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PART 2. SEDIMENT TRANSPORT

9 INTRODUCTION

—
A study of the sediment transport by water is of importance in several
aspects of hydraulic engineering:

- fluvial hydraulics: knowledge of sediment transport forms the basis for

the design of river-training works, navigation improvement, flood control.
- irrigation: design of stable channels, intakes, settling bassins.

- coastal engineering: prediction of littoral drife, design of coastal pro-

tection works and harbours.

- dredging: the suction, transport and deposition of material has many

aspects related to the transport of sediments.

. The main objective of sediment transport hydraulics is to predict
whether an equilibrium condition, erosion (scour) or deposition (silting)
will occur and to determine.the quantities involved. The rate of sediment
transport, expressed as mass, weight or volume per unit time can be deter-
mined from measurements or from calculations. Both methods only have a low
degree of accuracy so that the sensitivity of the design to possible varia-
tions in the calculated transport rates has to be considered.

The main reason for the empirical character of sediment transport know-
ledge is the complexity of the transport process. The interaction of a
turbulent flow, the characteristics of which are only known by empirism,
and a boundary consisting of loose sediments cannot be described by simple
equations. Most of our knowledge is based therefore on experiments and
measurements both in the field and in laboratories.

The following subjects will be discussed:

- the characterfstics of the sediments
- their mutual interaction:

- initiation of motion,

= transport mechanisms,

- bed forms, roughness,

- bed material transport - bed load,

- suspended load.
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3 10. PROPERTIES OF THE TRANSPORT MATERIAL

Some of the properties of sediment which are often used are:
size’, :
L ' shape
l ?h} density
’ fall velocity
.| porosity

10.1 Size

A classification of particles according to size is given in table
" 10.1.This table gives the classification by the American Geophysical Union
for clay, silt, sand, gravel, cobbles and boulders.
ﬁarious definitions of "diameter" are possible:

sieve diameter D = diameter of square mesh sieve which will just pass

the particle.

1 sedimentation diameter D = diameter of sphere with same density and

same settling velocity in same fluid at same temperature.

nominal diameter Dn = diameter of sphere with equal volume.

triaxial dimensions a, b, ¢ (a = largest, ¢ = smallest axis)

Size determination

O boulders, cobbles and gravel: direct measurement
gravel, sand : sieving

fine sand, silt : sedimentation or microscope analysis

10.1.1. Sieving

Sieving can be applied for particlés down to 44 um but gives good
1 results down to 74 um. Sieve sizes (openings) are made in a geometric series
with every sieve being V2 larger in size than the preceding. Taking every
other size gives a v2 series. For most sands a v2 series gives sufficient
results but a ¥2 series may be necessary for very uniform sands. Some general
rules for sieving can be given:
™ 1. Do not overload sieves to avoid clogging. The following maximum

residues on individual 8-inch sieves are recommended (after Shergold
1946).
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Table 10.1
Major classification of sediment size
according to H.A. Einstein
Size Designation Remark
D < 0.5p Colloids Always flocculated
0.50 < D < 5p Clay Sometimes or partially flocculated
5u < D < 64y Silt Nonflocculating-individual crystals
64p < D < 2 mm Sand Rock fragments
2mm < D Gravel, boulders Rock fragments

American Geophysical Union (AGU) grade scale for particle sizes

Size
Class
Millimeters Microns Inches
4,000-2,000 160-80 Very large boulders
2,000-1,000 80-40 Large boulders
1,000-500 40-20 Medium boulders
$00-250 20-10 Small boulders
250-130 10-5 Large cobbles
130-64 5-2.5 Small cobbles
64-32 2:5=1.3 Very coarse gravel
32-16 1.3-0.6 Coarse gravel
16-8 0.6-0.3 Medium gravel
8-4 0.3-0.16 Fine gravel
4-2 0.16-0.08 Very fine gravel
2.00-1.00 2,000-1,000 Very coarse sand
1.00-0.50 1,000-500 Coarse sand
0.50-0.25 500-250 Medium sand
0.25-0.125 250-125 Fine sand
0.125-0.062 125-62 Very fine sand
0.06}—0.03I 62-31 Coarse silt
0.031-0.016 31-16 Medium silt
0.016-0.008 16-8 Fine silt
_0.008-0.004 8-4 Very fine silt
0.004-0.002 4-2 Coarse clay
0.0020-0.0010 2-1 Medium clay
0.0010-0.0005 1-0:5 Fine clay
| 0.0005-0.00025 0.5-0.24 Very fine clay
I




;1 Sieve opening U.S. Sieve Maximum residue in grams
- o 2-series V2-series Y2-series :
-3
2.4 8 150 75 38
L.2 16 100 50 25
0.6 -30 70 35 18
e T 0.295 50 50 25 12
— 5 BelS 100 - 35 18 9
0.076 200 25 ; 12 6
= The total samplq_siie should be about 20 - 50 grams for 8'"-inch
— sieves and fine sand.
Ty 2. A sieving time of 10 minutes with a mechanical sieving apparatus
should be used
3. For coarse sands and gravel the following minimum size is recommended
& to obtain a sufficient number of grains in each fraction (see De
Vries 1971).
=) Sample size (gram) > 20.D853 Dgs in m.
Sieve types and series are different in various countries, but are generally
. based on a Y2-series.
10.1.2* Sedimentation
i For fine sand and silt a size distribution can be determined by sedi-
mentation.,Fpr particles < 50 ym the Stokes law for the settling velocity is
_44 '- . valid; for coarser particles empirical relations have to be used. Various -

principles are used: sedimentation balances, pipette analysis, visual
accumulation tube (fig. 10.1) (for a review see ASCE 1969). Sedimentation

gives of course no independent size and shape determination.

=¥
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10.1.3. Size distribution

By sieving or sedimentation a size distribution can be obtained which
is generally expressed as a "percent by weight" vs "grain size" distribution.
The cumulative size distribution of most sediments can be approximated by
a log-normal distribution. A log-normal distribution will give a straight

line if logarithmic probability paper is used (figure 10.2)."

From the cumulative size distribution the mean diameter can be defined:

= i i
D or Dm = I piDi/E P;

in which P; ¢ fraction with diameter Di'
Di is the geometric mean of the size fraction limits.

Also the notation Dp is used which denotes the diameter in a mixture

of which pZ is smaller than Dp' D50 is also called the median diameter

For a given distribution we can define the geometric mean diameter

Dg = (DBA . DIG)i (which is equal to D50 for a log-normal distribution)

and the geometric standard deviation:

g - ]:084/13016]i
In geological.literature also P-units are used:
@ = -210g D (D in mm)
P (1 mm) =0, @ (0.5 mm) = 1 ete.
og becomes in @-units: °g = 1(P16 - @84).

—
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10.2. Shape-". .

Beside of the grain-diameter also the shape is of importance. A flat
particle will have a smaller fall velocity and will be more difficult to
transport as a rounded particle as bed load.

Several definitions may be used to characterise the shape:

Sphericity = ratio of the surface area of a sphere and surface area of
the particle at equal volume

Roundness = ratio of the average radius of curvature of the edges and
the radius of circle inscribed in the maximum projected
-area of the particle

Shape factor = s.f = ¢//ab in which a, b and ¢ are three mﬁtually perpendicular
axes, from which a is major, b is intermediate and ¢ is minor
axis. .-
For spheres s.f = 1, for natural sands s.f = 0.7

Roundness and sphericity are not suited for practice whereas the shape factor

gives sufficient results for practical application.

7m



- 10.3. Density

Most sediments originate from disintegration or decomposition of rock.

clay ¢ fragments of feldspars and micas
silt : silicas
sand : quartz

gravel and boulders: fragments of original rock

The density of most sediment particles (< 4 mm) varies between narrow
limits. Since quartz is predominant in natural sediments the average density
can be assumed to be 2650 kg/m® (specific gravity 2.65). Sometimes heavy
minerals are present which can be segregrated during ripple formation or

other modes of transport. Clay minerals range from 2500 - 2700 kg/m®.

10.4. Fall velocity

The fall velocity of a sediment is an important parameter in studies
on suspension and sedimentation of sediments. The fall velocity is defined
by the equation giving equilibrium between gravity force and flow resistance:
L 3 = - 2 T o2
g+ D (ps p,) 8 CD.ipr.aD
'_—-Fl——— -——-—v_-‘
gtavity resistance
in which Cp = drag coefficient
W = fall velocity

From this relation follows:

in which A = (ps - ow)/pw

Values of CD depend on a Reynold's number W.D/v and the shape of the particle
(expressed by s.f = c¢//ab)

For spherical particles and low Reynolds number (Re < 1), CD can be
given by 9ﬁ é;24/Re so that:

DS-DW

- Og D?
18n

18v

gD2 (Stokes law)

For laEge Reynolds numbers CD becomes a constant so that W varies as:
-

(AgD)i

Therefore W varies with D! ko 2.

)
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Relations between CD'

Re and s.f are given by Albertson (1953)

‘(See Figure. 10.3). For natural sands s.f = 0.7. From these relations graphs

for W as a. function of grain size, shape and temperature can be obtained

S

(5€E/§?§q£; 10.4).
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Fig. 10.3. Drag coefficient vs. Reynolds number for different shape factors. [After

AUBERTSON (/953).]
e .

The preseHéE of large number of other particles will decrease the fall

velocity 6¥§a_single particle. A cluster of particles will have a greater

velocity however. Therefore care must be taken with experiments on the

fall velocity to avoid currents-in the fluid that will influence the fall

velocity of the particle and the influence of concentration should be con-—

sidered. .

’

There are many expressions giving the influence of concentration on the

fall velocity. Based on systematic experiménts, Richardson and Zaki (1954)

give a useful expression:
W(e)/M(o) = (1 - )¢

0<€c<0.3

W(ec) is the fall velocity of a grain in a suspension with concentration

by volume ¢

W(o) is the fall velocity for a single grain

a is a function of Reynolds number W.D/v

Re < 0.2 a
0.2 < Re <1 a
"1 < Re < 200 : a
Re > 500 a

4.65
4.35.Re
4.45 .Re
2.39

-0.03
=0.1

The coefficient is slightly dependent on particle shape but this can

be neglected. For fine sediments this means that a concentration of 1% gives
a reduction in fall velocity of 57.
The fall velocity of a particle in a turbulent fluid can be different

from that in a quiescent fluid (see chapter 13.2).

S
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10.5. Bulk density and porosity S S

In estimating the life of a reservoir and similar cases the calculated
weight of the sediment transported to the reservoir has to be converted into
volume. For this the dry mass per unit volume of sediment in place, bulk
density, Py has to be estimated.

For instance for air-dried fine sediments 1200-2000 kg/m’® applies. The
same material deposited under continuously submerged conditions may range
from 300 - 1000 kg/m®: The density will also depend on the grainsize and

silt content.

Bulk density, Py ™ the mass of dry sedimentary material within a unit
of volume (kg/m®). . : The volume
taken by the sediment depends on the conditions of settling and may be a
function of time due to consolidation. An empirical relation is presented by
Lane and Koelzer (1953) for estimating the bulk density of deposits in
reservoirs: -

obT = obl + B logT oy = (1- E)ps

T .= time in years

€ = relative pore volume (porosity)

p, = initial bulk dehsity taken to be the value after one year of
consolidation ' -

B = consolidation coefficient

sand silt clay

Reservoir operations p

sediment always submerged

5% mexiy wubmeryad 1500 [ 0 [i0s0 |90 500 | 250

normally a moderate

etie Bt ol 1500 [ 0 1185 |45 [ 750 [170

normally considerable

reservoir drawdown 1500 0 1275 15 950 100

reservoir normally empty 1500 0 |1320 0 1250 0

(& ]

o
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; 0.13
Lane and Koelzer also gave the simple relation Py = 817(P + 2)

1
in which P = percentage of sand.

Lara and Pemberton (1963) analysed 1316 samples and gave somewhat

different values of ob
1

clay: material < 4um
silt: material 4 to 62.5 um

sand: material > 62.5 um

Pb
Type Reservoir operation k
clay silt sand
I Sediment always submerged 420 1120 1550
or nearly submerged
II Normally moderate to considerable 560 1135 1550
reservoir drawdown
III Reservoir normally empty 640 1150 1550
v River-bed sediments 960 1170 1550

The r.m.s. deviation for the correlation was 200 kg/m® which means
that considerable deviations are possible,
Example: A sediment in a type I reservoir contains 20% clay, 457 silt and
35% sand. The density of the sediment will then be

Pp. = 0.20 x 420 + 0.45 x 1120 + 0.35 x 1550 = 1130 kg/m’
- 1 B -

Hurthy and Banerjee (1976) analysed 832 samples from Indian reservoirs
with type II operation. The following values of pb1 were obtained:
sand:1506 kg/m® silt: 866 kg/m’ clay: 561 kg/m’

The results cannot be compared directly with Lara and Pemberton because the

division between sand and silt was taken at 20 pm.
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11. INITIATION OF PARTICLE MOTION

~W

11.1 Introduction

The equilibrium of a particle on the bed of a stream is disturbed if

the resultant effect of the distur

viscous forces on the particle sur

bing forces (drag fofce, lift force,

face) becomes greater than the stabilising

forces as gravity and cohesion. Cohesion is only important for sediments in

the clay and silt range or fine sa

acting forces have to be expressed

nds with an appreciable silt content. The

in known quantities such as velocities

or bottom shear stress. They will have a strongly fluctuating character so-

that the initiation of motion also

has a statistical aspect.

Theoretical work on the initiation of a motion has started with work

by Brahms (1753) who gave a sixth power relation between flow velocity and

the necessary weight of a stone and by Dubuat (1779, 1736) who introduced

the concept of bottom shear stress

and did some experiments on particle move-

ment. Most of the older relations have the form:

= (4 - 5)/D

Ubottom, erit

As the "bottom" is not well defined the use of this type of formula is

limited.

14 &2 Theorz

(D inm, U in m/s)

White (1940) gave a thorough discussion on the equilibrium of a grain

‘on the bed of a stream.

The disturbing force F (resultant of drag
and lift forces) will be proportional to
the bottom shear stress T and the particle
surface area (D?).

The stabilizing gravity force is proportio-
nal to (ps - nw)gDJ. Taking the moment
with respect to the turning point S gives

the equation:

s
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The factor C will depend on the flow condition near the bed, particle
shape, the position of the particle relative to other particles ete.
The flow condition near the bed can be described by the ratio of grainsize
to thickness of the viscous sublayer which ratio is proportional to
Ut D/v = Rex, a Reynoldsnumber based on grainsize and shear velocity.

All other theoretical considerations based for example on drag force

due to velocity will give the same result that:

x2 x
wcr =7 cr/AgD f(Re™)

11.3, Experiments

The relation:

Tcr Ux;r (U:rD) x
= = = - f R
l"cr: (ps = Dw)gD AgD £ v {8e)

has been investigated by many authors especially by Shields (1936) uho dld:
systematic tests and compared his results with results from other investi-
gations (see figure 11.1). The difficulty in all tests is the definition of
"initiation" of motion. It is the movement of the first particle or of a
large number of grains? Shields correlated the rate of sediment transport
with T and defined‘r by extrapolating to zero material transport.

For large Re (rough bed) it can be seen that U varies with vD
(figure 11.2). For equal values of h/D and therefore equal values of U/U
it follows that U ~ VD and that the critical velocity of a stone is pro-
portional to the 1/6 power of the we1ght of the stone (or stone weight pro-
portional to T

11.4. Influence of various factors

11.4.1 Effect of criterion

-

It is clear that the critical value of T will depeﬁd on the criterion
for Lnltlatlon of motion. To get an DbJeCtlve criterion Neill (1968, 1969)

proposed the dimensionless parameter :
N = np®/y*
in which n is the number of grains displaced per unit area and unit time.

Shields graph corresponds roughly with a N-value of 15.10 ° for coarse

material. For designs of bottom protections etc. a much lower criterion
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6). Also Paintal (1971) has measured

1 should be used (for instance N =_10_
very low rates of transport with coarse material down to ¢ = 0.02, thus well

below the Shields value (see Figure [1.3).

11.4.2 Effect of particle shape

Shields experiments were done with several types of material and syste-
matic influence-of shape could not be observed. Tests at the Delft Hydraulics
) Laboratory with coarse material showed that the critical value of Y is the

same for various shapes (spheres, cubes, broken stones etc.) if the neminal

- -

11.4.3 Effect of gradation

It will be clear that a wide gradation will have an influence on L
In practice however the gradation has an influence for D95/D5 > 5 only
1 (Knoroz, 1971), because the larger grains are more exposed and smaller grains

are shielded by the larger ones, Therefore D50 is a good measure for most
1 samples. For the effect of a gradation also see Eguisaroff (1965).

For a wide particle gradation the effect of armoring will occur which
means that fine particles are eroded and an armor layer of coarse particles
b ' is formed, which prevents the bed from further scour. This effect is very

important in degradation downstream of dams (Livesey, 1963, Gessler 1970).
1 In that case Dgg to D95 can be taken as a representative value for the

mixture.

1
'») 11.4.4_ Effect _of h/D

For small values of h/D (waterdepth/particle diameter) a deviation

from Shiflds graph is possible because s is not representative in that case

for the turbulent flow structure. The turbulence structure near the bed in
‘1 an infinite fluid is completely defined by bed shear stress (To) and rough-
' ness (ks) but for small values of h/D also the waterdepth gives a limitation
.. % on size and frequency of the large eddies. Also the ratio of eddy duration
and the time necessary to accelerate a particle becomes small sothat an
influence of h/D may be expected (more stability with smaller h/D). Experi-

£ ments have indeed shown that wcr increases with decreasing h/D (Ashida 1973).

diameter Dn is used for comparison. ' -

LV}
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11.4.5 1Influence of bed slope

For a particle on a slope the value of L will A

be reduced. For a horizontal bed the relation

F(o) = G tang é

wg

is valid, in which ¢ is an angle characteristie

for the particle stability.

For a bed slope in the flow direction with angle

a the following stability condition holds:
F(a) + G sina = N tanp =

;J’-—'.(
G cosa tand

F(a) = G cosa tanp - G sina

F(O.) - G cosa tan¢ - G sina A= 9‘(-.1-( ;
F(o) G tan¢g .
= £0s@ sind - sina cosd
sing -

k(a) ggg; = 51:§:$- ) (given by Schoklitsch in 1914!)

For a side slope with angle B

o —

Stability condition

R = J%(B)z + G%sin?B = @ cosf tang
F(B) = f&zcoszﬂ tan’¢ - stinig‘
k(B) = ggs; = J/coszB tan:¢ - sin’B = cosB v/1 - tan’g (given by Leiner in 1912!
S tan“¢ B tan?¢ 3
For a cémbination of longitudinal and side slope the reduction factor
k(a,B) becomes k(a,B) = k(a).k(B).

11.4.6 Influence of pore water—flow

It might be expected that an inflow or outflow of water from a sand
bed has an influence on the stability of the sand particles. The.pore-water
flow may be caused by a ground-water table lower or higher than the river -
water level. It has been shown by Oldenziel and Brink (1974) however, that
the influence is very limited. For hydraulic gradients up to + 0.3 only-
a factor of 2 in the transport rate was 65§grved. In view of the strong
variation of transport rate with ) near inci%ient motion this means only

a few percent variation in ¢cr and can be neglected,
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There is one ‘exception however. Harrison and Clayton (1970) have shown that
seepage into the bed for a flow carrying fine silt particles, gives an enor-

mous increase in stability due to the formation of a plastered bed layer.

11 .5 Cohesive sediments

11 ,5.1. Consolidated sediments
If a soil has a certain cohesion it will have an increased resistance against

erosion. Empirical data on critical mean velocities are given by Lane (1953).

1

material loose moderately compact compact

sandy clay 0.45 m/s 0.9 m/s 1.25 m/s
clay 0.35 m/s 0.8 m/s 1.20 m/s
lean clayey soil 0.30 m/s 0.7 m/s 1.05 m/s

Several authors have tried to correlate critical shear stress with mechanical
properites of the soil (siltcontent, plasticity index, vane shear strength)
(see Smerdon and Beasly (1959), cCarlson and Enger (1960), Raudkivi and Tan
(1984)). Paaswell (1973) concludes that generally used soil classification
parameters can not be used as erosion predictors. For a certain soil type it
can be shown that erosion resistance increases with the plasticity index
(difference between liquid limit and plastic limit).

Kamphuis and Hall (1983) did tests on samples consolidated at very high pres-
sures (50-200 kPa). Critical shear stresses increased slightly with consolida-
tion pressure but were mainly influenced by clay content. Critical shear
Stresses were measured in a water tunnel and were in the range of T ™ 1 to
10 N/m2. (u;r = 3 to 10 ca/s).

Raudkivi and Tan (1985) studied the erosion rates of artificial clay samples
and found a strong influence of pH-value and salt concentration of the eroding
fluid on erosion rates,

For practical application it can be stated that the majority of data for

cohesive soils with Dgg = 10 to 100 ym show that critical shear

a——



]

=

* — 5 &
velocities Ucr in the range of 3 to 4.5 cm/s will be possible. There is scme

*
tendency for an increase of ucr with vane shear strength and plasticity index.

1L5.2 Recent sediments

——

. For recently deposited sediments (mud in estuaries) various authors (Migniot
1968, 1977, Courmault 1971, Thorn and Parsons (1980), Partheniades (1970) and

*
others) give relations between Ucr' vane strength, yield stress or the dry

®
weight of the sediments. Minimum values are in the order of Ucr = 1.0 cm/s

(consolidation period of some days) to 3.0 cm/s for consolidation periods of

“(1972).

L

]

] several weeks. For an example see Fig 11.4., taken from Terwindt and Breusers

— VOL. *fe WATER

100 3 90 as 80

8 - — :
o s O =
‘ -
L
E * i
G | ~
= 9 rouRg b S
v . :4'.
-
d 2 33{
2 1 .
' |
villll
0

-] 100 200 300 <00 300 €00

—ec(g/1) ‘

SAND THICKNESS

MUD : ™ OF MuUDLATER
e N cm
A.LA VALANE " (MIGNIOT, 19681 8 12
® _MANURY *  (MIGMIOT 1968 ) 2 12
- T 37 v
v -4 7 20
e m 2 2

Fig.11.4 Critical shear velocity in relation to mud concentration.

Courmault (1971) found for Gironde mud (DSO = 2 um)

*
cr

Cs = dry weight in kg/m3

U = 0.0055 cs + 0.0000026 c:s2

150 < CS < us50 kg/m3.

[



The erosion rate was:
-4
E = 2.10 (T/Tcr 1)
E = erosion rate in kg/mzs.

Migniot (1968, 1977) analysed various mud types and found a relation between
U' and the yield stress ry:

cr
* 0.25
- % /
Ucr | ¢ Ty Ty < 1.5 N/m2
*
in cm/s
er
* 0.5 2
Ucr = 1.4 Ty ty > 1.5 N/m

Loire mud (N.N. 1584) showed the following properties,.

Cq (kg/m3): 115 175 200 250 285 345 470

3 (N/@®) © 0.09 0.3 0.6 1.2 3.1 10 28

Ucr (em/s): 0.9 1.25 1.5 1.8 2.5 4oy 7.4
Thorn and Parsons (1980) give for three estuaries: Forth (Scotland), Brisbane
River (Australia) and Belawan (Indonesia):

* -3, 1.14
Ucr = 7.4, 10 Cs

*
U in cm/s

cr
80 < C4 < 200 kg/m3
For short erocsion times (10 min) the erosion rate was
E = 0.0026 (T‘Tcr)
E in kg/m3s

The erosion rate decreased for longer erosion times.

Parchure and Trimbak (1985) found that in a consolidating mud bed (kaoline and
a2 lake mud) sediment density inecreased with distance in the bed and that

4 * *
corresponding Ucr values also increased. Values of Ucr at the surface were in
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the order of 1.0 cm/s and in the order of 2 to 2.5 cm/s at a depth of 1 cm.
In conclusion it can be said that critical shear velocities and erosion rates
are greatly variable, depending upon type of mud and consolidation time. Tests

with the actual sediment are necessary to obtain accurate values.

1.6 Stability of stones

s . e

The stability of stones on dams or in revetments is discussed by several
authors, Taking a "safe" value for the Shields parameter Y = 0.03 and kg = 2D

(in view of the large roughness of stones) the following relation is obtained:

(o} 6h
7igD " 1.0 1085—

Isbash (1935) neglects the influence of h/D and gives an empirical relation
for the stability of a stone in a bed:

Uér = 1.2 Y2AgD = 1.7 /agD

For a stone on the top of a dam the critical velocity is reduced:

—_ - aa - -

U.. = 0.86 /2gaD = 1.2 /agD

Concharov (see Shamov 1959) gives the following relations:

cr 8.8h
7335 = 0.75 log ——— for absolute rest of a stone
..~
cr : : . -
and 72gD - 1.07 log BDBh for the critical condition.

Levi (see Shamov 1959) gives the empirical relation:

p—

u
er h.0,2
73?:_0 = 1.4 (5)

Maynord (1978) gives the empirical expression:

DSO 3 U
—_— . 0_2 -
R 2 Fr Fr 7g—h'




This can be converted into (taking A = 1.65):

cr h, 1/6
788D * 1.28 (3)

All relations are compared in Fig.]1.5

.

The formulas given do not take into account the influence of turbulence gene-
rated by constructions for example dams.
In that case the critical velocity has to be reduced with a factor
in which r is the relative turbulence intensity and a value r = 0.15 has been
assumed in uniform flow over a rough bed.
Just downstream of a hydraulic jump (stilling basin) values of r in the order
of 0.3 to 0.35 can be expected. This gives a value for a of about

a = 0.7

This agrees with the design graphs given by Cox (1958). :

~ /"
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11.8. Problems

Use

11.4

1.5

6 m2/s

Shields curve and ks = D unless otherwise specified. v = 10
Given: A wide open channel excavated in uniform material (pg = 2650 k8/m?)
with D= 2 mm has a slope I = 0.5.10™3 and a depth of h = 2 m.

Question: Is the channel bed stable?

Given: A wide open channel has a depth of h = 1.7 m, a mean velocity
U= 2.508/s,
Question: What is the minimum size of the bed material to obtain a stable
bed? pg = 2650 K&/m?

Given: A wide open channel has a slope I = 10~ and bed material
D = 0.2 mm. No bedforms are present.
Question: What is the maximum discharge /m! without movement of bed
material. (pg = 2650 kg/m?)?

Given: A wide open channel is excavated in uniform material with
(og = 2650 k8/m?) and
D = 3 om under a slope I = 10724,

Question: What is the permissible discharge/m' ?

Given: The bottom of a wide open channel with a depth of 4 m is protecred
with stones with a mass of 30 kg. ps = 2800 kg/m?.
Question: What is the critical mean velocity for this bottom protection,

using Yer = 0.03 and the nominal diameter as the representative

size.

Given: Experiments are designed to check Shields curve, using a wide
flume (neglect side-wall effects). The waterdepth for the
experiments is 0.6 m.

Question: If uniform flow is required (water surface slope = bed slope),
what is the required slope of the channel bed and discharge/m!
for: a) an experiment with uniform sand ks = D = 200 um;

b) an experiment with uniform gravel ks = D = 4 mm.
ps = 2650 kg/nm?



~ol

12 TRANSPORT MECHANISM, BED FORMS, ALLUVIAL ROUGHNESS

12.1 Introduction

For turbulent flow over a rigid bed a description of the flow structure
could be given only by empirical methods. Bottom shear stress, waterdepth
and bed roughness ueré-the most important parameters. Description of particle
motion under the action of the flow is also largely empirical sothat it is
not difficult to understand why there is only a limited theoretical basis for
the relation between flow and sediment transport.

Most of the ekisting'knowledge is obtained from experiments and general
physical arguments. For the initiation of motion a reasonable picture was
obtained in this way. At greater values of the bed-shear stress sediment
transport will increase and deformation of the bed will occur. As the defor-
mation is also time-dependent and nature is always unsteady, an equilibrium

situation will be hardly found in practice.

12.1 Transport mechanism

According to the mechanism of transport two major modes may be dis-

tinguished: .
1. Bed load - movement of particles in contact with the bed by

- rolling, sliding and jumping ’
2. Suspended load - movement of particles in the flow. The settling .
. tendency of the particle is continuously compensated

by the diffusive action of the turbulent flow field. -
A sharp distinction is not possible. A general criterion for the beginning -
of suspended load is a ratio of shear velocity and fall velocity Ux/W ~ 1.5.
Sometimes also saltation load is mentioned. This is the mode where particles

bounce from one position to another. This is only important for particle move-

w“ "":h‘-

ment in air. The maximum particle elevation of a particle moving in water is
in the order of 2-3 times the diameter sothat this mode of transport can be

considered as bed load.

SRS

According to the origin of the transported material a distinction is

made as follows:

A. Bed-material This transport has its origin in the bed, which
transport ; ;
————e means that the transport is determined by the bed

and flow conditions (can consist of bed load and

suspended load).



B. Wash load Transport of particles not or in small quantities in
' ‘the bed. The material is supplied by external sources
(erosion) and no direct_relationship with the local
conditions exists (can only be transported as suspended
load, generally fine material < 50 pm). It can have
influence on turbulence and viscosity and therefore

have some influence on the flow.

bed load
mechanism bed material transport]

[Euspended 1655] “\\Biigin

[wash 1oaq

Wash load is not important for changes in the bed of a river but only for

sedimentation in reservoirs etc.

12.3 Bed Forms

Much literature exists on the classification and dimensions of bedforms,
mainly in the form of empirical relations. Bed forms are of interest in
practice for several reasons.

~ Bed forms determine the roughness of a stream. A change in bed

form can give changes in friction factor of 4 and more.
- Navigation is limited by the maximum bed level and depends therefore

on the height of the bed deformation.

- Bed forms and sediment transport have a mutual influence.
A generally accepted classification is the following:

A. Lower flow regime (Froude number Fr = U/Ygh <0.6 + 0.2; no sharp transition).

A.1 flat bed At values of the bed shear stress just above the critical,
sediment transport without deformation of the bed is possible. Grains
are transported by rolling and bouncing.

A.2 ripples For sediment sizes < 0.6 mm and and increasing bed shear stress
small regular waves appear with wavelenghts in the order of 5-10 cm
and heights in the order of 1 cm. They become gradually irregular and
three-dimensional in character.

A.3 dunes For all sediment sizes and increasing shear stress dunes

are developed. Dunes are more two-dimensional than ripples and have
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12.3

.
much greater wavelengths and heights. The crests of the waves are per-

pendicular to the flow, the form is more or less triangular with a
gentle slope adong which the particles are transported and a steep
downstream slope where particles are deposited. The angle of this

slope is roughly the angle of repose of the material.

B. Upperflow regime (Fr > B.g + 0.2)

B.1 plane bed As the velocity is further increased, the dunes are
flattened, gradually disappear and the bed becomes flat. Sediment

transport rates are high.

_:) B.2 antidunes A further increase in velocity to Froude numbers around 1.0

causes the water surface to become instable. Interaction of surface
waves and the bed (sediment transport is maximum under the troughs of
the surface waves) gives a bed form called antidunes.

They can travel upstream and occur in trains of 4 to 20. Antidunes and
surface waves grow in amplitude and often break in a way similar to
ocean waves.

B.3 chute and pools At still higher velocities chutes and pools are formed.

For an illustration of the bed forms see figure 12.1 (Simons and
Richardsoq 1968).

j ; (@) Typical ripple pattern (e) Plone bed

- X

(@) Woshed - out dunes or transition (A) Chutes ond pools

Fig. 12.1 Idealized bedforms in alluvial channels. [After Simons et al. (1961).)



12.4

12.4 " Classification criteria

Several autﬁors have tried to develop theoretical explanations for the
origin of ripples and dunes (see for example Exner (1925) who discusses the
growth of an initial instability on a sand bed.)

Other authors have assumed potential flow to predict the reaction of
the main-flow on variationS in bed level (Kennedy, 1963). The result of
Kennedy's work is a relation between the waveléngth L of the bed deformation

and the Froude number (see figure 12.2). Fr = 79'5
g
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Results of the theoretical models are not very convincing sothat we have to
rely again on empirical correlations. The first classification was given by
Liu (1957) who proposed U™/W vs U™D/v as a criterion for ripple formation.

This diagram was extended by Simons (1966) for other bed forms (see fig: 12.3).
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Simons et al 1963 gave a diagram based on grainsize and streampower (To.ﬁ), see

figure 12.4.
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‘The Froude number will be an important parameter in the upper-flow

regime. It was used by Garde-Albertson (figure |2,5) and by Engelund and

Hansen.
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Van Rijn uses the parameters D and T to classify the bed forms.

: way B Ul 2
D*"Dso[ 2] T=(U )~;

v HCT

Where T is computed using U; computed for a plane-bed

situation, using ks = 3 D90 as roughness, so

12h

‘ [
from: E,= 5.73 103 (3—5")

X 90

A very large data set, both from flumes and the field has beed used to

establish the relations. (see figurel2.6).
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12.

‘IL must be borne in mind that the transition in practical conditions
from one bed form to another may show an important phase lag with changes in
flow condition.

Raudkivi (1967) has measured the shear stress distribution on a dune
profile. The maximum shear stress on the upper part of the dune had
about the same value as for a horizontal bed with the same mean velocity
and grain roughness. Behind the steep downstream face of the dune an
eddy develops. Around the reattachment point the flow is very turbulent

sothat particles are transported in bursts,

12.5 Alluvial roughness

The bed forms discussed in par.12.3 all have their specific roughness.
For a flat bed without transport it can be assumed that the roughness is in
the order of the grainsize (for example D65 or D90)' For flows over ripples
and dunes the total resistance consists of two parts:
the roughness of the grains and the form drag of the bed forms. The roughness
of a dune bed is much greater than that of ‘a flat bed and the corresponding
friction factor is also much Iarger. Dunes generally give the maximum rough-
ness of a flow.

A flat bed with sediment transport (ﬁ 1) can have a friction factor
slightly different from that of a flat bed without transport. The presence
of antidunes does not appreciably change the magnitude of the effective
roughness of the bed if compared with a flat bed. If the waves break however,
the friction fagtor will be increased due to the energy dissipation in wave
breaking.

It cannot be expected in general that the friction factor of an allu-
vial channel is constant. Experiments have shown that the friction factor can
vary by a factor 5 or more. This is demonstrated in figure 12.8 and 12.9 where
changes in bed form give a great difference in bed roughness.

Figure 12.9 shows that the same value of T, can occur for different
values of U (take for example T, = 0.1 lbs/ft ) Due to phase lags between
bed form (and roughness) and flow condltlon rivers very often exhibit
hysteresis effects in dlscharge—stage relations (not to be confused with
the hysteresis during a flood wave).,

Prediction methods for the roughness of an alluv1a1 stream generally
divide the total shear T, or friction factor (C or A) into two parts, one
for the grain roughness (surface drag) denoted by T "or C' or A' and one

for the form drag (1 ", e ar A™M).
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By definition:

- - - =' 1n
T =g b g" # CZ-C‘2+C."2 skl
o ) )
; . 1 v 8
A is defined by I = slope = ) . kel T A= Ef

Several procedures are given in literature.

l. Einstein-Barbarossa (1952)

E.B. divide the hydraulic radius R in two parts: R' and R", where
R' + R" = R and R'/R" = T;/T;. U™' is computed by taking &, = Dgs in
the Chézy relation and 355 is computed from:

48D AD

u 1
55 o - 22 and %T = 5.75 log %EE—
(™ )? h'I H 65

With the diagram given in figurel2.10 the value of ﬁ/Ux" is found by trial
and error. For larger values of ﬂiS (> 7) deviations are observed for river

data (see figure 12.11).

Procedure

a) If I and h are given and U has to be known: guess h', compute 8'35, Ux' and
U and with fig.lZ.lO:ﬁ/U“". Compute h" from U " and h = h' + h", If h
is not correct, estimate a new value for h' and repeat untill h = h' + h".
Then use the-last value of U.

b) If q and h are given and I or C has to be computed: estimate’h' and
compute 635' and ﬁ/Ux". From U ' and U," a new value of h' can be obtained. .
Repeat untill Ux' remains constant. Then compute o

= |2 I'l2 !
U L * 0. "5, Tamd G,

2. Engelund and Hansen (1967)

E. and H. give an expression for f" of the form:
. £" = ai’/h.L  H = dune height L = dune length h = water depth
where £ = 1/(lpu?) = 2g/c? - ix

and introduce the dimensionless parameters: /2&' '
7250
PR S |
- " -
u/u = 5.7
/U’ 3-75 log 4.8wHT,

Engelund concludes that ¢ is a function of ¢‘ only (see figure 12.12).

. . So
= T/DgADSO ¢'= T'/DgADSO ' = pu™'?
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a) If I and h are known and U has to be computed:

Co

mpute T,

¢ and with fig

Then compute U,

b) If h and q are given and I or C has to be computed:

Guess h', compute Ux'

from h'/h = T'/7 3 if different

un

3.

till R'

7 / /
? v Q =7 o l.//z_ﬂe AL - ai
i

s ¢' and with fig.12.12 ¢ and then T.

« 12,12 ¢', This gives T1', Uy' and h'.

Compute h'

from first value, repeat calculatlon

is constant. Then compute U

White, Paris, Bettess (1980)

,IandC

WPB give an empirical relation between:

U

D

=D

gTr

F = Ux i}
& (AgD)I
n
U
P om=t
gr

The relation is given by (see Fig,

Fgr- A

where A and g are functions of D

n=Q

and A = 0,7

for D

(4gD) 4 {5 64 log (10L/p)

where the character1st1c diameter 1s D=0D

Ag. 14
C;r)

12:13)2

>

=

60

=: )

(4gD)

35t

}l-n Un(UK)]-n

?fg——_—x = l.o = 0.76 {1.0 = exp ["(log Dgr)l-?]}

(a)

(b)
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= 1.0 - 0.56 log D, } | €5 < &G
gr

N

n
§=o,z3ng -1+ 0.14

(see also Fig. 13.8)

Procedure:

a) If h and I are given and U has to be computed:
Compute U“, Dgr' n, A and ng. Compute I-'gr using Fig.12.13 or formula (b).
Compute U from expression (a).

b) If U and h are given and I or C has to be known:

Compute U; and estimate U“ by trial and error,

4. van Rijn (1984)

van Rijn has analysed a larée'number of data on bed-form dimension and

roughness, mainly for dunes as bed forms. The relations are:

—_—
L U :
e S P dune height H: % =0.11 (=2 50 0-3 (1 - 05Ty (55 _

\ Ay ‘ _f—/d A

v
tid of Sweds poramim.  gune steepness T 2.0 22 %50,0.3 (L =e ST) (25 - 1)
/ ,7-‘,(/135 el ..-do/’(—fa % U;E“’—‘.‘GL ?é-'":_
This means that the dune length A is equal to 7.3 h. ( Bdis” sas s £ zjfy)
- ' A

T was defined on page 12.7.
The equivalent roughness for this bedform (k ) is then computed from

the relation:

k.=3D_ +1.1H(L-e25H?

s 90 ).

U is computed using this value of ks and U“.

Comparison of various prediction methods

i van Rijn has used 786 field data and 758 flume data (h > 0.1 m, D
in the range 100 to 2500 um) to compare the predictive ability of various

methods. The results were for relative errors in the value of Chézy-coefficient
C of * 107, 207 and 30%:
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= ¥ 10Z ia C + 207 + 30Z
R E-H W R E-H W R E-H W
786 field data 437 25% 33% 743 473 58 89. 6Z% 97
758 flume data 347 374 33% 567 654 547 J1% 754 66n
Total set 39T 314 33% |65 565 567 | 80  em 7%
r R = van Rijn E-H = Engelund Hansen W = White, Paris and Bettess
I It appears that van Rijn is somewhat better for the field data and gives
- ) comparable results for flume data. i
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12.7 Problems v=10  m/s s.f. = 0.7 T=20
/12.1 Given: depth h = 2 m grainsize D = 150 um (uniform)
\__/ T=20°¢C . chezy c = 63 mlys
mean vel. U' = 0.6 @/s
Question: What bedform can be expected according to:
a) Simons - Liu (Fig. 12.3)
’ b) Simons - stream power (Fig. 12.4)
c) Garde - Albertson (Fig. 12.5)
d) van Rijn (Fig. 12.6)
12.2 Same questions as in 12.1
b for h=05m D=1lm C=42mlg
- ' U=1.5m/s 1=200°¢
_ <:Ef;i;)civen: depth h = 2 m, grainsize D = 0.5 mm (uniform)
Slope I=2.100% 1=20°¢
= - /—_“\\;
Question: Compute U using the methods of (Engelund-Hansen; White c.s.
s ' For the Engelund-Hansen method assume that dunes are present.
(IEE%)Same question for slope I = IO-A.
‘ 5 ’
12.5. Given: depth h = 2 m, grainsize D = 0.2 mm (uniform)
- - U=0.7ms T=20°¢
e
!

Question: Compute C using the methods of Engelund-Hansen and van Rijn.

N



13. BED MATERIAL TRANSPORT

Bed material transport can be divided in bed load and suspended load.

Both mcdes of transport have an influence on processes of erosion and
deposition. Many relations between sediment transport and flow conditions
are based on the bed shear stress. It has been shown that the bed-shear

stress may be divided in a form drag and a grain roughness. It will be

clear that the form drag does not contribute to the transport but that

only the grain roughness will be of importance. Measurements of water depth

and slope give the total bed shear stress, so that most transport relations

require a reduction of the total bed shear stress to a value which is rele-

vant for the transport. )
This reduction facter is called the ripple factor . Theoretically one

T
should expect: u = %— = (Eg— 2,

Many authors use U as a closing term, however, so that various expressions
are given. This manipulation with the bed shear stress has led several
authors to use the mean velocity U instead of T, as the important factor
for the sediment transport. The problem then is that the same value of U
in different water depths will give different sediment transport rates, so

that again some correction is necessary.

13.1 Bed load

Because several authors use some type of a physical model to predict
a sediment transport relation it is not surprising that most formulas may '_)
be expressed as relations between dimensionless groups. The most common are

a group related to the transport:
—_—

b = %/[03/2(3A)I/2]

S = transport in m’/ms transport = volume of grains

For conversion to total volume, S has to be divided by (1 - €)
in which € = porosity. As a first estimate, take € = 0.4
4= p, =g )p,
D = grainsize
and a group related to the flow:
Y o= sz/AgD ¥'= Y.y = effective value of /]

(the parametef used by Shields for the initiation of motion).

Some of the relations given in literature are the following:
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1. Du Bois (1879)

Du Boys gave a simple model in which layers of sediment move relative
to each other. The number of layers was proportional to To/Tcr'
The resulting expression is of the form:

S = const. To(To - Tcr)
Although the physical model is not very convincing, it has been found that
the fom of the relation can be used to describe experiments in a reasonable

way.

2. Kalinske (1947)

Kalinske assumed that grains are transported in a layer with thickness

D with an instantaneous grain velocity Ug equal to:

U =b(U -U_)
g o cr
U= instantaneous fluid velocity at grain level
o critical fluid velocity to start grain movement.

For U0 a normal distribution is assumed:

1 - (Uo'- ﬁo)2
f(UO) - m—- exXp. [‘ = ]

292

0 = r.m.s. value of velocity fluctuations.
Taking the number of grains per unit area p/(n/4D?*) and using ﬁg then the

mean rate of particle movement, by dry weight per unit width and time is:

_ 2 =
T, = 3 0,ed.T, .p p= 0.35
here U =1b £(U )d
where 5™ 3 (Uo = Ucr) (Uo) v, b= 1.0
cr

The resulting expression may be made dimensionless with the parameters

$® and ¢ with the result:

¢ = z.sq;*{ﬁ'.TF exp. [— z% (./%Ll—z- 1)2] - (/%—12-- 1) e exf [
: o

1: /0. )
[ =77 ¢ 9$l£ - 1)]} (see figure 13.1)
in which r = g/ ﬁo r= 0.17

Kalinske did not reduce the bed shear stress, so the relation is valid

for plane beds only, so y = y'

135
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3. Meyer - Peter and Miiller

M.P.M. have performed a large number of experiments in a wide flume
with coarse ﬁands. The resulting empirical expression may be written in
$ and ' units as:

d = (4Y' - 0.188)3/2 (fEigure 13.1).

By comparison of results with flat beds and dune beds the ripple factor

is found:

Ho= (C/C:')"M2 (theoretical exponent 2). C' = 18 log %%%

For a mixture M.P.M. take:

Dm =D=2¢ p.D/Ip as the relevant parameter for the value of Y and ¢ ;

D= D90 for the grain roughness.

4, Einstein (1950)

Einstein gave a complicated statistical description of the grain
transport process in which the exchange probability of a grain is related
to flow conditions. The resulting expression is.given in figure 13.1 in a
graphical form. -

. For the determination of the ripple factor p a graphical procedure is
given by EinsteinT)He used D = 035 as the relevant parameter for the
transport and D = 065 for the roughness. The correlation is not valid for
large rates of transport because there the transport varies with the first

power of velocity U only.

x)See par. 12,5

The relations given were for bed-load. In most conditions a predominant
contribution of suspended load will be present. The final accuracy of the
bed-material discharge will depend therefore mostly on the accuracy of the

suspended load determination.

13.2 Suspended load

Suspe?ded load can be determined from measurements of U(z) and C(z)

and integration of:

S « ghC(z) U(z) dz
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In most cases estimates based on theoretical expressions will be

necessary. The basic equation describing the concentration distribution

in uniform steady flow is:

3 C

W.C+ ss S 0

The first term W . C (W = fall velocity; C = volume concentration of
sediments) represents the settling tendency of the flow. The second term
represents the diffusive action of the turbulence. € is the turbulent
diffusion coéfficient. An explanation for this term is the following. Water
packets-moving upward carry a larger amount of grains than packets moving
downward because there is a concentration gradient. Although there is
no net transport of water there will be a net vertical transport due to
this exchange of water packets, which will be proportional to the local
value of the concentration gradient.

If it is assumed that the diffusion coéfficient for sediment is

equal to the coéfficient to the exchange of momentum, then:

. *
€, = € " k.U'z (1 - z/h)

The resulting equation may be integrated and gives:

c(z) ( h -z a a

Cias z h-a )
with a = W/d]x. a is a reference level where C = C(a).

For a graphical presentation see figure 13,2
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Fig. 13.2 Distribution of suspended sediment; comparison of experimental data with
Eq. (8.35). [After Vanon1 (1946).]

From this figure and the analytical expression the following rough criteria
may be given: :

W/Kuxrg( Ut/ description

1.6 = = 1.5 some suspension

0.8 3 - concentration at surface > 0
0.25 10 fully developed suspension
0.06 40 almost uniform concentration

The last criterion shows that particles < 50 pm (W < 0.2 cm/s) are uniformly
distributed for U™ > 8 cm/s or U>1 - 1.5 m/s.

. Although the basic equation is very simple, some critical remarks have

* to be made:

1. The term W.C. should be (1 - C).C.W to account for the presence of the
particles (see Hunt 1954). This correction is not important for C& 1.

2. The fall velbcity is changed by the presence of other particles (see
chapter_io and by the turbulent movements of the water. Symmetric vertical
velocity fluctuations give a-symmetrical drag force for non-Stokes
particles. Therefore, although the mean value of the vertical velocity
is zero, there will be a resultant vertical force which will reduce the

settling velocity.



The expression for €, gives E.=0 for z = 0 or 3C/%z = = at z = 0

which is not very real.

The value of C = C(a) is not given. Several assumptions are made in the
literature..Einstein (1950) divides the computed bed-load by a layer
with thickness 2 D and by the velocity in this layer. (11.6 u."

The value of C(a) is one of the problems to be solved in sediment
trahsport.

The velocity distribution is influenced by the presence of particles.
The weight of the particles suppresses the vertical velocity fluctuations
and gives a decrease in the momentum diffusion coefficient. This is
similar to a decrease in the value of x.In fact several expressions have
been given in which k decreases with the power to keep the sediment in
suspension: C.W.A/U.I (see figure 13.3).

Velocity profiles become less "full" by this effect. Care should be
taken in the application of this correlation because the determination
of x from velocity profiles or concentration profiles is not very
accurate. For literature see Einstein and Ning Chien (1954) and Ippen

(1971).
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Fig. 13.3 Effect of suspended load on the & value. [Afrer EINSTEIN et al.

(1954).) |



6. The assumption €, = Em has also some objections. It is not necessary
that the diffusion of particles is equal to that of momentum.
Measurements by Coleman (1970) show indeed that Es-values derived
from concentration profiles give some differences with values of

€ obtained from:
s

E =g = Ksz(l - z/h).
s m

It 1s a reasonable assumption, however. Differences between Es and €
are generally put in K which is often used as a closing factor. If
U(z) and C(z) are known, integration will give the suspended load. The
integration cannot be performed analytically. Graphs are presented by
Einstein (see Graf 1971, p. 189-195).

13.3 Total bed-material load

The total bed-material 1load of a stream can be determined by adding
the bed-load and the suspended load. This is done in the Einstein (1950)
procedure. This procedure was modified by Colby (1955, 1961). Also
Toffaletti (1969) gives a procedure which is especially addpted for
computer programming.
Besides these "adding" procedures several direct empirical relations
are proposed in literature:
1. Shinohara and Tsubaki (1959) gave an empirical relation:
¢ = 25(p9-3 (Y' - 0.038) (see figure 13.1).
The corresponding ripple factor u = (c/c').
2. Garde and Albertson (1961) gave a graphical relation of o/
with U/U* as the third variable. The resulting & - ¢ relation is

almost identical with Shinohara (figure 13.1).

3. Colby (1964) has given a graphical relation between total load, mean
velocity U, flow depth and grain-size with correction factors for
temperature and silt content (see figures [3.4 ana 13.5).

4. Engelund and Hansen (1967) gave an empirical relation of the form:

® = 0.167 %% wich £ = t/(1p0%) = 2g/C?

The formula is based on measurements with D50 < 1 mm and gave good

results in comparison with sediment transpert measurements in rivers.

At all values of y, the sediment rate increases with the fifth power

of the velocity.
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5. Ackers and White (1973) define the parameters:

L2

] = -
. : } U"n . (UK )I n le . 7
&t (AgD) } 5.64 1og(10 h/D)
D _ = D. (95)1/3 (dimensionless grain size)
gTr v?

- 2

G = E— . (H_)n (transport parameters)
8T UD . y

The relation between the transport parameter Ggr and the sediment mobility

number Fgr is given as:

F
G C(-%—J)m

gT
in which C, A, m and n are functions of the dimensionless grain size
i 13.8). '
Dgr (see figure )
L)
For coarse materials {Dgr > 60) n =0 and U® = U sothat the parameters Fgr
and Ggr are reduced to a more simple form.
For a modest range of particle sizes (D84/D]6 < 5) Ackers and White suggest to
take D =D 35 For a wider gradation a fraction by fraction computation is
suggested, using a corrected value for A:
Al = A, (———) in which
Dsg A
Di = average size of the fraction (Ackers and White, 1980)

NOTE

It must be noted that due to the strong variation of sediment transport with
velocity, predictions of total sediment load will not be very accurate.
Differences of a factor 10 between various formulas or between computations and

medsurements are no exception (see figure 13.6 and 13.7).

13.4 Comparison of relations

White, Milli and Crabbe (1975) have made a comparison of 8 of the most
widely used transport relations (a.0. Meyer-Peter Miller, Einstein, Engelund and
Hansen and Ackers and White) with 840 flume data and 260 field lexperiments in
natural water courses. If the percentage of all data with a ratxo R of calcu-

lated to observed transport in the range

} <R <2 is taken then the following result is obrained:

Ackers and White 687
Engelund and Hansen 637

Einstein 467,
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It is not-surprising that Ackers and White give relatively good results

I3. LU

in view of the large number of tuning parameters (C, A, m and n are all
functions of grain size). It is surprising however that the far more simple
formula of Engelund and Hansen gives such a good result.

Application of_fo:uulas remains a matter of experience. For each
situation a comparison with field measurements and an adjustment of the

formulas remains necessary for reliable results.

UNCORRECTED DISCHARGE OF SANOS, g TONS PLR DA PER FT OF WIOTH

]n
e =
W T T T T T L LR ALL T T T " GOFRSETIN FA0TRA: 8, Pou COTILCTIon FASToR 3, F08 FFFLET B
e po| L] WATER TEwSgaATUST CORCENTRENON OF Fal MiswgnT
£ e o L
L e o= e St . By 4 T T
E oot :( p §8 EI TTTTT I EJ:‘,!
e | Wk
B v e gE o I 'J]:
o = LA A . i
=E Fiff—=r i il =2
i ==z0/ DR - =———:"
:' ¢ 3 anarel|’ _IjT/ I',I fy : 38 = =]
i AL I/ i1, i :E PI
' ity i
{ 4 /Al ik 3 ® I
4 | /A /i e Jmann o5 1 .
a f )f /f! I . 82 .° .
i T 1y § H - e
Ny / /i , I T
17 /] IR ] 2= ke J, |
: I as I -
1] 7{ ” f.’ ! o ﬂ: II M
L ‘i N '——!JI +r 1 mae =B - \: 7] ! ]
. yoa 71 o v s . e & 1L ia'd| sy &
B = 1 111 8 vy} . EE u '1»‘-._{1 a5 o e e s gy U o
o I | [l _MJ!!'.' “'.':‘ 5 P }H :I. ,{ 1 ‘lf_',g:—*,.'fa!w\gl ‘tg.l\{"‘? tf =
B - Hjj et =5 s e R e e
H Ij i '“J' nE E—-—'—————---J"-I] = e R P P T O TV N
L] il LI LIy [T, od TIILGAE8 0 58 3 308 %% %0
=cl =0 it e ———a . z BEIIAIAALNAANN
.E I pma | ‘!‘jm.- > II]'}T'—-_{ . §= reeetairueg COMCLNTHLTION OF £t Mt a T, oomg \
Fy /l j ;‘” [ . 9; CORBITT On PACTOR FOU ML OWAN PARTICLE BIT,im FLACERT
Hi i Tl T : 3 e S el WE e el
i AL I 11 » 5 Rl mmnrsmenry T T I TTITTITTT
P Tit= :um L %g = |& 4
/d 1l AN Lot [T, % . Y. ]
M 14 s e 1 e s T Tt b4 s 3 R L EE -
] ) 1 ] ;é 1~ — L
MEAN VELOQITY, N FT PER SEC - el 1 1 - -
s Bt e :
"t FI6.13.4 —COLBY'S (2-H.14) RELATIONSHIP FOR DISCHARGE OF SANDS IN = 7 .l 4
TERMS OF MEAN VILOCITY FOR ¢ MEDIAN SIZES OF BED SANDS, 4 DEPTHS E" -:- \ = v > = = T a1 aa0id
OF FLOW, AND WATER TEMPERATURE OF 60* F - 8
3

Colby correction factor k = [I + (kik, - 1).0.01 ka] '

B . ,,f“/ ' 2000 s
oo * osstAVID o / ) vy )ﬂ il
0800 I o 4 333 Y7 Ji/ T .
o L PV o K787l d
T Az et NN 477/ ) VAR
g /r/ A ;7(_ . /[ R, J L8 VA . i
j oo 1 * /' J%‘ = Eozuo J- / ‘ d*c‘ ! l /
i // 7 vl : i | 4 .
t T 43779 VA A
A S iV o 7, . 0 i W W
o r,j;a/fd o g’om//gzz. AW
ot B £ ! -
§°°‘° L AT § oo
- NI o |1 e K747/ Ennsnnnil
s (&5 al l L 5 ..._.-.I;W,_ "“m? 1[ J] e oe3CAVIOD
- ’, ?f V V COLORADO RIVER p— -l? / |
¥ F/ TR FEARY 7 _./1. ! MOBAARA AIVER
s ' e AT
0008 —1t— : P 3-Q000TT 11/ ¢ anos _‘ : } : t-‘o-:o-:,::-
aRai / / 4, aR0mm =% — 1 L K eoie
,ﬂ :'.:': J: ! T ] "'“'"'
oot 4 4 « 20 0 40 =0 00 1-00 mozﬂ‘ as ﬂ|. : : H - 4 i‘ L) 0 ‘L

WATER DUBCHARGE, cu. 1. por st por 1L WATER DVECHARGE, cw. 1. por doc par 11

FIG.13.6 .—BEDIMENT DISCHARQE AS FUNCTION OF WATER DISCHAROE FOR FIG.13.7 —SEDIMENT DISCHARGE AS FUNCTION OF WATER DISCHARGE FOR
COLORADO RIVER AT TAYLOR'S FERRY OBTAINED FROM ODSERVATIONS AND NIOBILANA RIVER NEAR CODY, NEB. OBTAINED FROM OBSERVATIONS AND CAL=
. CALCULATIONS BY BEVERAL FORMULAS CULATIONS BY SEVERAL FORMULAS



11

3.

(931un pue saoxov) uondung pod.  ei] juawipeg |RI8UBE) Ul SIUIIDYB0T)

B0 3205 MYHD SSIWOISNING
ole 3 1y I Ole s v ¢ ole s 9 t ey +0i
hu ! ot
[ (r)
3 i [{REFEXLR 00
%]01M 0w
Wampg8iy O
§9Z=95
-n:uno ol
1 0cn
5 f < 3
\|© ;
1 = mm oc 3
L 5 3
& .,\ Witgggw
b 4
7 L ¢
o 0%
W T ININOIY I
oy
“q
ol 9 [ 4 FL B I '4 ols 8 » ' i1y o1
(q)
1o
| < \4 O i
et sl o ;
—4 o 1 NQW
i 1 ] q 5 ¥
e e — ~
|\— W
AT Gos
|sr0 prd v el g
3 DdEE../.l N
] 1 W, /4 vd.m
_ x 2
() ssvwo f -
i .I.’ ﬂaﬂh
| N >
rrsoaws ﬁ. =
- 90
Y HILINYEYS NOVIOW TYIIINI /
L L I i

20 "321¢ MV SSIWOSNINIO

ore 3 [ 4 Or e 2 4 o v gy v [
100 0
(3)
2000
(€5 €- o “0%o0n - .uoq.?._%...:o?u,/
__r Y000
—— O agum
= ?000
~
” 5 100 w.
L9 JHJQA\.M ..“
o) 00
N O S (S S 18] fo)
N
100
L °p
Jr 9
3 TIN3IJ144300 v o0
P00
| [ s
“
O0le 3 v ¢ ¢ P2/ B TR B S ore 'y 1
o 7ol Z0-
Y v e
o I SYTR [ SRR PRI S 00
v
1o
¥ N
b
5 €0g
O% o ‘v =]
e /ﬁv _.n_m
[e] yo @
9 O W
Ifbu“ Q] S0x
o )
9073
o TS :
) \\ 0>
0 %0/95-0-00'1=u
0o
L (o]
= d §0
Y WILIINYEYS NOIIISNYY]
T 111 o

13.8

FIG.



13.4

Literature

M.P.

A.A. Kalinske, 1947

E. Meyer-Peter, 1948

Duboys, 1879

R. Muller

H.A. Einstein, 1950

H.A.
Ning

H.A.
Ning

B.R.
C.H.

Hunt, 1954

Einstein, 1954
Chien

Einstein, 1955
Chien

Colby, 1955
Hembree

K. Shinohara, 1959
T. Tsubaki

B.R.
D.W.

R J:
ML

ASCE,

B.R.

Colby, 1961
Hubbell

Garde, 1961
Albertson

1963

Colby, 1964

Le Rhone et les Riviéres a lit affouillable.
Mem. Doc. Ann. Ponts et Chaussées, ser. 5,
vol. 18

Movement of sediment as bed-lcad in rivers.
Trans. Am. Geoph. Un., 28 (4), p. 615 - 620
Formulas for bed-load transport. '

Int. Ass. Hydr. Res. 2nd Meeting, Stockholm
The bed-load function for sediment trans-
portation in open channel flows.

U.S. Dept. of Agrie. Soil Cons. Service,

TB no. 1026

The turbulent transport of suspended sediments
in open channels.

Proec. Roy. Soc. London 224 A, p. 322-335
Second approximation to the solution of the
suspended load theory.

Unif. of Calif. Inst. Eng. Res., Publ. no. 3
Effects of heavy sediment concentration near
the bed on velocity and sediment distribution.
Unif. Calif. Inst. Eng. Res., Publ. no. 8
Computations of total sedimént discharge.

U.S. Geol. Survey. Water Supply Paper 1357.
On the characteristics of sand waves formed
upon the beds of the open channels and rivers.
Rep. Res. Inst. Appl. Mech., Kuyushu Univ.
(25), p. 15-45

Simplified method for computing total sediment
discharge with the modified Eiﬂstein procedure,
U.S. Geol. Survey Water Supply paper 1593.
Bed-load transportation in alluvial channels.
La Houille Blanche 16 (3), p. 274-286
Suspension of sediment. Proc. ASCE 89 HY5, p.
p. 45-76.

Practical computations of bed-material

discharge. Proc. ASCE 90 HY2, p. 217,



F. Engelund, 1967
E. Hansen

F.B. Toffaletti, 1969
N.L. Coleman, 1970
W.H.Graf, 1971

ASCE, 1971

ASCE, 1871

A.T. Ippen, 1971

P. Ackers, 1973
W.R. White

W.R. White, 1975,
H. Milii,
A.D. Crabbe

P. Ackers, 1980,
W.R. White,

A monograph on sediment transport.

Teknisk Forlag Copenhagen.

13

oidicd

Definitive computations on sand discharge in

rivers. Proc. ASCE 85 HY1, p. 225-248
Flume studies of the sediment transfer
coefficient. Water Res. R6(3), p. 801-809.

Hydraulics of sediment transport.

MeGraw Hill, New York.

Fundamentals of sediment transpertation,.
Proc. ASCE 97, HY12, p. 1979-2023.

Sediment discharge formulas. Proc. ASCE,

97 HY4, p. 523-567.

A new look at sedimentation in turbulent

streams. Journ. of the Boston Soc. of Ciwv.

Eng. 58 (3), p. 131-163.
Sediment transport: New approach and analysis.
Proc. ASCE 99 HY1l, p. 2041-2060

Sediment transport theories: a review.

Proc. Inst. Civ. Eng. (London), part 2,

June, 59, p. 265 - 292,

Bed-material transport: A theory for total

load and its verificarion.

Int. Symp. on River Sedimeﬁtation, Beijing,

March. Paper B 10.



13.5 Problems

13.1 _Given: A wide river with h = 3 m, U=1.2D0/s, I =1/6000
. 0 ” -
T = 20" C Dm = 2 mm Dgo 3 mm.

Question: Compute the bed load with the Meyer-Peter-Miller method.

13.2 Given: A wide river with depth h = 2 m, width B = 80 m, U = 1.4 M/s,
-4
I=28.10", Dp = 0.6 um, D90 = 1.5mm,; €& = 0.4.

Question: Compute the annual bulk transport using the M.P.M. method.

13.3 Given: A wide river has the following characteristics:
depth h = 3.2 m
Slope I = 0.5.10

bed mat.: Dm = 0.5 m D 90 = 1. mm DSO = 0.4 mm

4

Temp.: T = 20° C
Questions: 1) Determine the critical shear stress Cogs of the bed material

and the bottom shear stress L Is there transport?

2) Which type of bottom configuration is present according to
Simons-Liu (Fig.12.3)? Use D to obtain the fall velocity.

3) If the mean velocity U = 0.66 ®/s, what is the bed
roughness ks?
Is the bed hydraulically smooth or rough?

4) Compute the ripple factor p according to M.P.M.

5) Compute T' = HT and the bed load/m' according to M.P.M.

'6) Will there be transport in suspension?

13.4 Given: 1In a wide river a trench is made for =
a pipe line crossing. The depth of the ¥m —
trench is 3 m. Because it takes some -

time to lay the pipe and the river

transports bed load, some storage has to {
be provided.
River data: U= 1.2T/s h=4m ¢ =45 ™/s
D, = 1 mm D90 =2mm € = 0.4.
The relation of M.P.M. is valid.

Question: How large should L be to provide sufficient storage for 2 days?

13.5 Givem: A wide open channel, h =3 m, U= 1.2 Mfs, I = ]O-A.
Transported material D = 150 ym (uniform)
The concentration at z = 0.5 m is 250 ™R/1,
Question: Compute the concentration at z = 0.25 m and z = 2 m.



13.6 Given: A wide river with h=2m I = 1.5.I0_4 U=0.9®/s

sediment uniform D = 0.2 mm € = 0.4,
Question: What is the bulk transport/m'.day using the Engelund-Hansen

method.

13.7 Same question for:

h=3m I=10% T=0.8%/s D=0.15m (uniform)

13.8 Use the data of 13.6 and compute the total-load with the method of
Ackers-White (as bulk load/m.day).

13.9 Use the data of 6.1 and the method of Ackers-White to compute the
transport. D35 = |.5 mm. =
13.10 Given: Sediment size D = 150 um (uniform) and shear velocity U™ = 0.05 i
Question: Compute fall velocity (Fig.10.4), critical shear stress
(Fig.11.2) bedform according to Simons (Fig.12.3) and the

degree of suspension (table page 13.6).

13.11 Same question for D = 2 mm. and U® = 0.05 M/s.
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APPENDIX C.3
RIVER MORPHOLOGY

eid oy
£

VL
5 = .

iy
N
Lt e
< % .
v LA TN
Iy
st N
S
- e

Al

’Qﬁ/‘“/ %/ﬁq C" '/? '?/-v-) 4 PRy Amioniiniz -5-')—-\.@% W‘p‘w—:‘—c

%, 1:-(_4;’,\.___[ P LBl &7'\,1—7—[-/ Ao, Lo - '%’Zf'\:é;"?/
WQ},?M(, Kty L_‘ﬁm,a,,—,y




| — | AR l

Fisieaid Al Y

‘.“.".,1

Bl

[F‘;"-“"i

APPENDIX C.3 MORPHOLOGICAL FEATURES OF THE JAMUNA AND

CONTENTS
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INTRODUCTION

AVAILABLE DATA
General

" Stages and Discharges

Planform Characteristics
Bed and Bank Levels

Bed Material

Resistance to Flow
Sediment Transport
Bedforms ;

MAIN CHARACTERISTICS
Introduction
Primary Data
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INTRODUCTION .

TT

This Appendix deals with the morphclogical features of
the Jamuna and Padma rivers as relevant for the present

The morphology of the river is important for a number
of reasons. Migration of the main channels or channe]
avulsions may jeopardise the functioning of the bridge,
meanders encroaching on the bridge approaches may cause
a serious threat, and the safety of the bridge may bef
endangered by scour of the bed level wunderneath the:
bridge. Migration of the main channels and associategh
bank line changes are mainly dealt with in Appendiyf
C.4; here the available morphological data is analysedt
to address the above indicated problems. i
Because a number of corridors are considered betweern;
Bahadurabad along the Jamuna River and Mawa along the
Padma River, the emphasis is put on these stretches o
the rivers. Whenever appropriate supplementary
information is used of other river stretches, i.e. th

|

The approach followed is to use existing data only. Theki
available time did not allow additional data to b

collected in the field, apart from some hydrographi
surveys (see sections C.3.2.6 and Appendix C.1).

The_  structure of this Appendix is as follows.
overview of the available data on planfory
characteristics, bed and bank levels, bed material
sediment transport and bedforms is given in sectio
C.3.2.~-Théh'réEUTtS“of'the preliminary processing of
part of the data is presented in section c.3.3,
which water depths, river and channel widths, slopes:
are discussed. In section C.3.4 a more detaild}:
analysis of resistance to flow and sediment transpo

of the Jamuna and Padma Rivers is presented, giving d

attention to the essential role that bedforms pla)

Section C.3.5 deals with planform characteristic
while in section C.3.6 maximum (natural) scour dept
in the river stretches of interest are discussed
more detail. !

Ty
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¢.3.2.1

. €.3.2.2

. 3.2.3

C.3.2:4

General

Data are available from various Government agencies and
existing literature. The Consultants have collected
original or processed data mainly from the following
agencles:

- BWDB (Bapgladesh Water Development Board)

- survey of Sangladesh’

- BIWTA (Bangladesh Inland Water Transport Authority)

- SPARRSO (Space Research and Remote Sensing
Organisation).

Existing literature, including consultancy reports on
the Jamuna and Padma River, is listed at the end of
this Appendix. Data on the Ganges River used here
mainly originate from NEDECO (1983). Data on the
Bahmaputra River in India have been found in Goswaml .
(1984).

The information and data collected by the Consultants
do not pretend to be complete but are sufficiently
representative. Preference was given to more recent
information that might be more appropriate for studying
present conditions.

Water levels and discharges

Water 1levels, dischargeé, rating curves and other
relevant hydrological information was obtained from
BWDB. For details, reference is made to Appendix C.2.

Planform Characteristics

Planform characteristics of the Jamuna and Padma were
studied from maps, aerial photographs and satellite
imageries. Satellite imageries are available for
recent years and enable the study of gradual changes in
the planform pattern.

The Consultants have obtained copies of the imageries
covering the period 1972-1985 (see Table <C-3.1). The
stretch of the Jamuna River of interest to the present
study is covered by the imagery 138-043, and the Padma
River by imagery 137-044. The scale of most imageries
is 1:1million and some were enlarged to approximately
scale 1:250000.

Bed and Bank levels

Cross sections across the Jamuna and Padma rivers have
been measured by BWDB during low water since 1966. Thu
measurements extend over the whole cross section,
including chaqnels and chars. The locations of the

.
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- - date of sampling;

cross sections are indicated in Figure C-3.1. In totalL
19 cross sections across the Jamuna River and 8 acrosg
the Padma River. are related to the river stretches ogf_
interest. Copies of the cross sections measured in th

period 1977-1984 were obtained for the present study.

The BWDB cross section measurements have been carrisg
out during low flow congitions only. According ¢t
Coleman (1969), however, the channel depths arg?
decreasing during receding discharges. Therefore th
BWDB measurements may not be representative for flogg
conditions. In order to obtain bed 1level data durin
flood stages the Consultants have studied discharg
measurements covering the hydrological year 1985-86 f&
two stations (Bahadurabad and Mawa). During thes
discharge measurements, carried out throughout thi
year, a sounding of the bed level in the sampled cros
section 1s also obtained, and the changes 1in the be
level can be analysed. g

i
Another constraint 1s that the BWDB soundings are {bZ
intervals of several km. Consequently importanE
information, e.g. the largest scour depths, may not bn
identified. A more  complete coverage of the deepey
channels 1is carried out by BIWTA, who produce riv@
survey charts for navigation purposes. The surveys aw
carried out with echosounding equipment and a Decc
main  chain positioning system. Survey charts ap
normally plotted on scale 1:25000 or 1:50000 and lane
are plotted at 250m intervals. Table C-3.2, shows thj
BIWTA -soundings used in the present study Only thréj
full coverages of the Jamuna River over the stretché
of interest are available. More frequent soundings ar
only available for the Aricha-Nagarbari area o

Bank level data have not been collécted on a larg¢
scale within the present project.. A topographical mz
was obtained from BWDB-Master Planning Organisatio
showing 1levels on a 4 km grid. The map provided onl
approximate insight in bank levels, but is quite usef
for a general understanding of the flood plain ares:
Levels of embankments along the Jamuna River we
obtained from consultancy reports.

Bed Material

Reports of the River Research Institute (RRI) are t
main source of information on bed material of t
Jamuna River. The information consists of:

- location of sample in’ ‘the vertical;
- depth of sampling (and thus of 1ocal water depth);
- Das and Dss
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A sieve curve i1s available for most of the samples.

apart from these RRI reports, limited dafa are given 1n
consultancy reports, e.g. Nedeco (1969), JICA (1976),
ete. This information partly overlaps with the RRI
reports. Hardly any data are available on the Padma

River.

Resistance to Flow

Resistance to flow can only be determined indirectly
from discharge measurements since no separate
measurements are carried out. Resistance to flow data
have been analysed by Engineering Consultants/ACE
(1971) as far as the Padma River is concerned [see also
Stevens and Simons (1973)]. More recent Jamuna data
were analysed by Nazim (1985). 1In Doth cases, the
overall slope between two gauges was used locally,
which may have resulted in considerable errors.

Sediment Transport

Sediment transport in the Jamuna River has Dbeen
measured since - 1967 (FAO, 1969). Measurements are
carried out at weekly intervals during the flood season
and on ‘a 2-weekly basis during the other parts of the
vear. Sediment transport is sually measured on the day
following a discharge measurement. Sediment transport
is measured at “ Goalundo, Baruria and Mawa. The
measurements are done with a Bankway concentration
meter at 0.2 and 0.8 of the local depth. The samples
are divided in the field into a sand fraction and a
finer fraction containing silt and clay particles. This
is done by using a technique which is essentially based
on the difference in fall velocity of the particles. It
is claimed that the threshold is about 0.050mm. The
observed concentrations of the sand fractions are
related to the mean concentration in a vertical
according to the following formula:

Ca = 0.375 Co.sn +.0625 Co.2n

Sediment transport is measured in a number of
verticals. The average concentration thus obtained 1is
multiplied by discharge, yielding the local sediment
transport.

For more details on the measuring procedure, reference
is made to BWDB (1972). A critical review of the
methodology is given in Engineering Consultants/ACE
(1977 )= In JICA (1976), part of these sadiment
transport data have been analysed.

.
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Data given in BWDE (1972) have bgpen used in the
study in particular., In addition, some more
data were obtained from BWDB and included
analysis. The measurements relate to suspend
only. Bed load measurements have not yet been
out in Bangladesh. However, from Coleman (196
information on bed load transport can be derived
the dune-tracking methdéd in rudimentary form.

Badforms

Only limited information 1is available on
dimensions in the Jamuna . For the Padma, no ¢
all could be found. Coleman (1969) provides infc
on the Jamuna River. His measurements are also
to flood conditions. Bristow (1986) carri
measurements more recently, but his data seem
limited to low flow conditions only.

Within the framework of the present study two
soundings were made to collect additional bedfo

(see Appendix C.1)}.
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Introduction

Ine this chapter an overview is given of the main
characteristics of the Jamuna and Padma rivers. This is
done on the basis of a preliminary analysis of the
available data. In sections C.3.4, C.3.5 ang cC.3.%6,
Some aspects are discussed in more detail.

C:3.3:2 . Primayy Data

(a) Discharges, Water Levels and Slopes

Table (€-3.3 shows the results of the analysis of the

discharge and water levels at a number of stations for

the vyearly average and the once per 100 vear flood.
! More details are reported in Appendix C.2.. The water
: level slopes along the Jamuna and Padma“ River can be
; determined from plotting the water levels at the
appropriate distances between the various stations. In
Table C-3.4 the resulting slopes are presented. The
slope of the Jamuna is about 7.10-5, whereas the Padma
slopes are less. The figures relate to the direct slope
along a straight line along the river. The actual slope
will be larger, due to the curvature of the channels,
epecially during low flow conditions. Considering the
sinuosity of the channels (see also section C.3.5), it
1s probable that the water level slope along the Jamuna
River decreases in the downstream direction, although
the figures in Table C-3.4 suggest the opposite

1
|
I
!

//(b) Planform Characteristics

The Jamuna River “is 1 braiding stream with chars and
deeper channels in between. The braiding character is
most prominent in the upstream reaches, as observed on
@ number of satellite imageries taken during low flow
conditions (see - Figure €-3.31). The channel pattern
changes frequently, but main channels are bpresent over
a2 period covéring quite a number of vyears. This holds
eéspecially for the reach downstream of Sirajganj.

From the satellirte imageries, the radii of curvature of
a4 number of bends have also been determined. The radii

than 10km. There is a clear tendency for the wider
channels to have larger radii. This is what 1is to be
eXpected from experience from other rivers, assuming
that the wider channels also Carry more water during
floods.

From the Planforms drawn in Figure €-3.31 it may ba
concluded that the Padma River ig almost straight, with

€.3~6
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alternate bars passing through the river aloﬁ

banks, although there may also be a tenden;
meander. The flow 1s mostly lgmited to one channe
present bends do not have radii of curvature lessf
apout 6 km, although locally the flow may ¢

curved due to the presence of alternate bars. Thig
possibly also explain the very pronounced bend p
present at Mawa. More details on pl

characteristics are given in section C.3.:5:

(c) Cross Section Characteristics

ics of the cross sections of the Jam%
Padma rivers were analysed from the BWDB soun
some cross sections are shown O the Figureg
through C-3.8, corresponding to the various co
considered in this study. The mean annual flooy
is also indicated, corresponding to the average y
flood of 65000m3/s for the Jamuna and 88000mg

Characterist

-

Padma River. Most cross-sections can be charac
as a flat sand bed with an elevation some metre:
the annual flood- level in which deep channe
carved. These deep channels are clearly compH,
several smaller ones. Typical bend profiles seen

present both in the Jamuna River and in tﬁﬁ

River. v
B

The following characteristics were determined by

section and year:

- tptal river width, defined as the width betwé
edges of the deeper channels; ji

i

r--..:i),

=

«t
~

- the number of main channels;

" the combined width of the channels;

- the total wet area of the main channels belo

mean annual flood level,
- the maximum depth. iy

depths were computed from the t!

The average
main channeg

area and the combined widths of the
values for the different parameters were dek
averaging the data of the available years. Some
are presented in the Figures C-3.9 through C-

the following observations can be made: £
(x) The total width of the Jamuna RivelIf
between 4 and 15 km. The width of the Pad:

also varies considerably, and a decreasill.
in downstream directions cannot be ascer%




(11) The combined width of the deep channels 1in the
Jamuna River varies between 4 "and 6 km. These
values however, are slightly biased by the fact
that a number of cross-sections are no longer
perpendicular to the <channel axis (due to the
changing of channel locations and direction due
to braiding), and so in general may be too large.

{ 111) The loccal wet cross section area of the Jamuna
River varies by cross section and year. The wet
area has varied between 25000 and 60000 m2. This
large variation was also observed in JICA (1976)
and may be partly ascribed to the inaccuracy in
measuring the Cross section width (not
perpendicular €o main current direction) and from
variations in the water slope along the river. In
the Padma River the variation in wet area is also
considerable, ranging between 30000 and
65000m2.The smaller value applies to Mawa, where
the small wet area 1is balanced by the great
depths. "

(1iv) The average  depth of the main channels varies
between about 5m in Bahadurabad, 8m at Nagarbari,
and 11-13m at Goalundo 'and Mawa. The maximum
depth is discussed : in more detail in section
B Bisig

(d) Bed Material

Data on bed material of the Jamuna River are available
in a number of RRI reports. The Consultants have
collected all’” available data and a preliminary review
resulted in the following conclusions:

- there 1is only a small variation in grain size in
one sample

= the variations in average grain size of the
bed material are appreciable for various dates and
depths.

Coritrary to JICA (1976), the Consultants believe that
the bed material size in the Jamuna does not vary in
time. Vertical sorting is thought to be the major cause
of differences in size. It may be concluded from Figure
C-3.12 that during 1low flow conditions the more
elevated parts of the river bed are not sampled.
Because the bed material size decreases with bed level,
JICA (1976) concluded that there is a seasonal
fluctuation in bed material size.

Al
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C..3.4. 5.

To arrive at a fair estimate of the bed material sif
and its gradation, the Consultants have analysed
and Des - values by stations and by year. Considerj§
the large variation in Da (see Figure C-3.12), ¥
standard deviation can be considered as an estimatef
the gradation of the bed material. The results B
listed in Table C-3.5. The average bed material Sig
were also computed and are presented in Figure C-3.i
together with the standard deviations and
approximate- gradations. The following results
obtained for the Jamuna River:

Station - Dso jgmuﬁ
Chilmari 0.235 1,33
Bahadurabad 0..215 1.3%
Sirajganj 0.190 1.3
Nagarbari 0. 165 1.3

of the Padma River. The few samples of sieve cur,
presented 1in Nedeco(1969) show a wide scatter, but §
average particle diameter is in the order of 0. 1369
while probably the geometric standard dev1at10ng
slightly larger than for the Jamuna River. This
also plausible because the Ganges bed material appd

to be slightly finer than the Jamuna bed material.

3
2
1
In the bed samples of both the Jamuna and the Pad{
very fine sand (down to 0.0120 mm) was found. TH
would imply that the distinction between wash load s
bed material,1dad would be slightly different from ?
assumptions made during the analysis of the sedimg

transport (see section C.3.2.7).

(e) Resistance to flow
“ l‘
Resistance to flow data of the Jamuna River have by
analysed by Nazim (1985) and indicate generally
values. There are indications that during flooj
washed out dunes and possibly even flat bed condltif
may occur. From the data it may also be concluded b
there 1s a considerable lagging behind of '
resistance to flow.

Resistance to flow data for the Padma River are gig
in Zngineering Consultants/ACE (1971) and ¥
conditions seem to be comparable to the Jamuna Rjve
Flat bed conditions may also occur here during flood

For a more extensive analvsis of data on resistance B
flow, reference 1s made to sections (C.3.4.3
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(f) Sediment Transport .
Measured monthly sediment transport:rates in the Jamuna
River vary between 1less than Imillion tons/month(1low
flow) and more than 250million tons/month( floods).
Concentrations of over 4000ppm have been observed,
although the average sediment content 1is much lower.
The average annual suspended sediment transport (period
1957-1975) is in the order of 600 million tons. Ned
load may be considerable. Coleman (1971) estimates that
the bed load may be up to 50 per cent of the suspended
transport load. According to JICA (1976) the Engelund-
Hansen formula provide a fair estimate of bed material
transport, implying that the sediment transport would
vary with the velocity to the fifth power. Goswami
(1984) estimates the annual sediment transport in the
Brahmaputra river to be about 400 million m?, which
corresponds well with the IECO(1980) figures - 600
million ton, when it is assumed that 1m3 sediment
(pores included) corresponds to about 1.6 tons.

IECO (1980) figures for the Padma River yield average
annual suspended sediment load (1967-1974) of about 660
million tons.

For more details on sediment transport rates reference
is made to sections C.3.4.4 and C.3.4.5.

:Q53.3.3 Characteristic Parameters

The preliminary analyses of the various available data
on the morphological phenomena of the Jamuna and the
Padma rivers can be dascribed with characteristic
parameters.

For an evaluation of the planform characteristics of
the two rivers, Leopold, Wolman and Miller (1967) use a
graph (see Figure C-3.14.) showing the relations
between the channel slope and the discharge for various
rivers. As can be seen from the figure, braiding occurs
when :

ip > 1.16 x 10-2x Q-0.44

In the figure the Jamuna and Padma data have also been
plotted. It appears that the Jamuna River plots are
approximately on the dividing 1line, while the Padma
river plots are below it. The implication may be that
the Jamuna River is on a transition between braiding
and meandering. However, small changes 1in river
characteristics may cause an appreciable change 1in
planform characteristics.

.
1
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With the dJdata given 1in section ¢.3.3.2 some insig

into sediment transport processes in the Jamuna zf3.4
padma River can also be obtained using the Shie]
parameter and the suspended load parameter, defined

. Where: h = water depth (m),
1 = slope (-) p:
A - relative specidic density,= (e./eu)Lf
Qs = density of sediment, ;
Qw = specific density of water, i
Dso = size particle (m), ?
us = ghear velocity (m/s), = (ghi)9 -3 5
g = acceleration of gravity (m/s2), :
W = fall velocity (m/s). it

. reaches of the Jamuna River, . pbed load and

Shields prrameter: hi/ A .Dso

suspended load parameter: us/w

In Figure C-3.15 the two characteristic parameters %%
given for the two rivers. The Shields parameters Ji
ni/A Dso varies between about 1 in the upstream rea&g
of Jamuna River to 3 in the downstream sections of ﬁ;;
Padma. The figures relate to average flood conditioff
As a value of 0.03 to 0.05 for the Shields parame;
corresponds to initiations of movement, it can
concluded that bed material transport will be qu
large during average flood conditions. Even during.
flow conditions sediment transport will still §

present.

4

The  suspended load parameter us/w indicates to ¥

extent suspended load is a relatively important mod

transport . For us/w values less than about §¥3 ,

suspended load 1is negligible; only for ux/w in. ex®:
of about 2, does suspended load become dominant °
Rijn, 1984). For the Jamuna and Padma River, }
parameter us/w varies between 2 and 4, implying
suspended transport becomes increasingly important§
&

the downstream direction. Especially in the UH

suspeks
load are approximately equally important (see §
section C.3.4.4 and C.3.4.9). i

c.3-11
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BEDFORMS, RESISTANCE TO FLOW AND SEDIMENT TRANSPORT

Introduction i

' Bedforms, resistance to flow and sediment transport are
closely related. Bedforms at the interface between

river bed and water increase the resistance toO flow
considerafly. They also have a considerable effect on
sediment transport rates and conseguently on the
celerity of morphological processes like degradation
and bank erosion. Bedforms are also of direct
importance for bridge design, as the trough depth of
vedforms has to be added to the maximum scour depth.

Only limited information is available on bedforms 1n
the Jamuna River and there is essentially none for the
Padma River. More information is available on
resistance to scour and sediment transport in the two
rivers, but processing of the available data has been
done only on a limited 'scale. It will be necessary,
especially during the actual design of the bridge and
the river training works, to have an overall
understanding of these processes. A first outline of
such an overall understanding is presented here. More
data, in particular on bedform dimensions in the Jamuna
and Padma Rivers, are urgently needed to improve the
understanding, which may eventually lead to Dbetter
prediction methods for the evaluation of the effects
and risks of bridge construction.

In the sections C.3.4.2 through C.3.4.4 available data
on bedforms, resistance to flow and sediment transport
are discussed in some detail. " In section C.3.4.5 an
integrated discussion of these three features is given.

Bedforms

Data on Dbedforms in the Jamuna River were first
nrovided by Coleman (1969), who distinguished four
different kinds of bedforms:

- ripples : not relevant for the present study;

- mega ripples: typical height 1.0 m, typical velocity
120 m/day;

- dunes: typical height 5 m, typical celerity 60
m/day;

- Sandwaves: Typical height 10 m, typical celerity 200
m/day. ’

More recently Bristow (1985) also presented some data
on bedform heights, but these are of limited relevance
because they were collected during low flow conditions
only. '

1
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Within the framework of the present study data
also collected by the Consultants on the Jamuna 3
near the E-W Interconnector (see Figure C-3.16)i§
addition, thalweg soundings were made between Amf
and Sirajganj. Data was processed and plotted agy
average local water depth to obtain average bed
heights (see Figure <€-3.17); the predicted Dbeg
heights using various prediction methods have alsof
indicated. The observed bedform heights are reasodg
well predicted by the method of Yalin (1964) or
(1960), but the predictions of wvan Rijn (1984)§
consistently too low. BAs a first estimate off
bedfcrm height, a value of 0.2Z0 times the water dej
can be used, with a standard deviation of 0.05xh. ifi

The obtained bed level data were also analysedi
more detailed way. The probability distributions o,
"dune heights were first determined for some soun;
carried out near the E-W 1Interconnector; the ref
are given 1in Figure C-3.18. It follows thatE
patterns become more irregular when the average
height 1increases. This may, however, at least pa
be dve to the difficulties in determining the hel,
relatively small bedforms. Even more 1nterest1ng 1
variation in relative bed 1level height (see
C-3.19). It appears that the lowest relative bed
heights correspond rcughly with the average b
height.
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Resistance to Flow

Primary data presented 'by Nazim (1985) on the hydn_
conditions at Bahadurabad, Sirajganj and Naqan'

were processed within the present study. Two parak
were computed: %%
(i) Chezy coefficient : C = Q/B.(h)3/2 '("&*{ SE

(i1) Darcey-Weisbach coefficient : g
f = {8.9.B2.C2.h3.1%

The results for the above three stations are givi
Figures C€-3.20 to - 3.22. From the analysis

data it follows that for low flow conditions C 1is
40 to 50m!/2?/s. For Nagarbari station (Figure Cff
some extremely low figures for the .Chezy coeff}
were found. This is probably due to the fact tha
overall. parameters (e.g. slope) were combined
local data (e.g. water velocity). The most imp
aspect, however, is the very considerable reduct@
resistance to flow which occurs during13
£conditions. The Chezy coefficient then reaches
between 80 arnd 100m!/2/s. This holds for allf
stations. !
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Data on resistance to flow were analysed by ECI/ACE
(1971) ard the results are summarised by Stevens and
simons (1973) (see Figure C-3.23).: They also observe
considerable reductions of resistance to flow during

floods.

Data for the Jamuna River resistance to flow were
compared with the predictor of Engelund-Hansen (1967),
essentially providing a relationship between 6 and &’ ,
where 8 is therShields parameter h'i/AD (see Jansen,
1979). The parameter h', (the water depth related to
‘the skin roughness) 1is derived £from the following
eguation:

‘u/g h'i = 9.45 (h'/k)1/®

For the equivalent roughness parameter k, a value ot
2.5 Dsp was taken here. Because of the power 1/8 the
cholce of expression to be wused for k 1s less
important. Engelund/Hansen (1970) found that for
values of about one (see Figure C-3.24a), implying that
the contribution of the form roughness vanishes. This
is wusually explained by the occurrence of washed-out
dunes or transition to flat-bed conditions (see Figure

C-3.24b).. For 1lower values of @ the approximate
relationship:
8° = 0.06 + 0.4.82

holds for some laboratory flumes.

In Figures C-3.25 through C-3.27, the Jamuna data are’

plotted in the resistance graph of Engelund-Hansen
(1967). It may be concluded that there arse deviations
from the Engelund/Hansen graph. In particular the form
roughness has a larger contribution during low flows
than predicted, especially at Sirajganj. This may,
however, also be due to the combination of local and
overall data. It can be also concluded from this graph
that for higher values of 6, 6°Z6, which corresponds
to vanishing form roughness (see also section C.3.4.5).

€.3=14
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Sediment Transport. .

The . sediment transport can be classified accordﬂng
origin and mechanism as £f£ollows:

BED LDAD .

S EDWAENT TRANS PORT

Bed load (transport) is defined as the transport of¥,
material by rolling and sliding. In water, saltabg.-
can be neglected (Xalinske, 1942) due to the smiw.
difference in density between water and sedimels

Suspended load (transport) is defined as the transgf
of sediment which 1is suspended in the fluid for @%

time.

According to the mechanism of suspension the suspe%&
sediment may belong to the bed material load andkf
wash load. Wash load is defined as the transporpép

material finer than the bed - material. It hasgslisn

relation to the transporting capacity of the strétt
the ~~rate 1is determined by the amount which bec I
available by erosion in the ' catchment area upstrg"
Usually a diameter D with 0.050 < D <0.070mm is ¢ f
as a practical distinction between wash load and %
material load. For most rivers, sediment of this &f
(and smaller) 1is uniformly distributed over £
vertical. The distinction between bed load E‘
suspended load cannot be defined sharply. Bboth ?i
grain size and the flow conditions characterise
distinction. Usually usx/w=2 is used as a
limit for the beginning of suspension (see Jant
1979, van Rijn,1984).

In the- Jamuna and Padma rivers suspended L
measured regularly. In the analysis a distincti%?
made between the coarse and the fine parts of 3¢
transported mixture, whereby a separating meth@Q"
used which is not completely clear (ECI/ACE, 1971)@lt
which, K is probably yielding results such that the cas
part corresponds to the suspended bed material andai

C.3-15




fine part to the wash load. The ,IECO (1980) faigures
(see subsection C.3.3.2) relate to the total suspended

load.

Results of cediment transport measurements 1n the
Jzmuna and the Padma Rivers, at Bahadurabad and at
Mawa, Were obtained by the Consultants. The sediment
transport of the coarseée fractions (bed material load)
is plotted as a function of the discharge (see Figure
c-3.28 and 3.29). A wide scatter 1is found, which 1is
normal for this type of relationship when sediment
transport and discharge are plotted on a linear scale.
The scatter may even be larger than shown on the graph
pecause the rivers are near transition during floods
(see section . C.3.4.3), which may cause a large
variation in the contribution of the form roughness to

the total roughness.

No bed load measurements have been carried out in
either river until now. Considering the value of u=x/w
(see section c.3.3.3), it can be assumed that bed load
constitutes a considerable part of the total bed
material load. An estimate of the bed load transport in
the Jamuna River can be obtained from the Dbedform
heights and celerities as given by Coleman (1969). This
is done 1in Table c-3.6, £O¢ Coleman's megaripples,
dunes and sandwaves, “using the so-called dune-tracking
method (Jansen, 1979), from which it follows that:

Sped 10ada = 0.6 Hxc
Where: Sbed loaa .= bed load transport (m3/m/day)
'hl = bedform height
c - - celerity of bedforms (m/day) .

From Table C-3.6 1t can be concluded that the astimate
obtained for bed load varies considerably, depending ©a
the type of bedform considered. It may be reasoned,
however, fhat the resulting figures should be
approximately cimilar, as the various bedforms ard
superimposed. This casts some doubts on the figures
given by Coleman (1969). Assuming a local width of the
deeper channels of about 5km, the daily bed load
transport is estimated to be 0.35 mn m3/day for sl
waves. From the dune dimensions, a total of 0.9 mn
m3/day is found, comparable to the coarse suspended
transport during flood (see Figure C-3.28%: In
interpreting the echograms it should be realised that
the various bedforms do not extend over the full width
of the.channels. The above analyses are therefore only
approximate.
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A  comparison was also made Dbetween measured
predicted sediment loads in the ’Jamuna River (§
Figure €-3.30). - Three total: bed material
predictors have been used, but in the figure only §#
suspended load 1is used for the comparison. It follf
that the measured coarse suspended load is 1n excessg
the predicted rates by a factor varying between 1.5§
van Rijn (1984), 3 for Ackers and White (1973) and v
than 5 for Engelund/Hansen (1967). The differerd
would have been even more if the bed load had also £
taken into account. A similar comparison was made §
the Mawa transport . data, resulting in & 1miK
conclusions . Thus, for the time being the van I8
(1984) sediment transport predictor is preferable
the Jamuna and Padma rivers, possibly with a sligi
adapted coefficient to improve the agreement. !

The most important aspect of bedform characteristicsgi
their height during extreme flood events. Accordiné
Coleman (1969), sand waves with a height of up to 1y
may occur. The data on resistance to flow, howe
suggest that washed out dunes may occur during flog
which would suggest that a considerable reduction

bedform height may occur:

(1) If Coleman's suggestion 1s correct, a bedi
height/water depth ratio of about 0.5 would off
in the Jamuna river. This value is far in exg
of the values presented in  Figure c-33
Furthermore, the Consultants have never obse
such high values in large rivers. It 1is therel
believed that Coleman has erronecusly interpI{
bars which are part of the braiding networkg
sand waves. The small waterdepth shown onf
crest of the feature, as presented in one of
echograms, supports this suggestion. Thu
smaller bedform height than the 15m used 1in:
Inception Report may be appropriate. '

(i1) The Consultants have recently carried out a Sp
into bedform dimensions during transitions.
preliminary results are given in Klaassen elj
(1986). During experiments 1t was observed
bedform heights remain essentially the same
flood conditions, and only the lengths 1ncrj
significantly. This would indeed causep

substantial reduction in resistance to flowif

the lowest bed level would in principle TIé5
the same. Until now no field data have been ff
to suggest that reduction of bedform

= occurs during floods.
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(133 )

proposed to use (0.20
water .depth as average
bedform height during extreme events. It is
strongly advised that bedform dimensions and
related aspects be studied in considerably more
detail via field measurements during the next

phase of the projeqt.

For the time being it is
+/-0.05) times the

C.3-18
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L.3.5.2

LANFORM CHARACTERISTICS R

Introduction

Planform changes

In this section planform characteristics of the Jamu;
and Padma Rivers are discussed. The planfof
characteristics could not be comprehensive, but.fi

number of subjects were studied in some detail, 1.e.:§°

- bank line changes;
- changes in planform over time;
- channel curvature.

Bank 1line changes are treated in detail in Appen'
C.4. Planform changes and channel radii are discusgj
here in the sections €.3.5.2 and C.3.5.3 respectively

Satellite 1imageries . are available from 1972, allowu

the study of changes in. planform of the Jamuna ng
Padma Rivers. Some.--of the planforms as observed ﬂ
thése imageries are presented in Figure (€-3.31.
imageries were taken during the low flow seasons.
The momentary discharges and thus the stages Wn
different for the various imageries, as were the flo;:
during the various years. This also affected the wigf
of the channels. Therefore, it may not be conclud‘
from a mutual 'comparison of imageries, that o
importance of a particular channel increased beuﬁj
its width is larger than on the imagery of the prevu
vyears. Only from a comparison of different channelsi
one imagery can such .a. conclusion be. drawn. A numbe{

observations can be made:

(1) Although the relative importance of channels §}
vary over time, the overall planform, inclu =
the bank lines (see Appendix C.4) and the patt
of island and channels, has remained faiff
stable over the years 1973-1985. :

(11i) The dynamics of a braiding channels pattern
nicely illustrated by the development over t
of a river reach downstream of Sirajganj.
Figure (€-3.32, the planform of this reach
plotted on a slightly larger scale for |
vears. It can.be observed that the main cha
changed its position over the period 1978-
due to bank erosion in the outer bend,
increasing its léngth. In 1981 another chal
was developing that was essentially a shortiy
of the original main channel. By 1984
original main channel had become a minor chaf

C.3-19
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only, and the short-cut had developed into the
major channel. In the meantime a shift in the
upper part of this new channel has already taken
place in a similar way as described above.

similar observations were made by Bristow (1985),who
states (see Figure C-3.33) "The broad picture 1is one of
gradual changes in position 1in the main channels by
lateral migration with very few avulsions. It 1is also
apparent that there is a very high degree of reworking
of previous deposits and quite rapid second order

‘channel migration (over 1km per annum) within the

braided belt, while the overall first order migration
of the braid belt is only 76m per annum".

To some extent this picture seems opposite to the
observations of Coleman, who observed sudden shifts’ of
the thalweg as large as 600-900 m.

Coleman, however, has considered thalweg locations
only, and therefore these large changes may be
explained by relatively minor scour in one channel and
depositions in another. -For the time beilng, the
Consultants hold the opinion that future changes of the
braiding channel ‘cdn be predicted to some extent over a
period of say one year. This has.an important bearing
on the planning and execution of maintenance of river
works.

Channel Curvature

The curvature of the various channels can be determined
from the satellite imageries in an approximate way. The
curvature of channels is of importance for the design
of the river works as it determines the scour in the
outer bends, and affects the length of the guide bunds
and the intermediate distances of groynes and their toe
level. Two imageries of the Jamuna and Padma Rivers
were analysed and the curvature of the channels which
could be distinguished was plotted against their
chainage (see Figure C-3.34). A number of observations
can be made:

(i) Downstream 'of Sirajganj the radii of the channels
in the Jamuna river is larger than upstream.
A3

(ii1) The Padma River 1is characterised by less
pronounced curves than the Jamuna River.

(iii) The radii of the Jamuna channels, in particular
upstream of Sirajganj, were smaller in 1977 than
in 1984. In 1976 the flood was larger than in
1983, although both were above the average.

C.3=20
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The width of the <channels as observed from thJ
satellite imageries 1is ©plotted agaihst the channe]
curvature in  Figure C-3.35, together with th{
relationship presented by Leopold, Wolman and Milleg
(1967). Although theré 1is a considerable scatter, it
may be concluded that the curvature increases with the¢
channel width. The following approximate relationshiy

was found:

0.46 B!.3 f

R =
Where R = channel curvature (m)
B = channel width (m).

Apparently the observed radii are consistently large
than would result from Leopold et. al. (1967). Th
width of the channels was determined from satellit
imageries taken during the 1low flow season and maj
therefore be biased. This bias does not, however
explain the considerable - difference. A possiblj
explanation may be the 1limited role played b
vegetation in braided rivers, facilitating the cuttin

off of the main channels.
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MAXIMUM NATURAL DEPTHS

Introduction

In this section maximum natural depths occuring in the
Jamuna and Padma Rivers are considered. These natural
depths are used as a basis for the estimation of the
maximum depths that may occur if a bridge is constructed
over the Jamuna or Padma River (see Appendix C.8).
Essentially two sources of information have been used,
i.e. BWDB cross section soundings and BIWTA sounding
charts - (see section C€.3.2.3). In section C.3.6.2 this
material is analysed.

As mentioned in section C.3.2.3, the main disadvantaqga
of the availables material is that it has been collected
during moderate’to low flows only. Some attempts were
made to extrapolate to flood conditions. In section
C.3.6.3 this is described in some detail, together with
some experimental data on changes in thalweg depths in
cross sections, where BWDB 1s measuring the dischargers
regularly.

Maximum Observed bepths

In section C.3.3.2(c) some results of BWDB soundings
were presented. Maximum observed depths are shown 1in
Figure C-3.9. The maximum depth 1is approximately
constant along the Jamuna River and varies between 10
and 17m, except for downstream of Sirajganj, where
maximum depths of about 30m have been observed.

In JICA (1976) the ratlo‘ maximum water depth/average
cross sectional depth was studied. This was also done in
the present study, using a slightly adapted procedure.

Main channels were identified on satellite imageries and

on the BWDB soundings. For each main channels the wet

area was divided by the width (assuming flood.

conditions) to obtain the average depth. The maximum
depth was also measured with respect to the flood stage,
and the ratio hwax/hav was computed. The results for the
Jamuna river are plotted in Figure C-3.36. The ratio of
Naax/hav is less than 3.5, with a few exceptions only.
In one «cross section even a ratio of 6.1 was found. In
JICA (1976), where no values exceeding 4 were given, the
ratic haax/hav was plotted versus the eccentricity of
the thalweg. This procedure has not been followed here
because it is felt that in the case of a braiding river
the eccentricity as defined for meandering channels has
little meaning. Maximum depths were also identified on
the BIWTA sounding charts (see section C.3.2.4 and Table
C-3.2). It was observed that large depths occurred under
three different circumstances: :

C.3=22
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c.3.6.3

- in reaches where ba

D)

in outer bends of main channels;

- downstreams of confluences, either of a tributary
(Teesta, Ganges OT Meghna Rivers) or downstream of
islands and chars, where two channels join;

notably

nk protection is present,
terminal near Bahadurabad, and the

the railway ferry
jganj and Chandpur.

town protections of Sira

e summarised in Figure c-3.37, whers

d bed levels were plotted against the
The

The observations ar
the minimum observe
chainage along the Jamuna and Padma Rivers.

following remarks can be made:
3

£ The largest,depths were found in reaches where;
pank protection has been applied. This is probably
due to unnatural flow patterns and turbulence
generated here, and the absence of supply of

material from eroding banks.

(ii) The depths in outer bends are usually smaller than
the erosion holes downstream of confluences: This
implies that the deepest scour holes may not be
located near the panks but also midstream at the

downstream end of islands/chars.

In Figure C¢C-3.38, a comparison 18 made between the
maximum depths resulting from BWDB CIOSS sections and
BIWTA-sounding charts. Apparently a too ,optimistic
picture is obtained when only the BWDB-Cross sections
are considered. A good correspondence 1is observed foxp
the Jamuna River apart from sirajganj (effect of th

protuding bank protection works). Near Mawa, thd
observed maximum depths are smaller than assumed in the
Inception Report. I1f comparing the Inception Report
figure with the actual observations, it should be
realised that bed level fluctuations due toO bedforms are
to some extent incorporated in the observations. Finally
the observations near bank protection works stress the
need for special attention to the effect of structuretf,

on maximum Sscour depths in the river.

Extrapolations to Extreme Floods

The . observations presented in Figure Cc-3.37 were al
made during moderate cr low flow conditions. The maximuw
depth during extreme flood conditions, however, is th
major design parameter to be determined. No field dat

are available for these conditions.
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Experience in other rivers and experimental data from
models indicate that the slope in the bend profile
becomes steeper during floods and: that deeper scour
occurs along the outer bend. Recently the insight into
the physical processes in curved channels has increased
considerably. The Consultants have played and are
playing an important role in the further development of,
e.g. mathematical modelling of these processes
(Struiksma et al, 1985). Based on this experience, the
Consultants have attempted to make predictions for bend
profiles in the Jamuna and Padma Rivers assuming
fully-developed bend flow in symmetric channels. Taking
into account the influence of the spiral motion on the
main flow, the flow field is approximately described by:

u(z)/ue = r/Re (h/he)0.5
where u(z)= average velocity over the depth,
Uec = depth-averaged velocity in the centre
line, .
r = transverse coordinate,
Re = radius of curvature of centerline,
h = water depth and
he = water depth at the centerline.

=
e
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where, A

. The transferred depth distribution is assumed tc
. according to: '

dh/dr A x 0.85 (hi/AD)%:% x h/r

2k-2 T11-2(g)0%-%3/kc] = coefficient
related to spiral motion.

Hh

QOXROP e
LI T T TR TR 1

slope factor ( = 1.5)
‘water surface slope
- submerged relative density
characteristic grain size
Von Karman constant (=0.4)
Chezy coefficient. :
i
Combination of these two equations yields an exp1
for the transversal depth distribution:

h/he = [1+(0.5 x A x 0.85 ( 8¢)0-5(1-r/R«

where: 8. = center line value of hi/AD.

This equation has been applied to some bends

Jamuna and Padma Rivers. Two typical results
application for the Jamuna conditions are gij
Figure C-3.39. A.nuqber of remarks have to be madi

(i) . Many Cross sections, although locatu
J pronounced bends, show profiles similar
.~ upper part ,of Figure C-3.39. Even if

developed axi-symmetric flow would exist

flood conditions, braiding becomes apparent;

pronounced during lower flow conditions,

hampers the appreciation of the equation il
cases;

(ii) The theoretical value for A varies between
C = 40m®-5/s) to 11.5 (for C = 100m®%-3/s).
" the observed bend profile in the lower p

Figure C-3.39, a very low value of A = 5 ha
accepted.

(i1ii1) The effect of ¥ bank erosion, resulti
reduction of the largest scour depth,
included in the equation.

(iv) The values of R/B are less than 5 in many b
the Jamuna river (see sections C.3.5.3 and
C-3.35), which is well outside the range fo
the equation was developed.

C.3=28
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Consequently, the eguation was not qssumed to provide
reasonable results for flood conditions. Some 1ncrease
in scour depth in outer bends, however, has to bé taken
into account.

For confluences downstream of island/bars the
sossibilities of e extrapolating to flood conditions are
even worse, because the actual cause of this deep scour
is. mot known. Possible explantions can be:

{2) An imbalance of water and sediment distribution
downstream of the confluence (similar to the
cause of point bar development, (see Struiksma et
al; 1988).

(1i) Increased local pick-up of sediment due to
increased turbulence levels.

For the time b2ing it is assumed that scour depth will
not increase for increased flows, but extensive field
and possible laboratory meéasurements are needed to
provide a better answer to this question.

The Consultants have also attempted to use results from
discharge measurements of BWDB to get more insight 1into
bed level variations over the vyear. During these
measurements local depths in the sampled verticals are
also noted. The bed level changes of several main
channels near Bahadurabad are plotted in Figure C-3.40.
In particular, at Bahadurabad the bed level seems to
lower during the flood. However, the discharge measuring
- gites are usually not located at sections where the
largest changes in bed level elevation are to be

expected.
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MORPHOLOGY

LIST OF SYMBOLS

Es

Bs

Cr,Co

Cb

Dn

Vo]

o]

=

cross section area; area (m?)

conveying cross section area (m2)

storage wid
stream widt
Chezy coeff
concentrati
drag coeffi
celerity(m/
celerity of
particle di

diameter of

that n% of sample is finer(m)

median part
Froude numb
function of

function of

Darcy-Weisbach friction factor

gravity acc

energy head; height of bedform(m)

depth of flow; mean depth of flow (m)

mean depth
mean slope

mean, slope

" mean slope

th; width (m)

h (m)

icient(m?-3/s)

on

cient

s)
bedform(m/s)

ameter

particle such

icle diameter(m)

el

eleration (m/s?)

of flow(m)
of energy line

of bottom

of water surface
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flow velocity component(m/s)in x-direction;
cross-sectional mean flow velocity in. X

(Q/As)
shear flow velocity in x-direction defin
e = (ghi)liz(m/s)

settling velocity of particle (fall velocity)

dimensionless transport parameter [sp/D3/2%(g.
coordinate in flow direction(m)
dimensionless flow parameter (stOphi)

coordinate in lateral direction(m)
vartical coordinate; leﬁal(m)

bed level(m}

water level(m) "

angle

angle

relative density (e.-e)/e); increment

. ‘porosity

dimensionless shear stIess, defined via

Von Karman's constant

ripple factor

kinematic viscosity (m2/s)
density of water (kg/m3)
density of material (kg/m3)
density of sediment (kg/m3)
standard deviétion

shear stress (kg/m/sf)

bettom shear stress (kg/m/s?)

critical shear stress (kg/m/s?)



! Yeaxrs

Padma

Jamuna-S§

Jamuna-=N

L7-042 LB-043 48-042

1972 22-11-73 11-12-72 11-12-72
1973 5--12-73 21=- 2-73

‘47197u

B 1978 27~ 3=75 12-10-75
1976 27- 1-76 10- 1-76 i 10- 1-76
1977 8- 2-77 295 §€;;
1978 b 578 22- 2-78 l| i
1979 6-3-79

[ 1980 2-2-80
1981 Sel=81 ;?:?;21 27-12-81 |
1982 =
1983

B 1984 23-2-84
1985 10-2-85 ]

|
L

1

- * Underlined dates enlarged to 1:250.000

Table C-3.1

SATELLITE IMAGERIES USED IN THE PRESENT STUDN .,
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TABLE C-3.3  FLOOD DISCHARGES AND SLOPES ALONG THE

JAMUNA AND PADMA RIVERS ;

satien hveraus vearly Eleod 1100 year

Q (m3/s) h (m) + Q (m3/s) h (m) +
PWD PWD

iiiurabaa | es.o00  1e.1  et.o00 0.2

Gabargaon 65.000 16.8 91.000 17.4
sirajganj 65.000 13.7 88.000 - 14.4

Nagarpur 65.000 81.000

Goalundo 88.000 - 8.2 134.000 9.1
Mawa 88.000 6.0 134.000 Vol

Source : BWDB data, Constultants analysis (see Appendix C.2)

TABLE C-3.4 VALLEY SLOPES ALONG THE JAMUNA AND PADMA RIVERS

Station’ Chainage Valley slope (x 10-% = cm/km)
(km) Averaga Yearly 1:100 vyear
flowd: wew - o= flood
Bahadurabad - 156.4
6.8 T3
Sirajganj - 76.8
7 1 7.4
Nagarbari - 13
l Baruria 0
f 3.7 3.3
: Mawa 60
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yble c-3.6 ESTIMATE OF THE BED LOAD TRANSPORT IN THE
JAMUNA RIVER :

H

|
|
mega dunes sand
ripples waves
JE—
sdform height (ft) 3 15 35
; (m) 1 5 ~10
glerity (ft/day) 400 200 670
(m/day) 120 60 ~200
iver width (m) 3000 3000 3000
bdiment transport 0.3x10¢ 0.8*%x10°6 5%106%
ton/day)
hration of flood (days) 90 90 90
ptal sediment 25%106 70%x1068 450%106

ransport (tons)

ey

-
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B.3 Scour
B.3.1 Intﬁoduction
In this chapter maximum scour depths in the Jamuna River will be discussed. In

principle there are two possible approaches to this problem of maximum scour.

The first one is to collect all available data on scour depths which have been

" measured during low, intermediate and (sometimes) average flood conditions and

"to extrapolate these data to extreme flood conditions. This approach is essen-

tially followed in Section B.3.9. A second approach is to split up the total
scour into the contributing elements (like bend or confluence scour, bedforms
and local scour) and to extrapolate each of them seperately to flood condi-
tions. The total scour in that case can be computed from the different contri-
butions, taking into account any correlations, where appropriate. This is also
dgﬁé in Section B.3.9; the different contributions to scour, however, are dis-

cussed in the following sections.

B.3.2 Regime equations for Jamuna channels

Regime equations hdve originally been developed for stable canals on the
Indian subcontinent, Lacey (1930,1947) derived the following equations for the
wetted perimeter p and the hydraulic radius R of a stable channel:

p = 2.67 Q1/2 (B.3.1)
Q /

R = 0.47 (-)1/3 (B.3.2)
£

where Q = bankfull discharge and f = silt factor, defined via:
= 1/ 2
£ 1.59 D50 (B.3.3)

where D50 = diameter of the bed sediment in mm. All other parameters are ex-
pressed in imperial units. Simons and Albertson (1963) extended the regime
equations to include the effect of the soil properties of the banks. For
canals with sandbanks and sandbeds they found:



./

p =z 3.3Q0-512 (B.3.4)

pointing at siightly larger widths for channels with sandy banks. Some others,

e.g. Stevens (1986), have shown that the above equations hold for small sedi-

ment éhﬁrges only. For larger charges the width may be larger.

It is of interest to attempt to compare the characteristics of the individual

channels of the braiding Jamuna River to these regime equations. This was done

for bankfull discharge (44,000 m3/s). When it is assumed that the roughness

and the energy slope of each channel in a cross-section is about the same, the

total discharge in a cross-section can be distributed over the channels accor-

ding to their conveyance. Next, width B and average depth h of the individual

channels can be plotted against their discharge. The result is presented in

Figure B.3.1. The plotted data can be described by the following relations:

0.23 Qo-32 (8.3.5)

16.1 Q0-53 (B.3.6)

Both relations are in S.I - units. The Lacey equations, expressed in these

units and assumming p = B and R = h for these very wide channels, read:

’

0.47 (3173 (B.3.7)

4.81 Q12 ; (B.3.8)

As D50 = 0.2 mm, f = 1.13, so Equation (B.3.7) can be written as:

h = 0.45 Q/3 (B.3.9)

Comparison of the Equations (B.3.8) and (B.3.9) to the Jamuna Equations

(B.3.5) and (B.3.6) yields the following conclusions:

the exponent of the discharge is approximately the same in both comparable
equations;
the Jamuna channels are substantially wider and shallower than the stable

channels of Lacey; also the relatively small increase of the width
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indicated-by Simons & Albertson (1963) is irrelevant for the Jamuna chan-
nels. -
Apparentlf large sediment loads (in the Jamuna River up to 10,000 ppm for the
total load, wash load included) result in.very wide, shallow channels. The
width/depth ratio of the Jamuna River is about 750, which is extremely high.

Furthermore, the following remarks are made:

(i) The substantial scatter in Figure B.3.1 is, at least partly, due to the
channel direction not being perpendicular to the cross-section. However,
other factors will play a role as well.

(ii) Lacey proposed a third equation for the slope of a stable channel.
_Introducing the relevant figures in this equation results in a slope

which is 20% smaller than the actual slope of the Jamuna River.

Average depths and widths can also be derived for lower stages. For this, and
also for the previous analysis, it-is assumed that the cross-sections sounded
during-low-flow conditions do not substantially differ from cross-sections for
higher stages (see Figure B.3.2). Under this assumption the following average

at-a-station relationships are obtained:

= 0,56 Qo-23 * (B.3.10)

= o
|

18.9 Qo-51 - (B.3;11)

o
"

The relationship for the width is remarkably similar to the one for bankfull
discharge only (Equation (B.3.6)). Apparently the Jamuna channels can to some
extent be considered as regime channels for lower stages also, possibly indi-

cating that morphological processes in the Jamuna River are relatively fast.

B.3.3 General .scour

General scour is the lowering of the bedlevel owing to changes and develop-
ments in the catchment area. As already mentioned in Phase I report, Appendix

C.8, the general scour may be influenced by the following factors.
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- Construcﬁion of embankments, reducing the flood plain width and causing
higher peak flows downstream,
- Increasing soil erosion in Nepal and possibly other parts of the catchment

result in more Sediment supply to the rivers contributing to the Brahmapu-

tra/Jamuna discharge,
- Construction of dams will reduce the sediment load of the rivers downstream
"and also cause a general damping of seasonal water level fluctuation (not

ma jor floods), and

- Other natural causes may be instrumental in a change of river slope.

The Consultants are setting up a large-scale one-dimensional mathematical
model for water flow and morphology based on the RIVMOR program. The RIVMOR
program was also used for the constriction scour computations, but for the
general scour model a different.schematisation of the Jamuna River is being

made. Almost 1000 km of the Jamuna/Brahmaputra will be schematisized in the

As only a very rough schematisation of the Brahmaputra/Jamuna river is possi-
ble with a one—qiménsional model, the result of this Study cannot be an exact
prediction of” the average bed level of the Jamuna River. Houeve?, the model is
expected to give the general tendencies of the bed level as anticipated for
the future. For the Jamuna Bridgé study this is considered to be sufficient,
as general scour will only have a small contribution in the total scour to be
€xpected near the river training work and bridge piers,

For the time being, the Consultants assume 1 m as a fair estimate for general
scour,

B.3.4 Bend scour

B.3.4.1 Introduction
~—-foduction
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in the Jamuna River also. Already in Phase'I Consultants realized that use of

existing prediction techniques taking into account the possible occurence of

overshoot (point bar formation) and suspended load (which in this case would
result according to some prediction methods in an increase of the (axisym-
metric) equilibrium depth with 450% compared to the case of bed load only)
would provide estimates of the maximum outer bend scour far larger than any
results from field measurements available. Most of these field observations,
however, were done during low flow conditions, so this was the very reason
that measurements of bend scour were included in the hydrographic survey in

1987. This was done to assess the maximum scour depth in outer bends in the

Jamuna River during floods. The special hydrographic survey carried out in

1987 was intended to address the following two issues:

- How representative are low flow data for the conditions during (extreme)
floods? (See also the absence of an incrase in observed scour depths in the
Figures B.3.12 ... B.3.13 with increasing stage).

- Is it possible to derive predictors for bend scour, confluence scour and
bedforms in the Jamuna River, and to use these predictors to derive refined

deSign criteria?

In the‘follouing sections first the present knowledge on bend scour is sum-
marized, and next the results of the field measurements are interpreted on
basis-of this summary. ’

As is shoun'ConsultanFS had to lean heavily on field data and this was done
because time-dependent bend scour in channels that are near transition to
braiding, with suspended transport being the dominant mode of transport and
under flood conditions when also the chars are flooded, is an extremely
complicated and difficult subject that cannot be predicted theoretically with
the present understanding évailable to explain the observations made in the
‘field and to use this understanding to make a fair prediction of maximum bend

scour during extreme flood conditions.

B.3.4.2 Theoretical considerations regarding bend profiles

In an alluvial channel bend with dominant bed load, the cross-sectional pro-

file can be described by (Struiksma et al (1985)):

e, s
= &
c

[1+0.540.85 v0 (1- R/R,)|-2 (B.3.12)



in which h = water depth (m), R = radius of curvature, A is a factor (usually
between 5 and 10) indicating the influence of the transverse bed slope on the
bed load sediment transport, and 0 = Shields parameter (-). The index ¢ refers

to the channel axis (see also Phase 1 report, Appendix C.3).

The above equation (B.3.12) is only applicable for a number of limiting condi-

tions, notably:

(i) "equilibrium" profile, that occurs oniy at a considerable distance down-
stream of the beginning of the bend.

(ii) sufficient time has elapsed for the bend scour to develop fully.

(iii) suspended load is negligible.

These three limiting conditions and their implication are digcussed hereafter

in more detail.

Re (i) Equilibrium profile

The above equation (B.3.12) relates to the downstream parts of a long bend
with constant radius only.

When the radius of curvature changes, the new equilibrium profile is reached
after some distance only. The adaptation process depends on a typical wave-
length and damping'length of the considered alluvial channel. The longer the
damping and wavelength, the longer the distance required before the equili-
brium profile is obtained. The damping length Lp determines the m;gnitude of

the overshoot phenomenon (see Figure B.3.3). The wavelength L_ is given by :

p
20 . g (bl 1 b=3i}
Tl {A R 7 2A2} (B.3.13)
p s'wW s W
and the damping length Lp by:
4 A
b * - (B.3.14)

D 2x” - (b-3)xS
in which b = power in transport formula (s - ub), Ag = %; h (E)2 f(o),
C2h
lw & _EE' B = channel width (m), h = average channel depth (m), @ = Shields
parameter.(—). C = Chézy coefficient (mi/s), g = acceleration of gravity
(m/s2).
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It can be shown (see Struiksma & Klaassen, 1988) that for values of xs/xu
higher than a criterion dependent of b, the solution is out of the periodic
range. In that case, the individual channel is braiding and may show several

smaller channels within its bed.

L -

Re (ii) Time scale

The time-dependent adaptation of the bend profile can be characterized by a

time scale. A change of discharge results in an adapted bend profile that gra-

dually reaches the new equilibrium slope. The formula for the time scale of

the cross-section adaptation reads (Klaassen, 1988):

B2 0.85 veo
T =35 (B.3.1%)
in which B. = width of the channel (m) and s = sediment transport per unit

width (m2/s).

B.3.4.3 Measured bend profiles in the Jamuna River

The methodology used by Consultants was to do hydrographic measurements in a
number of selected reaches. Measurements were repeated to observe the scour
during the flood season and subsequent period, although the difficult condi-
tions in Banggadesh in 1987 resulted in a reduction of the actual number of
observations. | ,

The results of the repeated measurements of bend scour are provided below:

River reach Data Maximum bend scour (m + PWD)

Pechkaholo 17 Aug 1987 - 1.5
21722 Nov 1987 + 0.3
Bhuapur 24725 Aug 1987 - 2.4
23 Oct 1987 - 2.1
Pingna 26/27 Sept 1987 , 0.9
29/30 Oet 1987 0.9

Dinghaﬁara ' 11713 Nov 1987 ¥+ 5.5/ 1.8

(two bends)

For the stages during those respective dates reference is made to Figure

B.3.3a.
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Some examples of comparisons of the measured cross-section profiles with the
theoretical bend profile are given in Figure B.3.4. It was observed, that the
maximum outer bend scour in the surveyed bends always appeared at the down-
stream end of an identified channel bend and that the maximum scour was always
less than the theoretical equilibrium scour,

B.3.4.4 Discussions of results.

When the adaptation wavelengths of the channels in which bend scour was ob-
served are computed, it appears that they are more than twice as large as the
length of the analyzed channel bends (wavelength is about 20 km). To compute
the wavelength and damping length, the value of b is computed by using the
Meyer-Peter & Miller formula for bedload transport, yielding b = 3.5. Bend
scour is mainly governed by bedload transport and, therefore, this is justi-
fied. Taking a value of b = 5 (Engelund & Hansen formula) gives a solution out
of the peri&dic range. Apparently the individual channels of the Jamuna River
are on the treshold between meandering and braiding. The damping length is
also very large (more than 50 km), implying, that the overshoot, causing a
maximum scour more severe than the equilibrium profile, could be important for
longer channel bends (more than + 0.25 x wave length).

The émount of“overshoot is determined by the change of radius of curvature. In
alluvial chanﬁels these changes are usually rather smooth, reduciné the over-
shoot phenomenon. For the Jamuna the overshoot phenomencon is therefore consi-
dered to be negligible.

Channel bends in the Jamuna River are too short to reach the equilibrium bend
profile. For the design of the guide bunds and river training works, however,
the equilibrium bend scour should be taken into account, as it is possible

that the bridge works will allow longer bends to develop.

From the results of the field surveys (see the above Table) it can be con-
cluded that bend scour measured during flood conditions is not much larger
than during lower flow conditions (in retrospect the measurements in Pechka-
hola are not so representative, considering the unfavourable direction of this
bend compared to the valley slope direction). The implication of the above is

that a considerable increase in bend scour depth will not occur during design
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- floods either. This is in line with the large time-scale predicted using Equa-
T tion (B.3.14a). This equation yields a time scale of over 30 years, when the

5 transport is computed with Equation (B-5.7), Appendix B-5. Consultants are

@ 1 convined of the applicability of this time-scale. This is based on their ex-

2 tensive experience with mathematical model recently applied by Consultants in
- which this time-lag was simulated shows that even during extreme flood condi-
;f | tions an increase of a few metres only has to be expected.

4

It is emphasized, that consultants did not state that THE morphological time
scale of the Jamuna is thirty years. Morphological timescales can be defined

for all kinds of morphological processes (see Klaassen, 1988).

Here a timescale for the adaptation of the cross-sectional frofile is dis-

i cussed. For this time scale the width of the channel is very important, as the

-

transverse sediment transport is very small in comparison with the longitu-

by

dinal sediment transport.

21
% The rapid change of the cross section over the years, and in particular the
571 location of the individual channels, is not governed by this time scale. These
_ﬁ channel processes are caused-by severe local bank erosion and adaptation of
Ly<y the cross sections ;n longitudinal direction. The time scale related to these
_E processes is hard to define, but it is probably very short as the longitudinal
sediment transport is very high and the bank erosion can be as much as five
’5 ! hundred meters during one flood season locally. The effect of this-enormous
o bank erosion on the channel pattern and the cross section profile may be sub-
. stantial.
23
The conclusion must-be that the large time scale for the development of the
?3 ] band'profile is not in contradiction with the rapid changes of the channel
- pattern.
e | ' ;
;E, During flood conditions suspended sediment load is very important in the
. Jamuna River. These high suspended sediment load may or may not lead to sub-
ig.! stantially increased band scour. An increase may be expected looking at the

condition In one cross-section, but the "smooting" effect of suspended load in
] the longitudinal directidn may lead to a decrease. Inclusion of suspended load

into the derivation of a prediction technique would result in a different

value for élg. the coefficient A to match the observed bend scour profiles, so

-

‘-

i
gi the ultimate result would not become substantially larger.
]



B.3.4.5 Predictor for bend scour

Based on the observations in the field, both during low flow and during floods
(in 1987), Consultants have derived a predictor for bend scour in the Jamuna
River. This predictor corresponds to Equation (B.3-12) with A = 10. For the
computation of n the “value of 8 and ha during the average discharge of about

20,000 m3/s are used.

During the year 1987 a relatively large flood (corresponding to a 1:10 year
flood) occurred (see also Figure B.3.3a). According to Section A.4 of Volume
IT the difference in stage between the 1:10 and the 1:100 year flood is about
0.8 m. This implies that the design flood was approached during 1987. This
does not imply, however, that the design conditions for bend scour were ap-
proached dﬁring the 1987, because also other factors like channel widths and
radius of curvature should be critical. This also explains the scatter in the
Figure B.3.12 (and B.3.13). The above underlines the need for a probabilistic

design procedure,

With the planform of the Jamuna River near the proposed bridge site and plan-
ned training works in mind it is unlikely that a large channel with relatively
small radius of curvature will attack the guide bunds. The scale model tests
support this opinion. During flood conditions the river constriction will pre-
vent the development of large channels with small radius of curvature near the

guide bunds.

B.3.5 Confluence scour

During the Phase I study it was found that in the Jamuna River confluence
scour seems to be dominant over bend scour. Only local protrusions produce
deeper scour holes. For the bridge piers confluence scour may be the major
contribution to the total scour. In the literature little information can be
found on confluence scour. A review of literature in which the phenomencon is
mentioned, is given by Ashmore & Parker (1983). Only in the last decade -
attempts have been made to look more closely at the phenomenon of confluence
scour, aiming at identifying the mechanisms responsible for this phenomenon
and to arrive at methods to predict the maximum depth and location of this

type of scour. Until now, attention was given to gravel bed rivers with coarse
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material only. During the present study it was attempted to expand the method

of Ashmore & Parker (1983) to large sandbed rivers.

In the present study data obtained from field measurements in the Jamuna River
in Bangladesh, are being used. The hydrograph of the Jamuna River is fairly
constant (see e.g. Coleman, 1969). From April to July the discharge rises gra-
dually. The actual flood season is from July through September, during which
the discharge varies around a fairly constant value. From October onwards the
discharge decreases. So, different from many gravel-bed rivers, long periods
are present in which the variation in discharge is relatively small. Because
sailing on the Jamuna River is quite common, also during flood conditions, it
is possible to obtain soundings of confluence scour patterns which must repre-

sent approximate equilibrium conditions.

Two sets of field measurements are used in the present study, viz:

(i) Historical data

Since the late sixties regular soundings have been done by the Bangla-
desh Inland Water Transport Authority (BIWTA). These measurements are
done to identify the best navigation routes,-using echo®sounder equip-
ment in combination with a Decca positioning system. Measurements have
been done mostly during low flow conditions, but some sounding maps re-
lating to flood conditions are also available. .

(ii) Special field survey

In the period July - November 1987 a'special hydrographic survey was
carried out to measure scour depths (and bedforms, see Klaassen, Vermeer
& Uddin (1988)) in the Jamuna River. Scour depths were measured on dif-
ferent sites (see Figure B.1.1) and at different dates. Also these
measurements-were carried out by BIWTA. In addition to the Decca system,
also a Trisponder positioning system (with an accuracy of 1 m) was used.
Due to excessive flooding in Bangladesh during the measuring period the
measuring programme had to be reduced, but still some data on confluence
séour were collected. Results are presented on similar sounding maps as

prepared by BIWTA for navigation purposes.

The method of analysis of the field data is similar to Ashmore & Parker

(1983). They proposed the following relation for confluence scour:

34
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h—s:f(F,i_,G, €) (B.3.15)
= o' “w
where
h = maximum (confluence) scour depth (m)
h = average depth of the upstream anabranches, defined via

h = (hy +hy)/2 (m) o |
FO = densimetric Frpude number, defined via F0 - uol{bg Dg) (=) '
Ug = average anabranche velocity (m/s)
Dg = average mean grain size of the upstream anabranches (m) _
A = relative density, defined via A = (ps - p)/p (-)
Py = specific density of sediment (kg/m?) :j
p = specific density of water (kg/m3) f
iH = average anabranch downstream water surface slope
0 = angle of incidence of anabranches of confluence (°) ]'
€ = (Q - Qz)/% Qp ()

QL’ QR' QT = discharge in left and right anabranche and total

discharge downstream of confluence.
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Ashmore and Parker analysed in total 118 points, including Mosley (1981) and
their own field observations and results from laboratory studies. They found
that the influence of F, and Tw on hslg is very geak. Not discriminating for
the values of e and thus including all data in the analysis, the following

relationship between hS/E and © was obtained (see Figure B.3.5):

=2

= 2.235 + 0.0308 o (B.3.16)

’

-
h

Considering only points with ¢ < 0.75 (so confluences for which Q]/Q2 ¢ 2200
where the indices 1 and 2 refer to the anabranches with the largest (1) and
smallest (2) discharge, respectively), then a relationship steeper than Equa-
tion (2) was found. For e > 0.75 the slope of the regression line for hslﬁ

versus © was indistinguishable from zero at the 95% significance level.

A similar analysis was carried out for the field data from the Jamuna River.
The depths of the upstream anabranches (hR, hL) were determined by averaging
the observed average depth of at least four cross-sections directly upstream
from the confluence. The inclusion of more cross-sections did not yield sub-
stantially different average depths. The deepest confluence scour depth in the

downstream anabranch, h_, was also taken from the sounding maps. The plotted

S?
depths are related to the S(tandard) L(ow) W(ater), so the figures on the maps

were corrected considering the water levels during the period in which the



soundings were done. The angle of incidence was obtained from the sounding
maps, too. Some inaccuracy is inherent, because most upstream anabranches are
not straight In the Jamuna River also more complex confluences are present,
where a short distance downstream of the confluence a third anabranch Joxns
the river. Here a more complex scour pattern occurs and these conflqences are

discarded from the analysis, .

For each confluence values of h = i (h + h Yy and 0 were obtained.
Computed values of h /h are plotted agalnst 0 in Fzgure B.3.5. Although there
may be an increase in hS/h for increasing @, this increase is obscured by the

larger scatter.

As a second step of the analysis, an attempt was made to discriminate accor-
ding to the value of e. The parameter e is a measure for the distribution of
the total discharge over the two upstream anabranches, When Q and Q are the
larger and the smaller discharge, respectively, then the relatlonshlp between

€ and Q1/Q2 is as indicated below:

€ 0.00 0.25 0.50 0.75 1.00 ©1.50 2.0

01/02 1.00 1.25 1.67 2.20 3.00 7 =

To establish the value of ¢ the value of Q and Q should be known, but these
discharges were not measured 51multaneously with the soundings. Here use is
made of "at-a-station relationships" that were derived for the Jamuna River
(see Section B.3.2 and Klaassen & Vermeer, 1988a). The proposed relationship
between the average depth of an individual channel of the Jamuna and the dis-

charge it carries, reads:
h = 0.56 Qo-23 , (B.3.10)

This relation can also be used for estimating the discharge in a channel once

the average depth is known. The relation reads for that case:
Q = 12.44(h)v-3s (B.3.17)

Using Equation (B.3.17) an estimate of the discharges in all confluencing ana-

branches was obtained. Next the value of € Wwas computed for each confluence.

—
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_The result is plotted in Figure (B.3.7), where in total six classes for e were

differentiated. For the results of the special survey in 1987 and the histori-
cal data, different symbols have been used. A figure is added to each point,

indicating the estimated discharge in 103 m3/s of the anabranch with the lar-

gest depth.

From inspection of Figure B.3.7 the following conclusions can be drawn:

(i) For small values of & (for € < 0.25 and to a smaller extent for
0.25 < ¢ < 0.50) an increase of the ratio hs/H with increasing o is
found, with a much smaller scatter than present in Figure B.3.5.

(ii) For larger values of e, especially for € > 1.00, no relationship between

hslﬁ and 0 is found.

In Figure B.3.6 all data for ¢ < 0.50 (in total 18 points out of 78 data ob-
tained) are prééented. A linear regression line was determined through these

18 points, which reads:

= 1.292 + 0.037 o ; (B.3.18)

| lw:f

The correlation coefficient is around 0.72, implying a significant result.

The above relationship is supposed to provide a fair estimate of confluence
scour in the Jamuna River.

For the estimation of confluence scour two major parameters are important,
viz. h and 0. In Section B.3.2 sufficient information on h is provided. The
probability of occurrence of © can be derived from the same set of field data.
For all data with e ¢ 0.50 an estimate of the probability of occurence is in-

dicated below:

20° ¢ 0 < 30° : 3/18 = 0.17

30° ¢ 0 ¢ Lo° i 318 = 0.17

4o° ¢ @ ¢ 50° : 4/18 = 0.22

50° < 0 ¢ 60° : 2/18 = 0.11

60° ¢ @ « 70° :  5/18 = 0.28

70° <@ < B0°  : 1/18 = 0.06
o _

Broadly speaking, © > 70° only ineexteptional case, and between 20° and 70°

0 is approximately evenly distributed.



field-data'that are processed in the present study, provide 2 fair relation-
Ship between the dimensionless Scour depth and the angle of incidence of the
anabranches, The general character of this relationship js the same as derived
by Ashmore g Parker (1983)- ror gravel-hed rivers, notably ap increase in dj-
mensionless scour depth for increasing angle of incidence, Confluence scour
depths found here, are smaller thanp observed ip gravel-bed rivers. There are
Some indications that this is caused by Suspended load becoming the dominant
mode of transport for higher Stages in the Jamuna River. For a more detailed

Klaassen g& Vermeer (1988b).

B.3.6 Bedforms, resistance tg flow and sediment transgort

B.3.6.1 Introduction
.

rates ang Consequently on the celerity of morphological Processes 1ljke degra-

dation and bank erosion. Bedforms are also of direct importance fop the design

.

Only limited‘information on bedforms (especially during floods) in the Jamuna
River was available, Therefore, a special hydrographic Survey was carried out
during the 1987 flood -Season,

The results of this survey are discussed ip Section 3.6.2. The analysis consji-

B.3.6.2 Bedform dimensions
—————dimensions

Sent study),
- 'mega ripples’: typical height 1.0 m, typical celerity 120 m/day,
- 'dunes': typical height 5 m, typical celerity 6o m/day, and
- 'sand Waves': typical height 10 m, typical celerity 20p m/day .
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More recently-Bristou (1985) presented some data on bedform heights observed
during low flow conditions. Although it was possible to measure three times,
for high flow conditions only limited data on bedform dimensions in the Jamuna

River are available. Therefore, special measurements were carried out for the

present study.

During flood conditions in 1986 and 1987, bedform dimensions were measured in

the Jamuna River. This was done for two reasons:

- to study the relation between bedform dimensions and flow characteristics
of the Jamuna River and, in particular, to check whether a reduction of
bedform'height occurs during flood conditions; and

- to determine a lowest bed level, owing to passing bedform dimensions and
local scour for the design of the river training works and for the piers of
the Jamuna Bridge.

The hydrographie surve; in 1987 was carried out between July and November. At

some locations two measurements were done during this period. This means, that

the change of the bedform dimensions could be analysed as a function of the
stage of the flood season. In Table (B.3.1) the soundings used for the bedform
analysis are given. The water levels on the dates of the soundings are given,
too. The maximum water level was reached in the second half of August. During
the last measurements the water level had already dropped 4 m compared to this

maximum flood level.

’

The following observations can be made when studying the bedform data:
i) During the measurements obtained in July and August, relatively large
dunes were abundantly present according to all soundings, some of them

having -small dunes superimposed on them, (see Figure B.3.8.a)

ii) In the following month (September), so after the peak discharge in the
second half of August, the large dunes are not reduced in height and
their lengths have not increaéed. However, the small, superimposed dunes
have disappeared (see Figure B.3.8.b)

iii) In the second half of October and in November the large dunes have dis-

' appeared as well as flat bed situatioﬁs although some can still be obser-
ved on nearly all soundings (see Figure B.3.8.c)

So, when the peak discharge is reached, large dunes, having average height

H 2 3.0 m and average length L = 200 m (based on the sounding near Belkuchi on

the 22 August 1987) are still present, with small dunes superimposed with ave-

B-40



rage height H 2 1.1 m, and average length L 2 24 m. This seems in contradic-
tion with the observation that resistance to flow of the Jamuna River is very

low duriﬁg the peak discharge. The washing out of the smaller superimpecsed

dunes and the large dunes takes place in a later stage of the flood season on-

ly.

The reason for the-present study of bedforms is the détermination of scour

depth, relaéed to bedforms. The trough of the bedform is below the average bed
level. Therefore, the dune height was investigated in relation with the water
depth. A graph was made to investigate the dune height versus water depth re-
lation (see Figure B.3.9). Maximum dune heights of 6 m were observed. This is
not in line with observations by Coleman (1969) who discovered bedform heights
up to 15 m. It seems possible that Coleman interpretated confluence scour er-

roneously as bedforms.

The relation H/h versus h was also investigated (h = average waterdepth). For
H the average dune heights of reaches with approximately equal dune heights
were taken. It appears, that the H/h ratio can be up to about 0.35 (see Figure
B.3.10), but no relation wiﬁh the water depth was found. Dune height predic-
tion models like the ones provided by Yalin (1964) and Allen (1968) seem not
applicable for the Jamuna River, particularly so for larger waterdepths., As a
reduction of the H/h ratio for increasing waterdepth could not be shown, a ma-
ximum dune height of H = (0.25 * 0.10)h should be taken into account for the

maximum scour depth related to bedforms.

Finally the ratio L/h versus h was investigated. This ratio was always smaller
than 20 and usually between 5 and 10 for waterdepths varying from 9 to 17 m.

For the L{H ratio a dependence of the average depth can not be shown either.

B.3.7 Constriction scour

Further on the computations to predict constriction scour in the Jamuna River
during Phase I of the study (see Phase I, final report, Appendix C.5.3) some
additional computations were carried out to assess the influence of the bridge
span on constfiction scour and backwater.

These computaﬁions are treated in detail in Appendix B-5. Here, the results

are given for a bridge length. of 4600 meter.
‘ .
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- maximum constriction scour: 3.1 meter.

- maximum backwater : 0.3 meter.

These results apply for a long lasting (25 days), 1:100 year peak discharge
(91,000 m3/s).

B.3.8 Local scour

Local scour has been extensively considered in Phase I (see Appendices C.6 and
C.7 of Annex C of the Phase I report). During the special hydrographic survey
carried out in July - November 1987 also some local scour data were obtained,
in particular near Sirajganj. Initially it was intended to collect also data
on the local scour around some of the piers of the EW-connector near Aricha,
but it appeared that none of the piers was located in a deep channel so any
measurement of local scour near these piers would have been of limited inte-
rest only: For the scour around piers the Phase I aséumption of 1.6 x b = 10%,
in which b is the diameter of a pile, still holds. In this respect it is of

interest to cite the results obtained by Sutherland (1986), who studied expe-

"rimentally the interaction between confluence scour and local scour around a

pier. Sutherland found that there is no interaction, so both effects should be
summed up (as was already done in the Phase I approach).

During the special hydrographic survey some measurements were done near the
town protection of Sirajganj and near Bhuapur along the Eastern bank of the
Jamuna Rivé?.

The results (deepest scour levels expressed in m + PWD) are listed below:

- Bhuapur 24 - 25 August 1987 - 8.0m
- Sirajganj 3 - 19 September 1987 - 25.3 m
- Bhuapur 23 - 24 October 1987 - 6.1 m.

In addition results of measurements by BWDB are available. These are plotted
in Figure D.10 of Arnex D.

Furthermore, some data were obtained from BIWTA sounding charts. These are
plotted in Figure B.3.14. It follows from this figure that maximum scour is
about 32 m below LLW, corresponding to about 6.7 m + PWD. So according to the
BIWTA soundings the lowest bed level is about - 25 m + PWD. This is in line
uith‘ﬁhénobservation on 3 - 19 September 1987 during the special hydrographic
survey. The value of - 24 .4 m + PWD has been accepted, for the time being (see
Annex- D, Section 3.1%). This is well below the values predicted in Appendix
C.T in the_Phase I report.
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B.3.9 Total scour 5

In the preceding sections of this Annex the various causes contributing to the
total séour near guide bunds and groynes and around the bridge piers, have
been analyzed. In this section they are combined to arrive at a prediction of
the total scour during a 1:100 year flood event.

In addition to this, the available data on maximum scour depths in the Jamuna
ﬁiver are plotted in such a way that direct extrapolation to extreme floods is
possible. The results of both methods are compared and based on this compari-

son design scour depths are decided upon.

In general the maximum scour depth is made up of the foliowing contributions
(see also Phase I report, Appendix C.8): 1

- general scour;

- natural fluctuations due to non-uniformity of main channels and flood

plain;
- constriction scour;
- three dimensional effects: bend scour or confluence scour; -
- bedform scour;‘ 1,

- local scour.
After this, maximum scour at bridge piers and along guide bunds and groynes is

considered separately.

The most critical conditions will occur when a bridge pier, or rather: a
series of bridge piers, is located in an outer bend or in the deepest point of 17
a confluence scour pattern. The various contributions to the local scour to- n
gether with indications on both average values and standard deviations are

briefly discussed hereafter.

(1) General scour

For the time being, until results from the mathematical model for general

scour become available, it is assumed that owing to large-scale processes

like deforestation, embankments, etc. a general scour of 1 m should be

taken into account (seé Section B.3.3). ' -

(2) Non-uniformity

Not specifically taken into account. It included in the BWDB cross-
sections and thus in the scatter around the regime equations for the

Jamuna River.
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(3) Constriection scour

: According to the computations with a mathematical model, the following

allowance should be made for constriction scour.

span of bridge (Q) constriction scour (m)
for 1:100 year flood

5300 , ).2

) 4600 < 3.1
' 3500 : 4.1

Remark: schematization for the bridge length of 4600 m was different from

e
i
l_ those for the other bridge lengths (see Appendix B-5).

i' (4) Three-dimensional effects
i

First confluence scour is considered. From the tentative design graph the

B following equation can be derived for the average value:

— = 1.292 + 0.037 @

i

The fluctuations in the computed value are due to fluctuations in the
prediction and fluctuations in the angle of incidence 6. According to
Figure B.3.6 fluctuations in hS/H are * 1. The average value of 0 is

[ ' about 50° with fluctuations % 25°,.

.

To compute either possible maximum confluence or bend scour, the average
depths of the channels should be known. Use is made of the regime equa-
tions derived in Section B.3.2. For confluence scour it is assumed that

the discharge is divided equally over two channels, so each carries about

= 45,500 m3/s. During bankfull stage each of them carries only about 22,000
m3/;, yielding an average depth of about 6 m. The difference in stage

b between Q = 44,000 m3/s and Q = 91,000 m3/s is about 2 m, so for the

L average depth of the two anabranches a value of about 8 m is taken. This

results in an average confluence scour (for © = 50°) of about 25 m.

For bend scour a maximum scour of 19 m is assumed.

N




(6)

Bedforms

Extensive measurements of bedforms in the Jamuna River have been analyzed
and the extreme values of 15 m quoted by Coleman (1969) were not con-
firmed. For the time being the following predictive method for average

bedform heights can be used
H=(0.25 0.10) h

Further to the detailed analysis in the Phase I report, it was found
during the analysis of the results of the special survey in 1987 that
maximum scour depth can be 1.0 * H below the average bed level. Finally,
it should be emphisized that in the deepest outer bends and in conflu-
ences, bedforms seem to vanish. So the extreme possibility of maximum
confluence or bend scour and bedforms need not be taken into account.
Local scour

The expression for local scour around bridge piers in the Phase I report,

vize

h = (1.6 £+ 0.16) b

scour
where b = bridge pier diameter, still remains unchallenged. According to
Sutherland (1986) local and confluence scour do occur simultaneously and
they do not affect each other. The same is probably true for local and

bend scour.

For the estimation of maximum scour around bridge piers, the following values

are obtained:

- confluence scour: hiax =1 +0+3+25+0+ 1.6x2.5=233m
bend scour: hax =1 +0+3+19+0+ 1.6x2.5:=27mn.

For the scour along guide-bunds and groyns such an analysis can not be made,

because local scour is dominant over all other contributions. This local scour

is determined, to a large extent, by the geometry of the structures envisaged.

Finally, ‘the observed scour depths are processed in this section. That is done

in two ways; (1) a plot of scour depth versus chainage, and (2) a plot of con-

fluence scour, bend scour and local scour versus the Sirajgan) water level.
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The results are provided-in Figures B.3.11 through B.3.l4. From an inspection

of these figures it is concluded that 1) confluence scour is dominant over

bend scour, ii) there is hardly any increase in confluence scour with the

stage, and ii1) a fair estimate of maximum confluence scour is 24 m below LLW.

The difference between LLW and 1:100 year flood is about 7 m, so confluence

scour level at Sirajganj will not be below + 15 m + PWD =31 m = =16 m + PWD.

For local scour deeper scour are found, notably -32 m below LLW, meaning =25 m

+ PWD.
Locatlon Data | Water level h Large Dunes Small Remarks
. at Sirajganj Superizposed

" T o H E a
Nagarbari | 27-07-87 13.48 10.8 2.8 80 11 N.A. | N.A. | N.A.
Nagarbari | 20-11-87 9.30 - N.A.| N.A.| N.A.| N.A. | N.A.| N.A. flat bed predominanot
Belkuchi 22-08-87 14.00 18.1 3.0 | 220 | 32 1.1 24 10
Belkuchi 17-11-87 9.46 - 1.2 135 30 N.A. | N.A.| N.A. flat bed predominant
Sirajganj| 11-09-87 13.82 11.7] 2.4 |70 |10 | N.A. | KA. | ReA.
Sirajgang | 11-10-87 12.33 12.7 | 2.4 50 7 N.A. | N.A.| N.A. flat bed predominant

o = slope of the dune lee side
Table B.3.1 Bedforms of the Jamuna River
B-46
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APPENDIX B-4
Date
18/24-07 &
25/29-11

27-07, 20-11
17-08,; 20/22-=11
22-08, 16=11
10-=09, 11-10
11-09, 11-310

31-08, 08/10-10
& 13-10

24/25-08, 23/24-10

03/19-09

26/27-09, 29/30-10
22/25-09, 26/27-10
11/13-11 ’

09=11

Location

"17&"2" Aricha

Nagarbari
Pechakhola
Belkuchi South
Project area
Sirajgan)

"17&"2" Sirajganj

Bhuapur

Sirajganj]

Pingna
Kazipur 3South
"1"&"2" Dighapara

Chandpara

B-4/1

Tvpe of
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Confluence scour

Bedforms & dune tracking
Bend scour

Bedforms & dune tracking
Overall survey

Bedforms & dune tracking

Confluence scour

Bend scour and bedforms

Local scour near town
protection works

Bend scour
Confluence scour
Bend scour

Bedforms & dune tracking
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APPENDI& B-5

B-5 Constriction scour, backwater calculations and resistance to flow

B-5.1 Introduction

Apart from the RIVMOR computations carried out to predict constriction scour
and backwater effects near Jamuna Bridge (see Phase I, final report, Appendix
C.5.3), some additional situations were computed.

For one schematization of main channel and flood plain, two different bridge
lengths were taken. The results relating to scour and backwater-aré compared
in Appendix B-5.2. A computation with schematization adapted to the final
location and length of the bridge, was carried out on well. These computations
are in Appendix B-5.3.

In Appendix B-5.4 the resistance to flow of the Jamuna river during flood con-
ditions is discussed. This is important as far as the backwater effects are
concerned. In Appendix B-5.5 sediment transport in the Jamuna River is
treated. Sediment transport rate determines the time scale of morphological

processes and is therefore important for constriction scour.

B-5.2 Effect of bridge length on constriction scour and backwater

’

In order to asses the effect of the bridge length on the constriction scour

and backwater, computations were carried out for two bridge lengths with the

same schematization of main channel and flood plain (char). This schematiza-

tion can be summarized as follows (see aIso Figure B-5.1):

- the cross-section is supposed to consist of a main channel representing the
sum of the deéper channels and a more shallow part representing the chars;

- the total width of main channels and chars in 4500 m for each, so the total
river width is 9000 m;

«w ~the difference in level between main channel bed and char is assumed to be

6.7 m.
- the slope_gféthe main channel and char equals 7.10°5 ;
- the Chézy gdefficient of main channel and chars was 67 m;/s and 50 m}/s
rFspectively;
- the sediment tragsport is computed using the Engelund/Hansen formula;
- the bed material size is 0.18 mm;

B-5/1
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- the total reach included in the model is 100 km, where the bridge is as-
sumed to be located at 50 km;

- the geometry of the constriction is as indicated in Figure B.5.1.

The following boundary conditions were applied:

upstream boundary (km 0):

- bed.level constant, implying that the actual sediment transport corresponds
to the sediment transport capacity,

- discharge corresponding to a normal year and to an extreme year (see
Table B-5.1)

- discharge rapidly increasing from bankfull to 1 : 100 year flood. A maximum

rise of the water level of 3 m in 10 days was assumed.

downstream' boundary (km 100):
- water level from a rating curve where it is assumed that normal depth is

present, so:

hd <6.7Tm Qt = Bdhdcd /hdl
hd > 6.Tm Qt = Bdhdcd /hdi + Bshscs /hsi

where h, =h_+ 6.7 m
d s
- no changes in the rating curve over time.

Initially, the bed level in the model was straight for all computations. A
grid size of 500 m was applied and a maximum time step of 5 days. This time
step is automatically reduced by RIVMOR in case numerical instability would

oceur.
Four cases were computed:

T1 : bridge length of 5300 m, 4 normal + 1 extreme year
T2 : bridge’length of 3500 m, 4 normal + 1 extreme year
T3 ¢ bridge length of 5300 m, fast rise of water level to 1 100 year flood

T4 : bridge length of 3500 m, fast rise of water level to 1 : 100 year flood

B-5/2
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In Figure B-5.2 the resulting bed levels of T1 and T2 are given. In the case
of a bridge length of 5300 m a maximum contriction scour at the bridge site of
about 0.8 m is observed in the year with high maximum discharge. For a further
constriction to 3500 m a maximum constriction scour of 3.0 m was computed.
This severe scour is caused by the reduction of the main channel width in T2,
while in T1 only the char width (with less flow) was constricted. In Figure
B-5.3 the water level 3 km upstream of the bridge (where the constriction
starts) is given. For T1 only a very limited rise of the maximum water level
is observed, less than 0.1 m. For T2 the backwater effects are more notice-
able, a maximum increase of 0.3 m is noticed. For T2 a considerable lowering
of the water level during low flow is computed (#* 0.3 m). This is caused by
the scour hole at the bridge site, which is reducing the resistance to flow.
T3 and T4 were computed to predict the worst condition scour that may occur.
The discharge increases from 40,000 m3/s, which is about bankfull, to

91.000 m3/s, which is the 1 : IOO-year discharge, in 14.5 days. This corres-
ponds approximately with a rise of water level of 3 m in 10 days. This was the
maximum rise of water level observed in the available hydrographs. The top
discharge was maintained for 25 days.

In Figure B-5.4 the resulting bed levels of T3 and TY4 are given. For a bridge
length of 5300 m a maximum scour at the bridge site of 1.2 m is reached after
25 days of maximum floo&. For a bridge length of 3500 m the maximum scour is
4.1 m. Maximum backwater is 0.1 m for the 5300 m bridge and 0.3 m for the

3500 m bridge. See Figure B-5.5.

From the present computations it is concluded, that a river constriction which
includes a reduction of the main channel, leads to considerable more constric-

tion scour and backwater effects, than a reduction of char width only.

B-5.3 Constriction scour for proposed situation

Additional computations were carried out with the constriction scour model
when the approximate final location and length of the bridge was decided. This

resulted in an adaption of the schematized cross-section:
- the width of the main channel was 3400 m and the width of chars was 8900 m,

so the total river width was 12300 m,
- bridge length was 4600 m.

B=5./3



See Figure B-5.6.

The same computations were carried out for this situation as described in
Appendix B-5.2. The resulting bed levels are given in Figure B-5.7. For the
extreme year hydrograph a maximum scour of 1.7 m was found. For the extreme

1 : 100 year discharge the maximum scour was 3.1 m after 25 days of maximum
flood.

The backwater effects are presented in Figure B-5.8. For the extreme year hy-
drograph the backwater effects are less than 0.2 m. For the extreme 1:100 year
discharge the maximum backwater effect was 0.3 m.

In the computations the backwater effect is noticeable over a considerable
reach. Even at the upstream boundary (50 km upstream of the bridge) about 10%
of the maximum backwater is present. It is not possible to draw the same con-
clusion for the prototype at this moment, as the schematization in the mathe-

matical model is fairly rough.

B-5.4 Resistance to flow

In this Appendix, the resistance to flow of the Jamuna River is determined in

two ways, using historical data on the Jamuna River:

- via discharge measurements (local average water depth and flow velocity in
combination with measured slope over a larger distance) and,

- via average at-a-station-relationships between average depth and discharge,

and between channel width and discharge.

For the first method, the resistance to flow, as represented by the Chézy

coefficient:
C = Q/B (h)3/2 j 1/2, (B-5.1)

in which Q = discharge [m3/s], B = stream width [m];'ﬁ = average depth [m},\
i = slope [-], is computed, using data presented by Uddin (1985). The data
were derived from BWDB (Bangladesh Water Development Board) discharge measure-

ments. The results for station Sirajganj are given in Figure B-5.9. From these

' data it is concluded that Chézy values vary between 40 m}/s for low flow and

100 mils for flood conditions. The very high Chézy values for flood conditions
indicate a transition to flat bed for high discharge. However, during the
(very high) flood of 1987 a flat bed situation was only observed some two

B-5/4
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Resistance to flow of the Jamuna River for low-flow conditions is comparable
to other rivers, while for flood conditions a rather low resistance to flow

was observed. This is in line with the conclusions of Stevens & Simons (1973)
for the Padma River. Dune heights appear to be larger than current prediction
models indicate, especially for larger water depths. During flood conditions,
resistance to flow owing to particle roughness, seems to be in the same order
of magnitude as the form roughness, the beaforms having such gentle lee ‘side

slopes that they hardly contribute to form roughness.

Sediment transport on the Jamuna River is quite large, particularly at high
discharge. The Engelund/Hansen transport formula multiplied by 2, gives a fair
prediction of the bed material transporgrin.thquamﬁﬁﬁ River.
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Figures cross-section data

In the‘following pages, some plots are Biven of the analyzed cross-section. An
inventarisation of al} the analyzed eross-sections is given in Appendix B-2,

The plots give an impression of the stability of the individual channels of
the Jamuna River,

plot in which the relative conveyance of the plotted years is given. For

The figures support the opinidn, that individua) channel of the Jamuna are

very mobile in horizontal direction. However, the outer limits of the combined
channels remained more or less in the same location, indicating horizontal
stability for the Jamuna River as a whole, '
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ANNEX B

River Morphology

Appendix B-7 Remote sensing studies
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