. 2. Layout of measurement stations and locations

Peter—Muller and Van Rijnand energyBagnold and Engelund—

Hansen. The effect of the nonuniformity of the bed material on
the transport rate is studied using data from both laboratory and Mediterranean Sea
field conditions. Finally, some details of the suspended sediment
concentration distributions in the Nile River are discussed. Future
research will focus on the details of the processes of sand trans-

port and sorting over dunes. Delta Barrage ~ " Cairo
Aoe
2 & Bani-Sweif
Field Measurements f
~
Measurement Techniques EGYPT

The sediment-load transport was measured using the Delft-Nile Assuit Barrage

Sampler(Van Rijn and Gaweesh 1992; Van Rijn 1993which
was operated from an anchored boat. This mechanical sampler Naga Hammadi Barrage

Sohag

was designed to measure, in contact to the bed, the bed load and

the suspended load up to 0.5 m above the kibé sampler Essna Barrage

heighy. Three small propeller meters were attached to the sampler Old Aswan Dam Aswan
to measure the current velocities at 0.18, 0.37, and 0.50 m above High Aswan Dam 7]

the bed. The bed-load transport is defined as the transport be- Lake N C

tween the bed surface and the top of the intake opening of the ake afie»i-

bed-load sampleftabout 0.055 m This application of this prac-
tical definition may result in some oversampling, as part of the
suspended sediment is trapped. However, a special patch of 0.5
mm mesh size was used at the upper side of the bed load bag to
allow the suspended sediment to leave the bag. The oversampling
error is estimated to be of the order of 10—2[¥ée Gaweesh and
Van Rijn (1994; and Kleinhans and Ten Brinké€001]. The
suspended sand transport is defined as the transport between theable 1. Main Characteristics of the Measurement Sites
top of the intake opening of the bed-load sampler and the water g

Fig. 3. Measurement locations along Nile River

Aswan Quena Sohag Bani-Sweif

surface.

A separate devicéDelft fish) equipped with a small nozzle  River width (m) 517 578 481 400
connected to a suction pump, a propeller meter, and an echo-ocal slope(cm/km) 35 4.2 5.7 8.5
sounder for depth determination was used to measure suspendeflow dischargegm®s) 1,331 1,250 1,560 1,040
load at different water depths above the bed and near the waterAverage bed form lengttm) 44 22 24 28
surface, Fig. 1. Average bed form heighim) 1.6 0.8 0.7 0.75

The locations of the measurement cross sections were selected
in a stable reach to avoid nonsteady bed conditions during the
measurements. The sites are Aswan km 15, Quena km 288, Sohag
km 444, and Bani-Sweif km 828 measured downstream of the on the bank of the rivetaccuracy of about 0.1 m in cross-river
High Aswan Dam see also Fig. 3. For each measurement site,direction aml 1 m in longitudinal direction; bed form length of
echo sounding for the cross-section profile was performed. Theabout 50 n.
cross-section profile was subdivided into six measurement sta- The local water surface slope was determined by measuring
tions, based on statistical error analy§&aweesh and Van Rijn  the water level at two points with a distance of about 1000 m. The
1994. A longitudinal echo sounding profile over at least 100 m flow discharge was derived from the velocity measurements at
length was conducted at the location of each station to an estimatevarious stations across the river. During the measurement period
of the local bed form dimensions. The positioning of the boat was the local water surface slope, water level, and flow discharge at
determined using a laser range finder with respect to fixed stationsthe measurement site were almost constant.
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Table 2. Measured Data per Station at Aswan

Standard Velocity (m/s)  Suspended loatkg/m/s  Bed load(kg/m/9
deviation
Distance Mean depth d;y dgg  dgg of bed MeanKg Standard Standard Standard
Station from (L.B.) (m) (wm)  (um) (wm) materialog (m) Mean deviation Mean deviation Mean deviation
1 60 4.98 207 313 493 2.0 0.097 0.482 0.0310 0.0078 0.0008 0.0056  0.0053
2 140 5.72 187 322 580 1.8 0.086 0.487 0.0336 0.0081 0.0004 0.0012 0.0008
3 220 4.78 215 359 577 1.7 0.026 0.587 0.0085 0.0089 0.0009 0.0038 0.0033
4 300 5.02 234 389 635 2.0 0.100 0.618 0.0312 0.0098 0.0006 0.0058 0.0028
5 380 4.82 266 542 1197 1.9 0.147 0.591 0.0198 0.0092 0.0010 0.0113  0.0080
6 460 5.70 186 345 735 2.5 0.188 0.415 0.0298 0.0077 0.0006 0.0005 0.0005

The measurements of bed, suspended load, and velocity pro-All bed-load samples, taken at each location in the measurement
files were conducted at the six measurement stafiStisto St6, station, are separately dried and weighed and then put together to
see Fig. 2 At each statior(Stl to St§, measurements were per- obtain a bulk sample which represents the bed-load material at the
formed at five location$L1, L2, L3, L4, and L5 distributed over measurement station. The bed material samples for the five loca-
the length of the longitudinal section which is about equal to the tions, at each measuring station, were also put together to obtain
mean bed form length. Fig. 2 shows the layout of the measure-a bulk sample which represents the bed material at each station.
ment stations and locations. In all, measurements were performedlrhe samples of each station were analyzed. The suspended sedi-
at 30 locations. At each station the following measurements werement particles obtained by the Delft Nile Sampler and Delft Fish
performed for the five locations: were analyzed separatelpulk samples to determine the fall
1. Ten instantaneous samplings using the Delft Nile Sampler Velocity by settling tube analysis.

with a bag of mesh size 250m; the sampler was lowered to
the bed and immediately raised up after the nozzle had pescription of Measurement Sites

touched the bed“zero”-samplings; these values are sub- . . .
tracted from the bed-load samplings of 3 min to correct for The sediment discharge measurements were carried out at four

the initial disturbance effekt cross sections on the Nile River covering the entire length from
2. Eight bed-load samplings of 3 min each using the Delft Nile Aswan to Cairo. The measurements were carried out at Aswan km
' Sampler with the same bag size. 15, Quena km 288, Sohag km 444, and Bani-Sweif km 828 mea-

3. Suspended-load samplings over the water depth using theSured downstream of the High Aswan DamAD), see Fig. 3.
Delft Nile and the Delft Fish Samplers. The suction of the The main topographic and hydraulic characteristics of the four
samples was driven by a set of pulsation pumps. The measurement sites are summarized in Table 1. '
samples were collected (volumé L) in plastic buckets. The measured data are presented in Tables 2—5. The effective

4. Velocity profiles over the water depth using propeller current bed roughness height according to Nikuradkg (vas obtained
meters installed on the Delft Nile and the Delft Fish Sam- from data fitting of velocity measurements for all the locations of
plers. The flow velocity measurements were carried out as €ach statiorfvan Rijn 1990, 1993p The values of water depths,
follows: the bed material characteristidg,, dsg, dgg (d;g means that 10%

« At 0.18, 0.37, and 0.50 m above the bed level by using Of the sample is smaller than this diameter, Jetand the bed
three propeller-type current meters attached to the Delft roughnes for all the locations were averaged and are shown in
Nile Sampler; and the tables for each measurement station. The mean and standard

» From 0.50 m above the bed level to the water surface by deviation values of the flow velocity, suspended load, and bed
using a propeller-type current meter attached to the Delft load for each station are shown in the tables as well. The bed-load

Fish. and suspended-load transport are defined in the section on mea-
5. One bed material sample at the end of each measuremengsurement techniques. The tables also indicated that the standard
using a grab sampler. deviation values 4= 2dgs/dsyt+ 3dso/d) Of the bed material
6. Water temperature was measured. are in the range from 1.1 to 2.5. Therefore the bed material is
7. At each station, a longitudinal bed profile for the five loca- considered slightly nonuniformo{;<<3). For more details see
tions was sounded. Abdel-Fattah(1997a,b,c,il and Gaweesh et al1994.

Table 3. Measured Data per Station at Quena

Standard Velocity (m/9)  Suspended loatkg/m/9  Bed load(kg/m/s
deviation
Distance Mean depth di; dsg dgg of bed Meankg Standard Standard Standard
Station from (L.B.) (m) (pm)  (um) (um) materialo g (m) Mean deviation Mean deviation Mean deviation
1 81 4.34 231 378 556 1.2 0.20 0.66 0.033 0.034 0.0073 0.0167 0.0134
2 164 4.65 141 282 429 2.0 0.07 0.67 0.0313 0.033 0.0058 0.0120 0.0026
3 252 4.40 166 267 389 15 0.10 0.60 0.0124 0.010 0.0031 0.0064  0.0052
4 338 3.55 161 277 354 15 0.11 0.49 0.0236 0.006 0.0011 0.0015 0.0006
5 414 4.03 135 239 315 1.6 0.23 0.31 0.0121 0.003 0.0003 0.0001 0.0001
6 517 3.88 184 267 344 14 0.35 0.36  0.0159 0.003 0.0003 0.0009 0.0013
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Table 4. Measured Data per Station at Sohag

Standard
deviation Velocity Suspended loatkg/m/9 Bed load
of bed
Distance Mean depth d;q dsg dgy material MeanKg Standard Standard Standard
Station from (L.B.) (m) (pm)  (pm)  (um) oy (m) Mean deviation Mean deviation Mean deviation
1 55 4.54 352 586 1155 2.0 0.29 0.82  0.0707 0.0396 0.006 0.0117  0.007
2 124 4.58 177 453 594 1.4 0.38 0.77  0.0264 0.1118 0.0633 0.0313  0.013
3 183 4.13 236 472 987 1.8 0.26 0.88  0.0512 0.1236 0.0296 0.0291  0.0037
4 274 4.19 160 258 412 11 0.28 0.78  0.0466 0.2199 0.0291 0.0259 0.0179
5 355 4.12 176 251 330 1.7 0.03 0.75  0.0465 0.0979 0.0168 0.01 0.0025
6 425 4.27 204 314 591 15 0.06 0.61  0.0326 0.0175 0.001 0.002  0.0011
Table 5. Measured Data per Station at Bani-Sweif
Standard
deviation Velocity Suspended loatkg/m/9 Bed load
of bed
Distance Mean depth di;  dgg dgg  material MeanKg Standard Standard Standard
Station from (L.B.) (m) (rm)  (pm)  (um) gy (m) Mean deviation Mean deviation Mean deviation
1 344 2.82 306 603 1661 1.77 0.29 0.81  0.0551 0.0163 0.0029 0.0191 0.0057
2 282 2.76 415 490 1,216 1.64 0.22 0.74  0.0157 0.0272 0.0034 0.0152  0.0105
3 221 2.76 359 409 700 1.43 0.03 0.72  0.0238 0.0422 0.0029 0.0178 0.0098
4 179 3.40 305 343 543 1.39 0.09 0.66  0.0169 0.0416 0.0050 0.0126  0.0058
5 120 4.28 295 350 697 1.56 0.23 0.71  0.0258 0.0482 0.0068 0.0057 0.0021
6 60 5.04 251 296 619 1.63 0.40 0.73  0.0075 0.0623 0.0094 0.0040 0.0022
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Fig. 4. Bed-load transport as function of current velocity; data from Nile River in Egypt and Rhine-Waal River in The Netherlands
Results of Bed-Load Transport Data variation ranges are also shown in Fig. 4 to get some idea of the

scatter involved. The bed-load transport rates from both rivers
The bed-load transport rates including variation ranges measuredshow very good agreement, which gives some confidence in the
in the Nile River are shown in Fig. 4. As can be observed, the bed quality and consistency of both data sets. The bed-load transport
load transport rates of sediment in the rangedaf)X 0.2-0.6 mm  rates show rather good correlation with depth-mean velocity. This
increase from about 0.0005 to about O(@%rease of a factor of  |atter parameter was used as the independent variable because it
100 over the velocity range from 0.35 to 0.85 m/s. For compari- renresents a simple and accurate local variable. An alternative
son, similar data from the Rhine-Waal River in The Netherlands |5 iapje is the local shear stress, but this variable involves the
(Van Rijn 1991, 1992, Gaweesh and Van Rijn 1p@te also estimation of local friction or local slope and associated errors

shown in Fig. 4. The Rhine-Waal data have been measured in(re ression of measured velocity profiles or reach-average slope
depths of 4 to 5 m, with current velocities in the range of 0.45— etc% yp 9 Pe,

. I f t 0. ing th -l
0.9 m/s andls, values of about 0.53 mm, using the same bed-load The following three formulas for the prediction of bed-load

transport sampler. Individual data points of the Nile and Rhine- . . .
Waal data sets have been clustered as much as possible into dafi@nSPort have been tested using the Nile data: Meyer-Peter—

groups of current velocity and transport to reduce the scatter. Muller (MPM) (1948; Bagnold (1966; and Van Rijn(1984a.
Generally, the scatter of the individual transport rates is relatively 1These models were selected because they are well known and
large, masking a clear view of the general trend of the data. Thethey represent the two main types of models: based on bed-shear
values within the groupéased on at least 10 values within each StressS(MPM and Van Rijn and energy(Bagnold and Engelund—
group have been averaged to obtain representative group-Hansen. The methods of MPM and Van Rijn are related to grain
averaged values. The variation range of the velocity within a shear stress derived from flow velocity and grain roughness; the
group is about 10% of the mean value; the variation range of the method of Bagnold is based on the stream power congeptl-
corresponding suspended transport rates is as large as 50%. Thect of bed-shear stress and flow velotity
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Table 6. Measured and Predicted Bed-Load Transport Rates at the  Using this approach, the weakly nonuniform bed material of

Four Sites the Nile River is schematized as a single fraction represented by
Bed-load transport rates integrated over the cross section Uso @nd og. For strongly nonuniform bed material, it is more
(kg/9 appropriate to use a multifraction method by schematizing the bed
Predicted material into a number of size fractions and to compute the sand
. - transport rate of each size fraction by using an existing single
Site Measured Bagnold MPM Van Rijn fraction methodreplacing the median diameter of the bed mate-
Aswan 1.73 8.2 2.9 1.6 rial by the mean diameter of each fractiowith a correction
4.7) 1.7 (0.93 factor acting on the critical bed-shear stress to account for the
Quena 321 12.8 58 27 nonuniformity effects(Egiazaroff 1965; Almedeij and Diplas
(4.0 (1.9 (0.86 2003; Roberts et al. 2003
Sohag 7.21 31.2 19.1 14.0
4.3 @7 (1.9 Modlification of Bed-Load Transport Formula
Bani-Sweif 3.92 22.3 14.4 11.5 o .
(5.7) (3.7 2.9 The original bed-load formula of Van Rij(1984a,b reads as
Note: Ratio of computed and measured transport rate is given in paren- qb:0_05330.590.5(1&1_).()5[);0.31—2.1; T<3 2)

theses.

1.5 0.
Table 6 shows the comparison between the measured and pre- qb=0_1003°-5g°-5d505D* T T>3 @)
dicted bed load transport rates at the four sites; the ratio of com-whereq,=volumetric bed-load transpottn®s); g=acceleration
puted and measured transport rates is given between brackets. Ibf gravity (m/s%); ds,=sediment size at which 50% of material is
can be concluded that the prediction formula of Van Rijn gives finer (m); A=relative densitygs—1=(ps—p)/p(—); D,
significantly better results than the method of Bagnold and =dimension less particle parameter Y=ds,[(S— 1)g/v2]l/3
slightly better results than the method of MPM. The method of v=kinematic viscosity coefficienim?s); s=specific density
Bagnold generally overpredicts the bed load transport rates be-=p./p (—); ps=sediment densitykg/m®); and p =fluid density
cause the overall bed-shear stress is used instead of the graingkg/n?)
shear stress. The method of Van Rijn underpredicts the measured ,
rates for the two sites of Aswan and Quena with factors of 0.93 T=(T5= o,/ To,cr )
and 0.86, respectively; whereas it overpredicts the measured rateg; = effective bed-shear strespg(u/C’)?; u=depth-mean flow
for the two sites of Sohag and Bani-Sweif with factors of 1.90 and velocity (m/9; C’=grain-related Chezy  coefficient
2.90, respectively. The other formulas used overpredict the mea-= 18 log(4/dyy); h=mean flow deptim); andr.=critical bed-

sured rates within a factor ranging from about 2 to 5. shear stress at which sediment start movitagcording to
Shields.

Effect of Graded Sediment on Bed Load Transport The correction of the bed-shear parametgfyirieg Will be as
follows:

Approach Tmodified:()\Tt,)_Tb,cr)/Tb,cr (5)

Analysis of bed material samples shows that the bed material ofin which \ = correction factor. Basically, this factor introduces a

the Nile River is slightly nonuniform at present; the ratig,/ds, correction of the grain roughness of a sediment mixture. The

has values up to 3. Selective grain transport processes may takgrain roughness will decrease for a wider distribution because the
place, involving the selective movement of sediment particles in a larger particles will be less exposed in a relatively wide mixture
mixture near incipient motion at low bed-shear stresses and dur-(smaller particles will fill the interstices between the larger par-
ing generalized transport at higher shear stresses. Several effectgcles). Therefore the factor is assumed to be related to the
are important(1) the degree of exposure of sediment particles of characteristics of the mixture.

unequal size within a mixturéhiding of smaller particles resting From Egs.(2), (3), and(4), it can be observed that

or moving between the larger particlesnd (2) the nonlinear _

relationship between transport rate and particle diameter. Given N=1p,of 1+{0p/(0.05 %D, O9) 12 /7p; T<3
these effects, the predictions of the bed-load transport rates for the (6)
Nile River may not be so accurate if they are based on a formula and

developed for uniform sediment. _ ..

Sincpe the bed-load formula of Van Riji9844 gave the clos- N =7p, o[ 1+{0p/(0.10 %955 D, O9)} 5] /rg s T>3
est values to the field measurements, it was selected to be modi- )
fied by introducing a correction factor related to the size distribu- Hence for givengy, A, g, dsg, andD, , the correction factok
tion (standard deviationy4) of the bed material. This correction  can be determinetAmin 1999.
factor modifies the effective bed-shear stress. #hparameter is

defined as Experimental Laboratory Data Set

dgs/dsotdso/d1e . . . ) .

I E— (D) A series of laboratory experiments was carried out in a st_ralght
flume at HRI, Delta Barrage, Egypt, under steady uniféequi-

with d;g which represents the size at which 16% by weight is librium) conditions. Different sizes of bed material and different

finer; dsg which represents the size at which 50% by weight is flow characteristics were used in order to determine the corre-

finer, anddg, which represents the size at which 84% by weight is sponding bed-load transport rates for a variety of boundary con-
finer. ditions. In all, 19 flume tests were carried out. During the tests

Gg:
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Fig. 5. Correction factom; left: method A; and right: method B

different bed material sizes of mean particle diametkp ( rang- in a mixture cannot be represented with sufficient accuracy by the
ing between 245 and 1,1Q0m), with different grain size distri- largest particles dgg) of the mixture. Method A is somewhat
bution (1.X<0y<2.5), were used. The flow depths were in the more sophisticated as the asymmetry of the sediment size distri-
range of 0.3-0.5 m and the flow velocities were in the range of bution is taken into account, whereas method B is based on the
0.43-0.64 m/s. The basic data are presented by Gaweesh and Vaassumption of a symmetric size distribution. Fig. 5 shows a plot
Rijn (1994). of the correction factoh as a function of thery, parameter for
methods A and B. Th@d factor (method A was in the range
between—0.25 and+0.25. The correction factor of method B
increases slightly fotr,>2, which is not realistic and therefore
Based on the available laboratory data set of bed-load transportthe minimum value ohg (=0.55) will be used fokr ¢=2.

Determination of Correction Factor N\

rates, the best expression forcan be determined with multiple Introducing the correction method for the Van Rijn formula,
regression techniques. Two different approactfesnd B) have the following results can be obtained:
been followed:A ,=f (dg, dsg, dgg, and and\g="f _ .
resulting in A=T (dio, dso, oo 7o) 5= (09) Qp="0.0532%%%d"D 23121 for T<2.5 (no correction
(12)
Aa=1 (no correction for T<2.5 8
A ( ©) b= "0.10 %% D, O T ogified °  for T>2.5 (13)
Aa=exp(0.45¢+0.28) for T>2.5 9)

_ In which
W|th ()L:]._O'g andB:dsoldgo_de/d5o i
Tmodified™ (AaTp— Th,c)/Tp e IN the case of method A

Ag=1 (no correction for T<2.5 (10) (14)
Ng=exp(1.8-2.404+0.60;) for T>25 (11) Tmodifie™ (AoT' — T o)/ Tper  IN the case of method B
(15)

As expected, the correction factor decreases with increasing stan-
dard deviation of the mixture expressing that the grain roughnessFigs. 6 and 7 show computed and measured bed load transport
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Fig. 6. Measured and computed bed-load transport rates for flume data; original nfegeadcircle and modified method Atriangles
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rates for both approaches. Figs. 6 and 7 show that the results ofpendent data set. This verification is done by comparing the re-
the modified formula using the two approaches are quite satisfac-sults of the modified Van Rijn formula with the measured bed
tory, as it predicts the bed-load transport rates by a factor rangingload transport rates of four sites in the Nile River.

between 1 and 1.1 for approach A and 1 and 1.3 for approach B.  Figs. 8 and 9 show a comparison between measured bed-load
Thus it can be concluded that the asymmetry of the sediment sizetransport and computed bed-load transport according to the origi-
distribution (method A is important and should be taken into  pa| and the modifiedA and B) Van Rijn formula. From the two

account. figures it can be seen that:

- . ¢ The modified Van Rijn formula yields values that are in better
Verification of Modified Bed-Load Transport Formula agreement with the measured values than the original formula;
Using Nile Data and
Since flume data have been used for calibration of the formula® The predictions of modified Van Rijn formula are rather good
involved, it is necessary to make a verification with a n@vde- for T<3; but not as good foll >3.
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Fig. 8. Comparison of measured and computed bed-load transport for Nile data; original nfeittobel and modified methods A and B
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The following equation was used to calculate the percentage ofthe range of 0.6—2.0 m/s artti, values in the range of 0.2—-0.6
the relative errors of the predicted values with respect to the mea-mm. Individual data points of the Nile and Mississippi River data

sured values: sets have been clustered as much as possible into data groups of
_ current velocity to reduce the scatter. The values within the

relative error%- absolute c{fqb'measurearqb’pred'“edx 100 groups have been averaged to obtain representative group-

Gb, measured (16) averaged values. The transport rates of the Nile data set are in the

lower velocity regimeg0.3—0.8 m/§ while the values of the Mis-
in which dp measure Measured bed load transport rates; and sissippi data set are in the upper velocity regif@&—2.0 m/s
Ob,predgicted= Predicted bed-load transport rates. The results are pre-Overlapping transport data can be observed around velocities of
sented in Table 7. 0.7 to 0.8 m/s fords, values in the range of 0.2—0.4 mapper
Table 7 shows that the modified formula based on method A or plot of Fig. 10. The data points of both data sets are complemen-
B has an average relative error equal to 29 or 39% which is muchtary and show a very consistent trend of suspended transport
less than the relative error of 65% of the original formula. Thus against current velocity; transport is roughly proportional to
the modified Van Rijn formula shows quite good performance in (v,)* for velocities smaller than 1 m/s an¥{,)* for velocities
predicting the bed-load transport rates for conditions with slightly larger than 1 m/s. This change in the slope of the suspended
nonuniform bed material as present in the Nile River in Egypt. transport versus velocity plot is probably caused by the effect of
Method A is proposed as the best correction factor for conditions the suspended sediment on the turbulence mixing capacity in the

with weakly nonuniform bed material. This analysis shows that high-velocity rangdturbulence damping effect; Van Rijn 1993b
the accuracy of bed-load transport formulas for uniform sediment

can be improved by taking the nonuniformity effects into account.
Analysis of Concentration Profiles of Nile River

Analysis of Suspended Sand Transport Data Adopting the sediment diffusivity theory based on a parabolic
distribution over the depth, the relative sediment concentration

profile can be expressed by the well-known Rouse concentration
Measured Transport Rates profile

The depth-integrated suspended transport rates measured in the . _ _ 7

Nile River are shown in Fig. 10 for two sediment size classes C/Ca={l(h=y)lyllal(h—a)]} an
(dsg) of 0.2-0.4 mm and 0.4-0.6 mm. For comparison, similar i, \hich C=sand concentration at heiglt above the bed
data from the Mississippi River in the US#eterson and How- (kg/nP); C,=reference sand concentrationkg/m®); Z
ells 1973 are also presented in Fig. 10. The Mississippi data have =suspensio?1 number Z parameter €)=W,/(Bxu,); W,
been measured in depths of 1.0~11.0 m, with current velocities in _ 41 velocity of suspended sedimefm/s); § = r;tio of stadimesnt
and fluid momentum diffusivity coefficier{t-); k =Von Karman
coefficient(—); andu, =bed-shear velocitym/s).

Table 7. Percentage of the Relative Errors for Different Approaches Analysis of the measured and predicted concentration profiles

Relative error % was carried out for all data of the four measurement sites to
Approach Minimum Average Maximum determine the two basic parameteFsand C,. To reduce the
variation within the dataset, the measured concentration profiles
Van Rijn (19843 0.60 65 224 P

were clustered into two depth classés=2.0—4.5 and 4.5-6.5
m) and three current velocity classés.2—-0.45, 0.45-0.7, and
0.7-0.95 m/s Averages and standard deviations were computed

Van Rijn Model A 0.18 29 92
Van Rijn Model B 0.60 39 140
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for all parameters within each class, see Table 8. Some of thecies of theZ parameter. The present results should be seen as a
average concentration profiles including standard error ranges ardirst exploratory study of the parameters involved.
shown in Fig. 11, where the standard error is equal to the standard MeasuredC, values were compared to computed values based
deviation divided by the square root of the number of concentra- on Van Rijn (1984 as follows:
tions within the class. The error of individual data points is about
a factor of 2. C,=0.018ds0/a)(T+¥DY) (18)
The Z.asparameter derived from the measured concentration
profiles by using a fitting procedure is given in Table 8. The Where a=reference level above the mean bdd); D,

predictedZ ,reqi; parameter is defined & eqe=Ws/(Bx U, ) with =dimensionless particle parameter); and T=dimensionless
W,=fall velocity based on bulk samples of suspended sediment, Ped-shear parameter-).
B=1, k=0.4, andu, =bed-shear velocity derived from mea- The reference levela) was assumed to be equal to the bed-

sured velocity profilegby fitting). The Z,cqc values are also  roughness heightk{ value=30z, with z,=zero velocity leve),
given in Table 8. Th&,..sparameters range between 0.3 and 0.8, derived from the measured velocity profilezero-velocity level,
whereas th&,,.q. parameters range from 0.7 to 2.7. This signifi- See Tables 235The measure€, values were determined from
cant discrepancy cannot be explained from the fitting procedurethe measured concentration profiles by interpolation takingathe
itself but only from the parameters of ti#,q. parameter: the ~ value equal to the bed roughness heidty ( The measured and
measured fall velocityV; may be too large, the bed-shear veloc- predictedC, values are given in Table 8. The measui&gdvalues

ity u, may be too small, and/or thg value may be much larger ~ are in the range between 0.01 and 0.15 Kg/Bome results are
than 1. This latter option is in line with the results of Coleman conflicting; for example, the measur€q at the Bani Sweif site is
(1970 yielding values between 1 and@ee Van Rijn 1993b The 0.1 kg/n? and 0.02 kg/mat Sohag for the same depth and veloc-
reason for>1 is explained by the presence of eddy-induced ity class (deptk2.5—-4.5 m; velocity-0.45-0.70 m/s). Thus a
centrifugal forces acting on the sand particie§larger density variation of a factor 5 may easily occur for similar conditions,
and causing the particles to be thrown to the outside of the eddieswhich stresses the variability of local near-bed conditions. The
with a consequent increase of the effective mixing length and predicted values, which represent a spatial averaged value along
hence diffusivity. A more detailed study including statistics is the bed forms, are considerably larger than the measured local
required to identify the proper causes for the observed discrepan-values (factor 1-10; factor 3 averaged over all dat&urther
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Table 8. Average Values of Suspension Parameters in Nile River

Median particle Bed Bed shear Measured Predicted
. sizedsg roughness velocity
Depth  Velocity (mm) (m) U, (m/y Ca,meas Zimeas Capredic  Zpredic

range  range
Site (m) (m/s)  Average Standard Average Standard Average Standard Average Standard Average Standard Average Average

Bani-Sweif 2.5-4.5 0.20-0.45 — — — — — — — — — — — —
0.45-0.70 350 28 0.073 0.062 0.052 0.003 0.10 0.062 0.426 0.079 0.11 0.81
0.70-0.95 476 96 0.160 0.126 0.05 0.005 0.09 0.043 0.427 0.143 0.37 0.85
45-6.5 0.20-0.45 — — — — — — — — — — — —
0.45-0.70 — — — — — — — — — — — —
0.70-0.95 296 0.001 0.05 0.01 0.409 0.053 0.14 0.66

o
°
N
N
©
©
o
@
~
o
o
>

Aswan 2.5-4.5 0.20-0.45 — — — — — — — — — — _ _
0.45-0.70 — — — — — — — — — — — _
0.70-0.95 — — — — — — — — — _ _ _

45-6.5 0.20-0.45 340 11 0.183 0.101 0.026 0.006 0.01 0.002 0.313 0.053 0. 2.46
0.45-0.70 390 84 0.056 0.047 0.028 0.01 0.01 0.003 0.373 0.087 0.16 2.37
0.70-0.95 — — — — — — _ — _ _ _ _

Sohag 25-45 0.20-045 — — — — — — — — — — — —
0.45-0.70 314 0 0.059 0.043 0.033 0.006 0.02 0.003 0.395 0.037 0.27 2.13
0.70-0.95 374 120 0.119 0.095 0.054 0.016 0.15 0.123 0.502 0.124 0.31 1.37
45-6.5 0.20-0.45 — — — — — — — — — — — —
0.45-0.70 — — — — — — — — — — — —
0.70-0.95 552 57 0.340 0.166 0.06 0.004 0.03 0.023 0.416 0.154 0.15 1.13

Quena 2.5-45 0.20-0.45 253 14 0.018 0.012 0.023 0.007 0.01 0.004 0.611 0.034 0. 2.72
0.45-0.70 300 46 0.087 0.071 0.035 0.011 0.02 0.013 0.620 0.163 0.11 1.79
0.70-0.95 — — — — — — — — — — — _

45-6.5 0.20-0.45 — — — — — — — — — — _ _
0.45-0.70 282 0 0.017 0.007 0.037 0.01 0.06 0.020 0.777 0.029 0.2 1.65
0.70-0.95 — — — — — — — — — — — —

studies are necessary to identify the effect of nonuniformity of the was selected because it is well-known and it represents the energy
bed material on th& andC, parameters. type of models. Furthermore, it gets around the problem of bed-
load and suspended-load definitions. The results of the methods of
Bagnold and Van Rijn are also given. Table 10 shows the com-
parison between the measured and predicted total load transport
rates at the four sites; the ratio of computed and measured trans-
The suspended-load transport rates were computed using the preport rates is given between brackets. It can be concluded that the
diction methods of Bagnol@966 and Van Rijn(19840. These  prediction formula of Bagnold slightly overpredicts the measured
models were selected because they are well-known and they repyajues; and the method of Van Rijn tends to underpredict the
resent the two main types of models: based on bed-shear stresgeasured results. The method of Engelund—Hansen gives consis-
(Van Rijn) and energyBagnold. Table 9 shows the comparison gt results with Bagnold formula and slightly overpredicts the
between the measured and predicted suspended-load transpofheasyred values. The three used methods revealed good results:
rates at the four sites; the ratio of computed and measured ransy| computed transport rates are within a factor of about 2 of the
port _ra'ges IS given betweer!_ brackets. It can be concluded that the e aqred values. It can be concluded that the prediction formula
prediction formula of Van Rijn) underpredicts the measured rates ¢ (van Rijn) underpredicts the measured rates for the three sites
for the three sites of Aswan, Quena, and Sohag with factors of of Aswan, Quena, and Sohag with factors of 0.6—0.9, respec-

0.4-0.7, _respective_ly; where_as it overpredicts the measur_ed_ ratesL’lvely; whereas it overpredicts the measured rates for the site of
for the site of Bani-Sweif with a factor of 1.6. The prediction Bani-Sweif with a factor of 1.9. The prediction formulas(@ag-

Iﬁ:g]eugtgg g?i%rx;a Ovjézfd;(;t; g;eni-n;'\e/ve:asi;j:;i?h rfae;[ ;ngogftgel nold) and (Engelund—Hansegroverpredict the measured rates for
 Q ’ "~ the four sites with factors of 1 to about 2.2.

to 1.2, respectively; whereas it underpredicts the measured rates

for the site of Sohag with a factor of 0.55. These results show that

the suspended transport rates of both formulas are in quite good ]
agreement with the measured values. Conclusions

Comparison of Measured and Predicted Suspended
Transport Rates

Measurements of sediment-load transport rates were carried out
successfully at four cross sections on the Nile River, in Egypt,
along the entire length from Aswan to Cairo using a mechanical
The total load transport rates were computed using the predictionsampler called the Delft Nile Sampler. Based on analysis results
method of Engelund—Hansgi967), see Table 10. This model of the data, the following conclusions are given:

Comparison of Measured and Predicted Total Load
Transport Rates

JOURNAL OF HYDRAULIC ENGINEERING © ASCE / JUNE 2004 / 497



Depth range from 2.50 to 4.50m
Velocity range from 0.70 to 0.95 m/s

E
]
b
o
el
a
0.1
0.01 T |
A 0.001 0.01 0.1
concentration (Kg/m3)
10
Depth rhnge from4.50t0 6.50m
Velocity range from 0.70 to 0.95 m/s :
1 —
£
-£
=
b
[an]
— Average conéentration : N
w = = w Standard error :
0.01 | |
0.001 0.0t 0.1
B concentration (Kg/m3)
(@)

10

Depth (m)

0.01

Depm range from 1.50 t04.50m
Vélocity range from 0,70 to 0.95 m/s

A 00001

10

0.001 0.01 0.1 1

concentration (Kg/m3)

Depth (m)

Velocity range from D.70 to 0.95 m/s

0.0 e .....

Av:erage concentration:
Standard error :

?Depth range from 5:1.50 to 6.50 m

i i i

0.601 0.01 0.1 1

concentration (Kg/m3)

Fig. 11. Concentration profiles d&) Bani Sweif, andb) Sohag

1. Comparison of measured and predicted bed-load transport
rates shows that, for the Nile river, the bed-load formula of
Van Rijn (19843 gives values which are in good agreement
with the measured bed-load transport rates; the average rela-3

tive error is about 60%.

2. Moadification of the Van Rijn formul&1984a was performed
to extend it to conditions with slightly nonuniform sediment

mixtures by introducing a correction factor for the bed-shear

parameter. Based on a limited number of flume experiments,
the correction factor was found to be dependent on the char-

acteristics of the sediment mixture.
Comparison of bed-load transport measured in the Nile

River with computed transport rates of the modified formula

show improved

results; the average relative error is

Table 9. Measured and Predicted Suspended-Load Transport Rates aTable 10. Measured and Predicted Total Load Transport Rates at the
the Four SitegRatio of Computed and Measured Transport Rate is Four SitegRatio of Computed and Measured Transport Rate is Given
between Brackejs

given between Brackets

Suspended-load transport rates
integrated over the cross sectitt/s)

Total load transport rates
integrated over the cross sectitw/s)

Predicted Predicted
Site Measured Bagnold(1996 Van Rijn (1984a,b Site Measured Bagnold Engelund-Hasen  Van Rijn
Aswan 4.4 49 1.8 Aswan 6.1 13.2 7.4 3.4
(1.7 (0.9 (2.2 1.2 (0.6)
Quena 8.9 10.1 6.6 Quena 12.1 23.0 19.7 9.4
1.9 0.7 (1.9 (1.6 (0.9
Sohag 47.9 26.3 34 Sohag 55.1 57.5 66.2 48.0
(0.6) 0.7 (1.0 1.2 (0.9
Bani-Sweif 15.8 18.5 25 Bani-Sweif 19.7 40.8 43.3 36.9
1.2 (1.6 (2.1 (2.2 1.9
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about 30%.

u* = bed-shear velocity;
Comparison of bed-load transport rates measured in the Nile W, = fall velocity of suspended sediment;
River with similar data from the Rhine-Waal River in the Z = suspension number @ parameter;
Netherlands shows very good agreement, which gives some g = ratio of sediment and fluid momentum diffusivity
confidence in the quality of both data sets. coefficient:
Comparison of depth-integrated suspended transport rates A — rglative density;
measured in the Nile River with similar data from the Mis- k = Von Karman coefficient:
sissippi River in the USA shows that both data sets are \ = correction factor;
complementary, revealing a very consistent trend of sus- v = kinematic viscosity coefficient;
pended transport against current velocity; transport is o, = sediment density:
roughly proportional to¥,,)%* S~ fluid density: ’
6. Analysis of measured and predicted concentration profiles of UZ = standard de\’/iation of bed material:
the Nile River shows that the computed suspension number 1, = critical bed-shear stress at which sediment start

Z is much larger than the measured one. This can be ex-
plained by assuming that the diffusivity of fine sand particles
is much larger than the diffusivity of fluid momentum.

7. Comparison of suspended transport rates measured in the
Nile River with computed suspended transport rates shows
that the formulas of Bagnold and Van Rijn yield good re-
sults; all computed transport rates are within a factor of 2 of
measured values; the formula of Bagnold performs slightly Abdel-Fattah, S(19973. “Field measurements of sediment load trans-
better. port in the Nile river at Quena.Technical Rep.Hydraulics Research

8. Comparison of the total load transport rates measured in the 'nstitute, HRI, Delta Barrage, Egypt. _

Nile River with computed total load transport rates shows APde-Fattah, S(1997D. “Field measurements of sediment load trans-
that the formulas of Bagnold, Van Rijn, and Engelund— port in the Nile river at Sohag.Technical Rep.Hydraulics Research

Hansen vield dr its: all computed tran it rat ; Institute, HRI, Delta Barrage, Egypt.
fa .se yield good results; all compute ansport rates a eAbdeI—Fattah, S(19979. “Field measurements of sediment load trans-
within a factor of about 2 of measured values.

port in the Nile river at EI-KorimatBeni-Sweif, Report 2.” Techni-
cal Rep, Hydraulics Research Institute, HRI, Delta Barrage, Egypt.
Abdel-Fattah, S(1997d. “Field measurements of sediment load trans-
port in the Nile river at Aswan.Technical Rep.Hydraulics Research
Institute, HRI, Delta Barrage, Egypt.
This research program was conducted within the research plan ofAlmedeij, J. H., and Diplas, F2003. “Bedload transport in gravel-bed
the Hydraulics Research Institute, National Water Research Cen- streams with unimodal sedimentJ. Hydraul. Eng.,12911), 896~
ter, Delta Barrage, Egypt. The work was carried out in coopera- ~ 904. .
tion with Delft Hydraulics through the framework of the Nether- AMin, A. M. A. (1999. "Experimental approach to bed load transport of
lands Technical Assistance Project funded by the Dutch sllghtly non-uniform _sedlment."_MSc thesis HE 04_8, International
government. Dr. M. T. K. Gaweesh, Director of the Hydraulics Institute for Hydraulic and Environmental Engineering, IHE, Delft,

. L . . The Netherlands.
Research Institute, was the principal investigator through the de'Bagnold, R. A.(1966.

veloping stage of the Delft Nile Sampler in addition to its cali- from general physics.U.S. Geol. Survey Prof. Paper 422Wash-

bration and verificatiori1987—1992 Dr. M. B. A. Saad, Former ington.
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