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Abstract

The filling of rivers generated by carried solid deposit is a factor for the rais-
ing of height of rivers and thus activates the floods and inundations. The
quantification of carried solid flow charges through their characterization and
the analysis of hydrosedimentary dynamics is the second step of the investi-
gation of the solid flow transport in the Mono river. This study aims to quan-
tify the volume of trapped sediments in function of the variation of the ge-
ometry of the shape of sections of the river depending of the slope and the
flow rate therefore to evaluate the capacity of transport of eroded solid flows
of a watercourse from upstream to downstream. Consequently, the decreas-
ing percentage of deposited alluvium from upstream to downstream is calcu-
lated along Mono river. Thus the drawn granulometric curve of sediments
and the determinate granulometric characteristics of sediments permit to
quantify the carried sediment charges at each chosen section with Enge-
lund-Hansen model in Mono river.

Keywords
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1. Introduction

The non-existence of enough hydrologic and morpho-dynamic data related first
to the constructed water infrastructures and secondly the climate variability and
the climate change, about west-African environment, have been carried out to

the inundations and floods and the destruction of environment during the two
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last centuries in West Africa. Studies analyzed the effect of construction of hy-
droelectric dam of Nangbéto on Mono river in the context of climate variability
and the effect of anthropic activities in downstream of the dam between Athiémé
and Agbanankin in Benin [1] [2]. That investigation strongly showed that those
activities had affected the behaviours of Mono river. According to those consid-
erations, Mono river is confronted to important damages due to the construc-
tion of dam at Nangbéto on one side, the inundations, floods, erosion, and the
effect of anthropic activities in the basin on other side. That provoked conse-
quently, a change of hydrologic balance of the river system, and then developed
new characteristics for the river (height of flood, sand-bank, sand-filling, sand of
bed, biological properties of environment).

The presence of solid sediments in rivers is a process resulting from the ero-
sion of the river bottom and the destruction of banks transported by the outflow
system. Thus the hydro-sedimentary unbalance is involved by the trapping of
majority of sediments transported by the river and the consequences observed
even at the mouth of the stream are the coastal erosion in the township of Grand
Popo.

Apart the precipitations, the raising of the bed of the river, and the erosion
have amplified the flooding phenomenon in the low valley of the Mono river.
The presence of strong sediments in the river may be justified by the erosion of
the banks, by coming from the uphill of the dam and especially from the dete-
rioration of the floodplain of the stream, where vegetation is destroyed by an
anarchical occupation and anthropic activities in the basin.

It depends essentially of the undermining of the bottom of the river, the gra-
nularity and the granulometry of the sediments. CODO and et al. [3] analysed
those properties and drawn the granulometric curve of deposited sediments in
the river and determinate its granulometric parameters, which led to the pro-
posed simulated shape geometrical model of the Mono river in order to evaluate

the quantity of carried solid flow.

2. Presentation of the Study Area

The Basin and the Outflow in the River of Mono

The basin of Mono river presented from the north to the south, three climate
areas and its watershed is shared between Benin and Togo. The problem of out-
flow in the river had been summarized by CODO and et al. [3], and according to
them, the influence of the gravity on the flow depends on the slope and flowrate,
while the friction depends on the flow characteristics and the granulometric and
topographical solid interface characteristics. For certain case of flow rates, the
flow conditions depend also of the granulometric and topographical properties
of the bed. The flow velocity depending of the variations of water height, is in-
duced by topographical perturbations and thus, cannot move upstream; it is the
case of torrential flow. This case is only found in mountain torrents or in special

cases (outlet of the alluvium); otherwise the flow is supposed to be fluvial. It ex-
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ists between those two cases, a very marked difference in behaviour. The cases
encountered will be always in fluvial regime. Concerning the applying friction,
only on the solid banks of flow (bed and bank), the flow velocity is not uniform
in the section. In rectilinear section, the maximum value of velocities of the area
is located at the middle of the section and near the free surface, and therefore,
the regime of flow in the river is generally highly turbulent. Turbulent flow fea-
tures will therefore arise with origin, all areas where strong gradient of velocities
are generated; Ze. bed and banks and also all topographic discontinuities of the
bed. The maximum size of those turbulent flow features is limited by the maxi-
mum spatial scales according to the considered direction (height of water in the
vertical plan and width of transversal section in the horizontal plan). Those flow

features play an important role in the deformation of bed by the outflow.

3. Materials and Methods

3.1. The Mode of Transport of Sediments in Mono River

In general case, movement of grains is organized according to the intensity of
flow which puts them in motion during this movement the solid transport is
carriage or suspension. The solid sediments transported through the erosion by
the hydrographic system named the capability of solid transport, depends essen-
tially of the undermining of the bottom of the river, the granularity and the gra-
nulometry of the sediments [4]. The cohesion of solids is an important characte-
ristic of the erosion and for the transport of fine sediments too. It means that,
between the resistance to the erosion 7, (critical shear stress) and the flow
erosive strength 7, if 7, >7_, then there is erosion; if 7, <7, then there is
no erosion; where 7, is the critical deposit stress. The theoretical aspect of the
solid transport shows that, when the fine sediments are transported without
touching the bottom of the river, it is the case suspension; but if the rough sedi-
ments are transported by rolling or sliding, then it is the case of overthrusting. It
is the case of saltation, [4] [5] [6]. Below certain threshold, the flow is too weak
to move the sediments, and when the flow rate increase, some grains begin to
move by bearing and saltation. This movement is then extended to all the sur-
face sediments. In the case of coarse sediments, the total mobilization of bed re-
quires high bed slopes or extreme hydraulic conditions, while it is current in the
case of sandy beds. According to the increase of flow intensity, the thickness of
the saltation layer increases too until the trajectories of the grains can occupy all
the entire water column. It is a continuous process, and a criterion allowing to
distinguish the transport by carriage (close to the bottom) and the transport in
suspension will be therefore arbitrary, [7] [8] [9].

In the case of gravel river, the solid transport is generally too weak to give rise
to the suspension which is rather in the sand rivers. For these one, the solid
transport is generally accompanied by dunes. The distinction between carriage

and suspension can also be defined by comparing the length of saltation and the

DOI: 10.4236/0jmh.2023.134016

278 Open Journal of Modern Hydrology


https://doi.org/10.4236/ojmh.2023.134016

L. Senou et al.

characteristic length of dunes. In the case where the path of grain is significantly
less than the length of dunes, it is a transport by carriage, and in the contrary
case it is a transport by suspension. Other difference between the two transport
modes is that the transport by carriage at a given point depends only of the local
hydraulic characteristic while the transport by suspension depends of the con-
centration in water column and thus all of suspension history (and sedimenta-
tion) upstream of point considered. A simple way to determine if there is a ten-
dency to suspension is to compare the fall velocity of sediments (who depends of
the grain diameter) and the characteristic turbulent vertical speed within the
flow. The friction velocity (that is another way to express the constraint of the
bottom) gives an order of magnitude of the latter. In the case of Mono river, the
interested type of transportation is the transport of sediments of the bed; but
there is often the carriage plus a transport in suspension of the very fine grains,
result of the leaching upstream, and do not settle down in the bed. However, this
type of transport takes place in the fluvial morphology: it can be trapped by the
vegetation and to contribute to the raising of islands, or to settle down at reces-
sion in some areas of the alluvial (formation of dyke beads), [9] [10] [11] [12].
At least, the transport of sediment on a flat bottom is, in the case of sandy
beds, an exceptional situation which corresponds to very low transport, whether

to a very strong transport.

3.2. Model of Quantification of Engelund and Hansen

The formulation of calculation method

The solid flow is defined as the total weight of solids transported by the stream
through a cross-section of stream during a unity of time. The total solid flow rate
is calculated with the empirical formula of Engelund and Hansen; [13] in the

dimensionless form:

KZR]/3 .
]z’ 52 (1)

% . o.05(
(7]
4

K: being the global coefficient of Strickler of the minor bed, including the
roughness of the banks and that of the grains constituting the bottom and if ne-
cessary, that of the dunes.

7" : being the shear stress.

That formula had been established for a d diameter varying in 0.15 mm < d'<
5 mm, (case of sandy soil), condition respected in the case of Mono river. Thus,
with that model, the carried solid charges in a section can be calculated for each
section, according to the simulated section of the upstream river at the station of
Athiémé; [3].

3.3. The Initial Conditions of Solid Sediments

The granulometry testing permitted to draw the following granulometric curve
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(3].

The D,,= 0.75 mm and D, = 0.375 and the uniformity coefficient is calculated
with the following formula:
Dy,
D10

Cu= )

The results of granulometric analysis obtained for the different sands are as
follows: For clays and other sediments derived from clays, diameters are between
0.002 mm and 0.05 mm; for fine sands, the diameters are between 0.05 mm and
2 mm; from medium sand to rough sand, grains diameters are higher than 2 mm
[3]. The uniformity coefficient (Cu) of grains indicates the type of granularity of
grains. In the case of Mono river, Cu= 0.33, (Cu < 3, the granularity is uniform).
Thus consequently, the particle size distribution in Mono river is uniform.
Through the granulometric curve, different diameters are determinate [3]. The

determinate D;; and D, according to Figure 1 and the calculated uniformity

. d .
coefficient Cu=-—2 are necessary to evaluate the Shields parameter. If Cu < 3,
10

then the granularity is uniform. Therefore, the soil of Mono river is sandy soil.
The medium speed depending of the season, is between 0 and 1.2 m/s. Accord-
ing to those conditions, thus we concluded that the Engelund-Hansen model is a
suitable calculation model. Figure 1 shows the different diameters determinate

through the granulometric testing.

3.4. The Threshold of the Water Movement in Mono River

The diameter used for the calculation of Shield number depends of the nature of
particles size. In this model, we use the median diameter d,, due to the fact that
the particles size distribution is uniform in Mono river; however, other practical

and easy way is to use the suggested classification of Ramette (Table 1).

120 -

100

80 -

60 -

40—

Percentage of passer-by (%)

20+

Grain diameter

Figure 1. Determination of different diameters in the granulometric curve (Codo, 2019).
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Table 1. Movement threshold for uniform particle size distribution (Ramette).

For uniform particle size distribution

7" <0.027 The grains are at rest on a flat bottom

Appearance of the very first movements,

0.027 < 7" <0.047
<r s but not enough to generate a solid flow

0.047 <" <0.062 Carriage on flat bottom
0.062<7" <0.25 Carriage by dunes
0.25<7" <25 Transport in suspension by dune
7 >25 Transport in suspension in a flat bottom

3.5. The Determination of the Limit Speed of Transport of
Sediments

The water flow can present three distinct behaviors, depending of the speed.

Huljstrom (Huljstrom, 1935) had studied all those cases as follows:

¢ The sedimentation: the particles are at rest and the current velocity is not
strong enough to mobilize them.

* The transport: the current velocity become high enough to start the trans-
portation of particles.

* The erosion: the current velocity becomes strong enough to pull the average
and large grains out of river bed.

Those different behaviors are exposed in the diagram of Huljstrém which illu-
strated the behaviors of flow transport of particles in function of the particle
grain sizes in Figure 2.

According to the diagram of Huljstrom, the behaviors of flow transport of
particles depend of the size of sediments and the current velocity of water-
courses. That diagram presents the different areas for transportation, sedimenta-

tion and suspension-transportation.

3.6. The Critical Shear Stress and the Threshold of Shear Stress

In order to understand the formulas used to calculate the transport capacity as a
function of the hydraulic quantities, it is important to know the different forces
exerted on particles at the bottom of the river. The main forces are:
¢ The gravity acceleration;
* The pressure;
* The shear stress.

The shear stress is a parameter determining the mechanism of the water
movement at the bottom of the river. It is also called the tangential stress and

noted 7as the tractive force, expressed as follows:
r=p-9-S-R, (3)

The critical shear stress called critical Shields number, used in Engelund and

Hansen formula can also be expressed in dimensionless form as a function of
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Figure 2. Diagram of Huljstrom.
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particle size distribution; [14]. In the case of uniform particle size, the average
diameter is a diameter used during its calculation as follow, according to [15]
(16]

4)

where D=D

The different values of the critical shear stress are summarized in Table 1, ac-

average *
cording to types of movement threshold for uniform particle size distribution.
. T . * . .
Extracting the term — from Equation (5), we got U , named dimensionless

shear stress at the bottom is the value of the shear effect and can be calculated as

follows:
(5)

It expresses the friction speed at the bottom of the river. The following Figure 3
shows a schema of the shear stress useful for the quantification of carried solid

charge.
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Figure 3. Schema of the shear stress.

The following Figure 4 shows the movement threshold of grains, conse-

quently the values of the critical Shields number in function of the distance.

3.7. The Calculation of Fall Velocity of Sediments

The fall velocity results of balance between drag force and submerged weight. It

is noted W, and can be calculated according to the Stokes law as follows:
(s-1)gD’

W =—-"-"—— 6

° 18v ©

The fall velocity of sediments is an important parameter which governs the

vertical repartition of suspended soil grains and the speed of the sedimentation

during the period of low streams. It helps to distinguish the sediments in equili-

brium state. According to the measurement, the mean speed of Mono river from

Athiémé to Agbanankin is between 0 and 1.2 m/s.

4. Results and Discussion

4.1. The Results of the Simulation of Shapes of Water Sections

This study is the second step of the study of the investigation of the carried solid
flow transport in Mono river, after the publication, untitled “Geometric drawing
model of shape of water sections for investigation of solid flow transport in the
basin of Mono river in republic of Benin”, [3]. That study is basically useful for
the quantification of carried solid flow charges. Basing on [17] [18] and thanks
to the bathymetry, to the calibrated measurement of depth and of the survey on
a number of sites, the transversal profile of the river (down-Mono,) is reconsti-
tuted, to identify the evolution of the filling, comparing to the previous works.
The movement of sediments, which shapes the bottom of the river, is a complex
phenomenon. To study the geometry of this watercourse, the assimilated
bathymetric curve of the river to a regular form of figure have been plotted and
at least, on the following figure, the measured bathymetry of a section of the up-
stream at the station of Athiémé is drawn (Figure 5) and presents the simulated

transversal section of the river at Athiémé (Figure 6); [3].
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Figure 4. The Critical Shields number in function of the distance.
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Figure 5. Bathymetry of the section of the river upstream at the station of Athiémé.
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Figure 6. Simulated section of the upstream river at the station of Athiémé.
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Taking into account that all section of Mono river at Athiémé, may be calcu-
lated according to the simulated form [3], where

Y: the water draught;

AB: the width of glassy water;

DC: the width on top;

AD: the left of bank;

BC: the right of bank.

And considering S as the area of the river section located at K point on the

average line of longitudinal profile then we got:

0if x—x, =L,
s, = y it x —x_, =1, )
W
Zk:k.F
where 0<k<L,, 0<i<L, 0<j<y and 0<t<i
\/x =X, ) (Y, - ) (8)
and
1 1
L =L~y | —— 4 9)
C (tg(a) tG(ﬂ)]

Ly the width of glassywater, /, the width on the top, z; position of the section
on the average line, n the step in the space and Z, the length of the reach. X, X;
Y et Y, are the topographic coordinates of the bank, [3]. The different geometric
parameters obtained from the river on the reach is based on the analysis of the
bathymetry in twenty (20) measured sections of the river from Athiémé to Ag-
banankin, considering the sinusoidal character of the river, its geomorphology is
handmade by the hydraulic turbulences of meanders, and the cross section is the
simulated section of the upstream river at the station of Athiémé. With the geo-
metric model, the evaluation of width to glassy water and to top of the river in
the reach on 10 km with a step of 500 m is obtained. The knowledge of dimen-
sions of the sections of the river allowed to evaluate the dimensionless stress
(Shields parameter) in order to determine the transport mode of grains. The fol-
lowing Table 2 is the recapitulation of the measured dimensions of the sections
of each point by the bathymetric measurements [3].

The longitudinal profile of the river (left bank and right bank) in the reach
upstream of the station of Athiémé shows four (4) meanders on just 10 km [3].
The river is therefore very sinuous; and its sinuosity had highly influenced the
dynamic of watercourse. The evaluation has been calculated with the so called
Engelund-Hansen model and using the results of [13] [17] [18] [19].

4.2. The Quantification of Carried Solid Sediment Charges

Through the analysis of the evolution curve of the dimensionless stress, the

movement threshold of the grains ( 7" >0.047) is not reached in over 18 sections
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Table 2. Evaluation of the dimensions of the cross sections of the river from Athiémé to

Agbanankin.

Positions of sections Width to Glassy water Width to top
(z) (AW (By)
00 47 7
01 68 28
02 86 46
03 76 36
04 98 58
05 106 66
06 116 76
07 79 39
08 45 5
09 55 15
10 53 13
11 60 20
12 46 6
13 51 11
14 66 26
15 73 33
16 56 16
17 45 5
18 84 44
19 51 11

calculated by the geometric drawing model of shape of water sections in the cal-
culation of solid flow transport in the basin of Mono river with an exception of 2
sections. This remark includes that the big part of materials which are deposited
in the bed of the river come from the erosion of banks and basin. Those pheno-
mena are undoubtedly due to the effect of the dam of Nangbéto and the conse-
quence is the solid flow and the erodability of the soils. The solid charges on a
section (10 km) carried are evaluated in each section with the model of Engelund
and Hansen [13].

4.3. Engelund-Hansen Method of Solid Sediment Charges
Quantification

A computing code based on Equation (1) and an interface asking input data is
designed in MATLAB environment [20]. The required steps of the algorithm are
the followings:
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Algorithm for Calculation of solid charge with Engelund-Hansen Mode

In-stream Sediment Sampling

l

Particle size analysis

[
0.15<D < 1.6 mm?

YES | NO

Iculation of the uniformi fficient .
Calculation of the uniformity coefficien The Engelund and Hansen formula is not
50
C,= D appropriate for this stream
10

I
Input average speed (u)

Input of relatlive density (s)
Input verage hyldraulic radius (R)
Input the averagle wet surface (S)
Input Grain ldiameter (D)
Input Medium‘ diameter (D50)

- _J _J _J o __Jo __J

Cu<3 | Cu>3

| |

Calculation of the shields parameter (T*)f* = Calculation of the shields parameter (T*)T* =
|

Dso(sfl)

[
Calculation of the roughness factor (f) f = Zifs

3
[Calculation of the volumetric solid flow (qv) g = 0.1% f*7 2 %,/g* (s — 1) * Dy ]

4.4. Results of MATLAB Code for Engelund-Hansen Method

The results of the quantification of carried solid flow obtained by Engelund-Hansen
model are presented in the following Table 3.
Table 4 presents the results of the calculation of carried solid flow charges in

each section of the river.

4.5. Evolution of the Solid Sediment Charges in Mono River

The evolution of the solid sediment charges depends of the flow speed. In Mono
river, the flow speed varies between 0 and 1.2 m/s. Consequently the volumetric
solid quantity (m*/s/m or m®/s) has been evaluated by taking into account the
speeds in Mono river. Thus the tendency curve is plot as power type curve of
Figure 7 and its equation depending of the speeds of the solid flow in Mono

river is plotted as follows:
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Table 3. Results of calculation of solid flow quantity by Engelund-Hansen Model.

Medium flow Speeds (m/s) Average Average Average Average
solid solid solid

04 05 06 07 08 09 1 1.1 1.2 0.8000 ransport transport transport
(m%m/s) (m*km/s) (m?/s)

Section

0  0.0005 0.0007 0.001 0.0014 0.0018 0.0023 0.0028 0.0034 0.0041 0.0020
1 0.0004 0.0007 0.001 0.0013 0.0017 0.0022 0.0027 0.0033 0.0039 0.0019
2 0.0005 0.0008 0.0012 0.0016 0.0021 0.0026 0.0032 0.0039 0.0047 0.0023
3 0.0006 0.0009 0.0013 0.0017 0.0023 0.0029 0.0036 0.0043 0.0051 0.0025
4 0.0005 0.0008 0.0012 0.0017 0.0022 0.0028 0.0034 0.0041 0.0049 0.0024
5 0.0006 0.0009 0.0013 0.0018 0.0024 0.003 0.0037 0.0045 0.0054 0.0026
6  0.0006 0.001 0.0014 0.0019 0.0025 0.0031 0.0039 0.0047 0.0055 0.0027
7 0.0006 0.001 0.0014 0.0019 0.0025 0.0032 0.004 0.0048 0.0057 0.0028
8  0.0005 0.0009 0.0012 0.0017 0.0022 0.0028 0.0034 0.0042 0.005 0.0024
9 0.0005 0.0009 0.0012 0.0017 0.0022 0.0028 0.0035 0.0042 0.005  0.0024
10 0.0005 0.0009 0.0012 0.0017 0.0022 0.0028 0.0034 0.0041 0.0049 0.0024
11 0.0005 0.0008 0.0011 0.0015 0.002 0.0026 0.0032 0.0038 0.0046 0.0022
12 0.0004 0.0007 0.001 0.0013 0.0017 0.0022 0.0027 0.0032 0.0039 0.0019 (002 2290 22.900
13 0.0005 0.0007 0.001 0.0014 0.0018 0.0023 0.0028 0.0034 0.0041 0.0020
14 0.0005 0.0008 0.0012 0.0016 0.0021 0.0026 0.0032 0.0039 0.0046 0.0023

15 0.0005 0.0008 0.0012 0.0016 0.0021 0.0027 0.0033 0.004 0.0048 0.0023

Calcula-tion of Solid flow transport by Engelund -Hansen (m*/m/s)

16  0.0005 0.0007 0.0011 0.0015 0.0019 0.0024 0.003 0.0036 0.0043 0.0021

17 0.0004 0.0007 0.001 0.0013 0.0017 0.0021 0.0027 0.0032 0.0038 0.0019

18  0.0006 0.0009 0.0013 0.0017 0.0023 0.0029 0.0035 0.0043 0.0051 0.0025

19  0.0005 0.0007 0.001 0.0014 0.0018 0.0023 0.0028 0.0034 0.0041 0.0020

0.51 0.815 1.165 1.585 2.075 2.63 3.24 3915 4.675 2.28

Average solid flow * 10~

g, =2x10%u® - 4x10®u? +2x10®u - 4x10™" (10)

And the volumetric solid flow varies as follow:
Table 5 shows the solid charges of bottom by carriage, during three months in

the reach.
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Figure 7. Variation of volumetric solid flow in function of the speed of the solid flow in
Mono river.

Table 4. The solid charges calculated by section in the bief.

Positions of Section (z,) Solid flow (m?/s) Solid flow (m?3/s)
00 0.027762672 0.860642839
01 0.025557944 0.690064483
02 0.034393887 1.65090659
03 0.038648301 2.550787856
04 0.03652633 2.045474498
05 0.040634205 3.169467972
06 0.041712337 3.587260965
07 0.042853645 4.113949919
08 0.037217856 2.195853524
09 0.024323059 0.60807648
10 0.029669907 1.038446736
11 0.028749776 0.94874262
12 0.024952543 0.648766107
13 0.027762672 0.860642839
14 0.033782995 1.554017775
15 0.035779677 1.896322884
16 0.030106866 1.083847173
17 0.024323059 0.60807648
18 0.038263355 2.448854751
19 0.027762672 0.860642839

Average 0.03253919 1.67104227

DOI: 10.4236/0jmh.2023.134016 289 Open Journal of Modern Hydrology


https://doi.org/10.4236/ojmh.2023.134016

L. Senou et al.

Table 5. Solid sediment charges quantities evaluated at the bottom of the river during 3
months at the reach.

Solid inputs Solid inputs Volume of deposit Specific inputs
(kg) (m?) (m?) (m*kman™)
37.34 x 10° 13427158.85 22218750.95 888.75

5. Conclusion

In order to investigate and calculate the solid flow quantities of Mono river, the
model of Engelund-Hansen is usable in the interval of 0.15mm<d <5mm
(case of sand). In that interval which is the case of this river from Athiémé to
Agbanankin, the mean speed is between 0 and 1.2 m/s. The result of the simula-
tion confirmed the observations of the watercourse which shows the rate of de-
nudation higher in the river (43 tkm?/an) after the construction of the dam,
against (16 t-km?*/an) before its construction, because of the increased erosion of
the banks and the degradation of the covering vegetation during the current

years.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-
per.

References

[1] Amoussou, E. (2005) Variabilité hydro-climatique et dynamique des états de surface
dans le bassin versant du Couffo. Mémoire de DEA, FLASH/UAC, 105 p.

[2] Amoussou, E. (2010) Variabilité pluviométrique et dynamique hydro-sédimentaire
du bassin versant du complexe fluvio-lagunaire Mono-Ahémé-Couffo. 315 p.

[3] Codo, F.P., Senou, L. and Tchikpoto, L. (2022) Geometric Drawing Model of Shape
of Water Sections for the Investigation of Solid Transport in the Basin of Mono
River, Republic of Benin. Open Journal of Modern Hydrology; 12, 95-108.
https://doi.org/10.4236/0jmh.2022.123006

[4] Van Rijn, L.C. (1984) Sediment Transport, Part II: Suspended Load Transport.
Journal of Hydraulic Engineering, 110, 1613-1641.
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:11(1613)

[5] Huljstrom, F. (1935) Studies of the Morphological Activities of Rivers as Illustrated
by the River Fyris. Bulletin of the Geological Institution of the University of Upsala,
25,221-227.

[6] Van Rijn, L.C. (1993) Principles of Sediment Transport in Rivers, Estuaries and
Coastal Areas. Aqua Publications, Amsterdam.

[7] Einstein, H.A. (1950) The Bedload Functions for Sediments Transport in Open-
Channel Flows. Tech. Bull. No. 1026, U.S. Dept of Agriculture, Soil Conservation
Service, 71 p.

[8] Kondolf, G.M., Montgomery, D.R., Piégayet, H. and Schmitt, L. (2003) Geomorphic
Classification of Rivers and Streams. In: Kondolf, G.M. and Piégay, H., Eds., Tools
in Fluvial Geomorphology, John Wiley and Sons, Chichester, 503-537.
https://doi.org/10.1002/0470868333

DOI: 10.4236/0jmh.2023.134016

290 Open Journal of Modern Hydrology


https://doi.org/10.4236/ojmh.2023.134016
https://doi.org/10.4236/ojmh.2022.123006
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:11(1613)
https://doi.org/10.1002/0470868333

L. Senou et al.

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

Parker, G. (2007) Transport of Gravel and Sediment Mixtures; Draft of Chapter 3
for ASCE Manual 54 Sedimentation Engineering.

Blivi, A.B. (1993) Géomorphologie et dynamique actuelle du littoral du golfe du
Bénin, Afrique de ’Ouest. Thése de Doctorat, Université de Bordeaux 3, Bordeaux,
458 p.

Anthony, E.J. and Blivi, A.B. (1999) Morphosedimentary Evolution of a Delta-
Sourced, Drift-Aligned and Barrier-Lagoon Complex, Western Bight of Benin.
Marine Geology;, 158, 161-176. https://doi.org/10.1016/50025-3227(98)00170-4

Blivi, A.B. (2000) Effet du barrage de Nangbéto sur I’évolution du trait de cote: Une
analyse prévisionnelle sédimentologique. Journal de la Recherche Scientifique de
I Université de Lomé, 4, 29-41. https://doi.org/10.4314/jrsul.v4i1.16996

Engelund, F. and Hansen, E. (1967) A Monograph on Sediment Transport in Allu-
vial Streams. Teknish Forlag, Copenhagen, 62 p.

Cao, Z., et al. (2006) Explicit Formulation of the Shields Diagram for Incipient Mo-
tion of Sediment. Journal of Hydraulic Engineering, 132, 1097-1099.
https://doi.org/10.1061/(ASCE)0733-9429(2006)132:10(1097)

Yalin, M.S. (1977) Mechanics of Sediment Transport. 2nd Edition, Pergamon Press,
Oxford, 298 p.

Yalin, M.S. (1992) River Mechanics. Pergamon Press, Oxford, 23.
https://doi.org/10.1016/B978-0-08-040190-4.50006-X

Adanhounme, V. and Codo, F.P. (2012) Shallow Water Flow down an Inclined
Open Channel: Analytical Solutions of Governing Equations. /nternational Journal
of Scientific and Engineering Research, 3, 1-5.

Codo, F.P. and Senou, L. (2017) Calculation of Wet Areas from the Geometric

Modelling of the Shape of Sections of the Lagoon of Cotonou, Benin. International
Journal of Scientific & Engineering Research, 2017, 1497-1502.

Codo, F.P. and Senou, L. (2017) Characterization of the Hydrosedimentary Dy-

namics of the Estuary of Ouémé River in Cotonou, Benin. International Journal of
Scientific & Engineering Research, 2017, 130-138.

Hunt, B.R., Lipsman, R.L. and Rosenberg, J.M. (2014) A Guide to MATLAB: For

Beginners and Experienced Users. 3rd Edition, Cambridge University Press, Cam-
bridge. https://doi.org/10.1017/CBO9781107338388

DOI: 10.4236/0jmh.2023.134016

291 Open Journal of Modern Hydrology


https://doi.org/10.4236/ojmh.2023.134016
https://doi.org/10.1016/S0025-3227(98)00170-4
https://doi.org/10.4314/jrsul.v4i1.16996
https://doi.org/10.1061/(ASCE)0733-9429(2006)132:10(1097)
https://doi.org/10.1016/B978-0-08-040190-4.50006-X
https://doi.org/10.1017/CBO9781107338388

	Quantification of Carried Sediment Charges through the Outflow in the Basin of Mono River in Benin
	Abstract
	Keywords
	1. Introduction
	2. Presentation of the Study Area
	The Basin and the Outflow in the River of Mono

	3. Materials and Methods
	3.1. The Mode of Transport of Sediments in Mono River
	3.2. Model of Quantification of Engelund and Hansen
	3.3. The Initial Conditions of Solid Sediments
	3.4. The Threshold of the Water Movement in Mono River
	3.5. The Determination of the Limit Speed of Transport of Sediments
	3.6. The Critical Shear Stress and the Threshold of Shear Stress
	3.7. The Calculation of Fall Velocity of Sediments

	4. Results and Discussion 
	4.1. The Results of the Simulation of Shapes of Water Sections
	4.2. The Quantification of Carried Solid Sediment Charges
	4.3. Engelund-Hansen Method of Solid Sediment Charges Quantification
	4.4. Results of MATLAB Code for Engelund-Hansen Method
	4.5. Evolution of the Solid Sediment Charges in Mono River

	5. Conclusion
	Conflicts of Interest
	References

