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Abstract

In recent years, the Cavally River has been subject to multiple activities, including
the construction of diversion channels and a bridge that makes it vulnerable
to flooding. In order to assess the impact of these hydraulic structures on the
river hydrodynamic functioning, a 1D-2D model was realized. The implement-
ation of the 1D-2D model consisted of first running the 1D model, then the
2D model, and finally in coupling them. The 1D-2D model was designed with
the 1988 flood hydrograph, a Manning’s coefficient of 0.052 m'?/s for the mi-
nor bed and 0.06 m'?/s for the major bed. The results of the hydraulic model
show that the velocities are almost identical to those of the Cavally in natural
operation. The values of the velocities are included between 0.4 m/s and 1.3
m/s at the level of the minor bed of the river and between 0.06 m/s and 0.71
m/s at the level of the floodplains. The average water level for flood propaga-
tion is 262.37 + 0.44 m before construction of the structures and 262.23 + 0.85
m after construction of the structures. The 0.41 m reduction in water level due
to the diversion canal and bridge is negligible compared to the total fluctua-
tions of the Cavally River, which vary from 6 to 7 m over the year.
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1. Introduction

Water is a very important resource for the development of life on the Earth pla-
net. Indeed, the development of almost all socio-economic activities depends on

its availability. Unfortunately, its vital nature means that it is under strong pres-
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sure in many places on the planet [1], particularly in Sub-Saharan Africa where
it is becoming increasingly scarce [2]. In Céte d’Ivoire, the combination of anth-
ropogenic activities and the deterioration of climatic factors affect water resources
both quantitatively and qualitatively. [3] [4] [5] have shown that the increase in
population and economic activities near rivers has increased the risk of flooding
in many watersheds. The Cavally watershed, particularly in the locality of Zouan-
Hounien does not spare this observation. Indeed, according to [6], the Cavally
watershed is subject to all kinds of anthropogenic activities. Among these activi-
ties, agriculture, livestock and, industrial and artisanal mining contribute strongly
to the modification of the river hydrological functioning. The Ity Mining Com-
pany (SMI), which relies on this resource for its mining activities, plans to cut
several meanders of the river to build diversion canals at these places. Yet, the
impact of hydraulic developments on the river hydrodynamic functioning has
been shown by [7]. The latter highlighted the extent of flood wave propagation
and probable flood zones near the perimeter of Ity Mining Company (SMI). Thus,
given the recurrence of floods and the importance of the river both for SMI and
the local population, it is necessary to better understand the hydrological func-
tioning of the Cavally River in the locality of Zouan-Hounien. Therefore, the ob-
jective of this study is to evaluate the impact of hydraulic structures on the hydro-
dynamic functioning of Cavally River. To achieve this objective, coupled 1D/2D
modeling remains the first approach tool to understand the hydrodynamic be-

havior of the river in the minor and major beds.

2. Material and Methods
2.1. Description of Study Area

Located in the west part of Céte d’Ivoire, Cavally River originates from the lower
transboundary hydrographic basin, located between Cote d’Ivoire and Liberia.
Cavally River has its source in Guinea, north of Nimba Mountain, at an altitude
of around 600 m [8]. The total area drained by the Cavally watershed is 28,800
km? of which 15,000 km? is located in Ivorian territory [9]. As part of this study,
the basin was delimited with the Floleu hydrometric station as its outlet (Figure
1). The Floleu hydrometric station is located downstream of Ity station which is
administratively located in the Zouan-Hounien region. Zouan-Hounien region is
located in the mountain region having a climate characterized by two seasons: a
rainy season from May to October and a dry season from November to March. The
average annual temperature is 25.6°C while the average annual rainfall is 1,866
mm. The pedology is dominated by ferralitic type soils with average chemical fer-
tility and hydromorphic soils [10]. The vegetation is characterized by a dense for-
est with important tree species. The most important of which are Iroko (Chloro-
phora excels), Bete (Mansonia altissima), Samba ( Triplochiton scleroxylon), Fra-
mire (Terminali ivorensis), Mahogany of Grand Bassam Khaya (Ivorensis), Mian-
gon (Heritiera utilis), Tiama (Entandrophragma Angolense) and Cheese Tree (Ter-

minalia ivorensis) [11].
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Figure 1. Study area.

2.2. Data and Material Used

Two types of data (point and raster) were useful for the study. The point data are
exclusively related to the streamflow. Historical data of flows on a daily time step
over the period 1980-2001 were provided by the Hydrology Direction (DH) of
Cote d’Ivoire. To corroborate these data, several measurement campaigns were car-
ried out on a section of the Cavally River between Bakatouo and Floleu-Soklaleu
from 2015 to 2019. These measurement campaigns concerned the measurements
of the streamflow, current speeds, water levels, bathymetric surveys and the col-
lection of sediment samples. Note that these measurements were carried out
during high water periods (July and October) and low water periods (February
and March) by [10]. The raster data concerns Ligth Detection and Ranging
(LIDAR) images with a resolution of 0.50 m. The tools necessary for data processing
are softwares. Thus, the software HEC-RAS 5.04 (for modeling the hydrodynamic
functioning of Cavally River) and Arcgis 10.0 (for producing flood propagation

maps) were of great use or the realization of this study.

2.3. Methods

The methodology implemented is divided into three main steps. It first consisted
in setting up a 1D model, then a 2D model [7], finally to couple the 1D model to
the 2D model. An evaluation of the model performance will allow judging the
quality of the outputs.
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2.3.1. Modeling of Free Surface Flows in 1D

In order to include the hydraulic structures, the modeling of the hydraulic struc-
tures influence was carried out using the 1D model of HEC-RAS. The structures
concerned are the diversion canal and the bridge of Daapleu, the diversion can-
als of Bakatouo. HEC-RAS is a model that is widely used in the field of free sur-
face hydraulics. It uses the 1D Saint-Venant equations to relate the water heights,
flows and velocities. These equations are deduced from the Navier-Stokes equa-
tions through simplifications related to the stream morphology [12]. The equa-
tions involved in 1D modeling are the conservation of mass equation (Equation

(1)) and the conservation of momentum equation (Equation (2)).

A Q.
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with: Az wetted section (m?); @ flow (m?/s); g: linear flow; ¢ time (s); x: longi-
tudinal distance (m); z water level elevation; Si representative friction angle be-

. z
tween two sections. 2— : Slope of the channel bottom.
X

The solution of the 1D model equations is based on the finite difference theory.
The simulation was carried out over a period of 3 months. The boundary condi-
tions of the model are:
= Upstream: the flood hydrograph of the year 1988. The choice of this period is

justified by the consistency of the data and the most important flood record-
ed in the watershed;
= Downstream: a longitudinal slope of 1.94 x 10 m/m was imposed as a boun-

dary condition.

2.3.2. Modeling of Free Surface Flows in 2D

The 2D flood propagation modeling allows better appreciation of the spatial dis-
tribution of the flood. It shows the flood extent (free water surface), the distribu-
tion of streamlines (the velocity) and the distribution of flood depth. The con-
servation (Equation (3)) and momentum (Equation (4) and Equation (5)) equa-

tions are written as follows:

0 0 0
—(hu)+—(hv)+—=H +q=0 3
S )+ ()« 2R+ 9
2 2
a—u+ua—u+va—u:—ga—l_|+vi a—lj+a—l; —c;u+ fv (4)
ot ox oy OX ox~ oy
ou v v oH v o
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where: tis time; uand vare the velocities in the Cartesian xand y directions; gis
the elementary flow; H is the free water surface elevation; g is the gravitational
acceleration, v;is the horizontal vortex viscosity coefficient, ¢ris the bottom fric-

tion coefficient, and fis the Coriolis parameter. The initial conditions applied to
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the 2D model are identical to the initial conditions of the 1D model. Return pe-

riods of 10, 20, 50 and 100 years were used to perform the different simulations.

2.3.3. Modeling of Free Surface Flows in 1D-2D

The 1D-2D coupling is a modeling that combines hydraulic structures and flood
propagation in the calculations. The mesh used for the 1D-2D modeling covers
the portion of the Cavally River from the Ity station to the Floleu station. The size
of the square meshes was set to 30 m x 30 m. The lateral structure that serves as
a connection between 1D model and 2D model has been changed so that the ele-
vation of the lateral structure does not exceed the mesh elevation of the 2D zone

mesh.

2.3.4. Evaluation of Model Performance

The performance of the model was evaluated according to two criteria which are
statistics and graphics. The statistical criteria concern the Nash Coefficient (NS)
[13] and the Root Mean Square Error (RMSE) [14]. The visual criteria consist in
appreciating the similarity between the observed and calculated water line curve.
Note that for a good performance of the model, the Nash coefficient must be
very close to 1 for a strong link between the observed and simulated values. To
give an order of magnitude, values exceeding 0.65 are considered acceptable and

0.75 satisfactory [15]. Its expression is given by Equation (6).
—\2

Zi:l(Qm -Q )
—\2

Zizl(Qm -Qn )

with Q,: observed flow, Q, simulated flow, Qm : average of measured flows and

NS=1- (6)

Q, : average of simulated flows.
Along with NS criteria value, RMSE value close to zero indicates a satisfactory

performance of the model. Its expression is given by Equation (7).

RMSE = [ 377 (%, - )’ @)

where: 1 is the total number of observations; y;is an observed value and Y, isa
respective simulated value.
Waterline data from July 2015 were used for model calibration while data

measured in 2019 were used for model validation.

3. Results and Discussion
3.1. Results

Figure 2 and Figure 3 show respectively the results of calibration and validation
after water line variation. The analysis of the observed and simulated water lines
shows a good synchronization. This good similarity between the observed and si-
mulated values is moreover highlighted by the statistical criteria that are the Nash
coefficient (0.87 for calibration and 0.83 for validation) and the RMSE coefficient
(0.081 for calibration and 0.065 for validation).
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Figure 2. Simulated and observed water line for the calibration period.
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Figure 3. Simulated and observed water line for the validation period.

The velocities before and after the realization of the hydraulics structures are
relatively weak at the level of the banks and high in the minor bed. Before the
cutting of meanders, the value of the maximum velocities in the minor bed of
river is 1.04 m/s (Figure 4(a)). After the cutting of meanders (Figure 4(b)), the
maximum velocities of propagation in the minor bed of river are of the order of
1.3 m/s. So the values of velocities are included between 1.04 m/s and 1.3 m/s at
the level of the minor bed of the watercourse, and between 0.06 m/s and 0.71 m/s
at the floodplains level. The highest velocities are observed in the meander cut
zone. In addition, under natural conditions, we note an acceleration of the veloci-
ties at the entrance of the meanders. In terms of flood propagation, an average water
level of 262.37 + 0.44 m was observed before the construction of the hydraulics
structures. After the construction of these structures, the average water level is
262.23 + 0.85 m.

The difference in water level over the entire floodplain is almost negligible com-
pared to the annual fluctuation of the Cavally River water level. The greatest
depths obtained in the flood propagation model are observed upstream of the
portion of the river studied, specifically at the periphery of the SMI Company.
Figure 5(a) and Figure 5(b) show the flood propagation zones of the Cavally
River before and after the construction of the hydraulic structures for the 1988
flood.
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Figure 4. Distribution of velocities in the stream bed before (a) and after (b) diversion
the Cavally.
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Figure 5. Extent of free water surface altitudes (ASL) of the Cavally River floods before (a)
and after (b) construction of the structures.

3.2. Discussion

The study conducted to simulate the hydrodynamic functioning of the Cavally
River using a coupled 1D-2D model required to evaluate the performance of the
model. So, the evaluation of the performance of HEC-RAS was statistically ana-
lyzed using the two statistical criteria of model efficiency (Nash coefficient). The
results of the calibration and validation indicate a very good performance of the
model with a NS = 0.87 for the calibration and NS = 0.83 for the validation. Re-
garding the RMSE, its values are also 0.081 for the calibration and 0.065 for the
validation. These values are in agreement with the recommendations by [13]
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[14] [15]. So, the velocities are approximately the same on the portion of the
stream studied. On the other hand, a difference of some meters is observed in
the depth and free surface (ASL) of the water. The velocities before and after the
diversion channel are relatively low on the banks and high in the minor bed. Simi-
lar results have been reported by several authors including [7] [16] [17]. These
authors concluded in their work that the installation or construction of a hy-
draulic structure on a stream should not cause a significant disturbance of the
hydrodynamic parameters of that stream. The comparison of water levels before
and after the diversion of the river for the 1988 flood showed that the Cavally
River will not really be disturbed by the hydraulic structures [10]. Indeed the 0.41
m reduction in water level due to the diversion channel is negligible compared to
the total fluctuations of the Cavally River, which vary from 6 to 7 m in the year.
Moreover, according to [18] [19] [20], this decrease in water level fluctuations
reduces flooding phenomena. Therefore, it appears that the hydraulic conditions
of the stream, would not be significantly different from the existing natural con-

ditions upstream and downstream of the diversion channel.

4. Conclusion

The work presented in this article focuses on the realization of a hydraulic model
to assess the hydrodynamic function of the Cavally River after the realization of
a diversion channel on the portion of the river close to the SMI Company. The
implementation of the 1D-2D model gave very good performance with statistical
criteria close to 1 for NS and 0 for RMSE. Thus, the flow velocities vary from 0.5
m/s to 1.3 m/s after the integration of the structures. In terms of flood propagation,
an average water level of 262.37 + 0.44 m and 262.23 + 0.85 m were respective-
ly observed before and after the construction of these structures. The hydraulic
structures do not have a considerable impact on the hydrodynamic functioning
of Cavally, because the hydraulic conditions (water levels, flow and velocity) in
the whole river bed are not strongly modified compared to the initial state of the

Cavally.
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