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Abstract

In the development of water resources projects with large hydraulic infrastructures, alterations to the natural flow regime will increase the
erosive processes on the discharge structures due to variability of the turbulent velocities and the particle transport. We analyzed the case
of the Mazar dam, a project designed to regulate the solid and liquid flows that come from the Paute river basin. Erosive processes of great
magnitude are generated in the stilling basin of Mazar dam, due to the intensity of turbulent velocities produced in extreme events. We
applied the Delft3D numerical model to simulate the hydrodynamic and sediment transport conditions to evaluate the stability conditions
of the Mazar dam stilling basin. With the results obtained, vulnerable zones have been identified in the stilling basin. We recommended
mitigation measures with the installation of a geomembrane to reduce the erosive processes in the vulnerable zones.

Keywords: hydrodynamics; morpho-dynamics; stilling basin; erosion; sedimentation.

Simulacion hidro-morfologica del cuenco amortiguador de la presa
de Mazar con esquemas 3D

Resumen

En el desarrollo de proyectos de aprovechamiento hidrico con grandes infraestructuras hidraulicas, se producen alteraciones del régimen
de flujo natural que aumentan los procesos erosivos sobre las estructuras de descarga debido a la variabilidad de las velocidades turbulentas
y transporte de particulas. Se analiza el caso de la presa Mazar, proyecto disefiado para regular los caudales solidos y liquidos que provienen
de la cuenca del rio Paute. En el cuenco amortiguador de la presa de Mazar se generan procesos erosivos de gran magnitud, debido a la
intensidad de las velocidades turbulentas en eventos extremos. Se aplicd el modelo numérico Delft3D para simular las condiciones
hidrodinamicas y transporte de sedimentos, evaluando la estabilidad del cuenco amortiguador de la presa Mazar. Con los resultados
obtenidos, se identificaron zonas vulnerables en el cuenco amortiguador. Se recomendaron medidas de mitigacion con la instalacion de
geomembrana para atenuar los procesos erosivos en las zonas vulnerables.

Palabras clave: hidrodinamica; morfodinamica; cuenco amortiguador; erosion; sedimentacion.

Fluid Dynamics (CFD), these schemes can be taken for the
solution of turbulent flows with sediment transport and

1 Introduction

Large hydraulic structures have been built for the use of water
resources. In these structures, hydro-morphological processes
have probably been modified. Understanding the hydro-
morphological is essential for sustainable water management and
the correct operation of different hydraulic structures [1].
Engineering problems related to the area of fluid mechanics can
be solved through the continuous development of Computational

morphological changes [2]. State-of-the-art computational fluid
dynamics (CFD) models can solve the Navier—Stokes equations
in three dimensions with the volume of fluid (VOF) methods for
free surface flow computation considering sediment transport
and morphodynamics changes in large hydraulic structures [3].
The main objective of this work has been to simulate the
hydro-morphological conditions of the stilling basin of Mazar
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dam to identify areas vulnerable to regressive erosion. We apply
the Delft3D numerical model to simulate the discharge structures
of the Mazar dam. Delft3D has been used to carry out scenario-
specific simulations of various flows, allowing optimization and
evaluation of various aspects of different hydraulic projects [4].

In recent years numerous investigations have been carried out
applying 3D numerical models with the solution of the Navier
Stokes equations to simulate the hydrodynamic characteristics of
stilling basins of different typologies (e.g., Demeke et al. [3],
Ragessi et al. [5], Amorim et al. [6], Wang et al. [7], Siuta [§],
Babaali et al. [9], Zhou and Wang [10], Khadka et al. [11],
Mohammed et al. [12], Pereira de Morais et al. [13], Lu et al. [14]).
However, we highlight the importance of numerical hydro-
morphological simulation in environments of a stilling basin of a
large regulating dam located at the confluence between two steep
rivers.

Typical transport phenomena at river confluences [15] will
be increased by the velocity of the flow that occurs in the
hydraulic jump of the Mazar dam spillway, with shear forces of
great magnitude that will generate erosive processes and
instability in the banks of the stilling basin.

1.1  Study area

The Mazar dam is located in the Paute river basin (Fig.
1), where around 30% of Ecuador's hydroelectric energy is
generated with the Paute project. The steep relief is
representative in the middle and lower area, followed by a
mountainous relief in the upper area. The Paute river basin
has an area of 5066 km?. The altitudinal ranges vary between
500 and 4800 meters above sea level [16].

The Paute hydroelectric complex is located in the
provinces of Azuay, Cafiar, and Morona Santiago in the
foothills of the Andes Mountain range of the Republic of
Ecuador. The hydroelectric development takes the waters of
the Paute river, which is located between heights 2163 meters
above sea level and 525 meters above sea level. It has four
hydroelectric plants arranged in a cascade-type system:
Mazar (170 MW), Molino (1100 MW), Sopladora (487
MW), and Cardenillo (596 MW). Currently, the project has
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Figure 1. Paute river basin ubication.
Source: Own elaboration.
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Figure 2. Mazar project ubication. Includes the numerical grid of the Delft3D
model.
Source: Own elaboration.

three power plants (Mazar, Molino, and Sopladora) and

two reservoirs (Mazar and Amaluza), while the Cardenillo

power plant and the reservoir are the fourth and last stage
of the complex, project that already has studies and designs

definitive for its bidding and construction [17].

The Paute—Mazar hydroelectric plant is constituted the
first element of the Paute Integral project. It is located just
upstream of the union of the Paute river with the Mazar
river (Fig. 2). The topography of the site is mountainous
and irregular, with a mean annual temperature of 20 °C,
relative humidity of 90%, and a mean annual rainfall of
2000 millimeters [18].

The main characteristic of the Mazar dam is the
formation of a large reservoir (410 Hm?) that allows
regulation of the flow of the Paute River, becoming the
reserve for the hydro-energy production of the project.
Additionally, the Mazar reservoir was designed to retain
the solid materials transported from the upper and middle
basins of the Paute river, allowing extend the useful life of
the Amaluza reservoir (120 Hm?) for the operation of the
Molino and Sopladora power plants [17].

The objective of a stilling basin is to reduce the kinetic
energy of the discharge, to avoid the risk of undermining
the basin and the structures located in the vicinity [12]. The
energy dissipators are designed to withstand dynamic flow
effects such as pulsations, vibrations, erosion,
sedimentation, abrasion, and cavitation. However,
eventually, any type of material will become vulnerable to
the shear effects of flow [19].

According to the hydrological, hydraulic, and
geometric characteristics of the Mazar dam stilling basin,
the following particularities are sought to be simulated:

e Sediment transport from upstream of the Mazar river
basin, most of which will be deposited immediately
upstream of the stilling basin.

e Part of the material deposited upstream of the stilling
basin will settle in the basin or downstream of it,
transport processes that will be associated with both
extreme flows and the restoration of the average flow
in the Mazar river.

e Inthe events of flood flows in the Paute river, turbulent
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velocities of great magnitude will be produced with
three-dimensional fluctuations due to the discharge of
the spillway and the ski jump. The magnitudes of the
velocity on the stilling basin will generate zones of
turbulent mixing, separation, and shear flow that will
produce zones of local erosion, especially on the slope
that is located just in front of the spillway. The
magnitude of these processes will be increased when
the floods in the Paute and Mazar rivers occur
simultaneously.

The modeling domain covered an area of 19.84 Ha. The
section considered includes the spillway of the Mazar dam
and 528 meters stretch of the Mazar River until it reaches
the confluence with the Paute River in the stilling basin.
Fig. 2 displays the calculation mesh built for the simulation
of the stilling basin and the following section details the
considerations that have been made for the modeling in
Delft3D.

2 Materials and methods

2.1  Initial Information

Adequate input data availability is the major challenge
when developing hydro-morphological models [20]. The
following data types were collected and processed before
being used as input to the numerical model: bed
topography, hydrometeorological data series, sediment
transport, granulometry, and soil characteristics.

Different techniques were applied to obtain a suitable
elevation model to represent the bed topography in the
study domain. Initially, a drone flight was carried out to
obtain the surface topographic survey using dual-
frequency GNSS precision equipment, a Hasselblad
camera, FPV goggles, and DJI Goggles. Additionally, it
was necessary to apply three techniques to obtain the
detail of the existing bathymetry and civil structures: 1)
RTK Method, 2) Total Station Method, and 3) the
Echosounder Method. The RTK system used corresponds
to the TRIMBLE R10 equipment. The total station used
was a TRIMBLE M3. The echo sounder used was the
GARMIN GPSMap 722xs, which was linked to the GPS
TRIMBLE R10.

Meteorological and discharges series considered were
monitored by the Ecuadorian National Institute of
Meteorology and Hydrology (INAMHI) and the Electric
Corporation of Ecuador (CELEC) between 1964 and
2020. We considered eleven meteorological stations
(M045, M138, M217, M410, M414, M416, M431, M583,
M671, M672, M723 in Fig. 1), two hydrological stations
(H892, H894 in Fig. 1) and the data series of the operation
of Mazar dam. With the analysis of the
hydrometeorological series and hydrological modeling
with HEC-HMS, the hydrographs inflow boundaries (Fig.
3) that pass through the spillway and the Mazar River
were obtained. The resulting hydrographs for return
periods of 2, 5, 10, 25, 50, and 100 years are presented in
Fig. 3.
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Figure 3. Spillway (a) and Mazar (b) river hydrographs.
Source: Own elaboration.

For the choice of the maximum return period, it was taken
into account that the structures of the stilling basin are
complementary structures of the main spillway of the Mazar
dam [21]. The peaks of the hydrographs presented in Fig. 3
had been made to coincide with the modeling, the maximum
flow discharged on the stilling basin for the return period of
100 years corresponds to 1617 m¥/s, of which 1499 m?/s
corresponds to the flow of the Mazar reservoir that passes
through the spillway and 118 m?/s to the flow of the Mazar
river basin (16550 Ha).

To estimate the suspended sediment load coming from the
Mazar River, samples taken by INAMHI and CELEC were
analyzed. The entire processed series (38 points) shows an
average mean concentration of 0.068 kg/m? for flows between 5
m’/s to 16 m?/s. The hydro-morphological modeling considers
flows with return periods greater than 2 years; we assumed a
suspended solids load value of 0.1 kg/m? from the Mazar River.
Also, due to the considerable reduction in flow velocity in the
Mazar reservoir [22], we neglected the suspended sediment load
from the dam spillway.

To characterize the type of bed particles in the
surroundings of the stilling basin, we analyzed the results of
the soil analysis carried out by CELEC. The mean diameter
(Dso) of the material has the order of 2 millimeters, the
relative density in the order of 2.65, the dry density of the
material in the order of 1600 kg/m* and we assumed a
porosity of 0.387 for the modeling.

To verify the results obtained in the modeling of the
Mazar dam stilling basin with Delft3D, we used the results of
the velocity variables documented in the reports of Ribas and
Junji [23]. The physical model of the Mazar project was built
with the likeness of Froude, at an undistorted scale of length
1:60, it is three-dimensional with a fixed bed. We presented
in Fig. 4 the Physical model of the Mazar reservoir.
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Figure 4. Physical Model of the Mazar Stilling Basin.
Source: Own elaboration.

Ribas and Junji [23] documented data of maximum
velocity measured with a micro-current on the stilling basin
for flows of 500 m3/s and 1350 m?/s, which corresponds to
flows of 2 and 50 years of return period according to the
considered hydrographs (Fig. 3(a)).

2.2 Numerical model
The model Delft3D used in this study solves the shallow-
water equations 2D and 3D on the structured and
unstructured grid, based on the finite-volume method. In 3D
simulations, the vertical grid was defined following the sigma
coordinate approach [24].

The hydrodynamic module (Delft3DFLOW) is based on
the Reynolds-averaged Navier—Stokes (RANS) equations,
which are simplified for an incompressible fluid under
shallow water and Boussinesq assumptions. The RANS
equations are solved by the alternative direction implicit
finite difference method (ADI) on a spherical or orthogonal
curvilinear grid [25]. Turbulence effects are computed
employing the K-¢ model. Horizontal background eddy
viscosity and diffusivity are set equal to 1 m%/s [26].

The sediment transport and morphodynamics module
(Delft3D-SED) considered both bedload and suspended load
transport of non-cohesive sediments. The three-dimensional
transport of suspended sediment is calculated by solving the
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three-dimensional ~ advection-diffusion  (mass-balance)
equation for the suspended sediment. We considered the
sediment bed load transport formula of Van Rijn [27]. The
change in the quantity of bed sediments caused by the
bedload transport is calculated using the expression mass-
balance in the bedload [24].

According to Stelling [28], a robust solver for shallow
water equations has to satisfy the following demands:
robustness, accuracy, suitability for both time-dependent and
steady-state problems, and computational efficiency. The
explicit time integration of the shallow water equations on a
rectangular grid was subject to a time step condition based on
the Courant number minor that one. The numerical grid
generated to the Mazar still basin for Delft3D modeling (Fig.
2) consists of 13585 elements, whose size range varies from
elements of approximately 2x2 meters in the densest part near
the spillway to elements of approximately 10x10 meters in
the least dense part of the mesh located in the vicinity of the
stilling basin and considered that Courant restriction
(CFL<1). The number of vertical computational layers equals
10 with a high resolution near the bed (4% of the total height
of the flow) decreasing towards the water surface (20% of the
total height of the flow).

Four open boundaries were defined for the proposed
modeling: two for inlet flow that Mazar dam spillways, one
for inlet flow that Mazar River, and one outlet downstream.
The inlet boundaries were defined with the hydrographs for
the events considered (Fig. 3) and in the outlet boundaries,
the water height was estimated for the different simulated flows
considering Gradually Varied Flow and applying the Standard
Step Method downstream of the Mazar still basin [29].

The boundary conditions that represent the flow
resistance of solid boundaries were defined with the Manning
friction coefficient (on the free surface, air resistance is
neglected) [24]. Ibrahim and Abdel-Mageed [30] presented
the importance of a correct choice of the Manning friction
coefficient with flow results obtained in physical and
numerical models with solid boundaries of different
materials. The friction coefficient of the Delft3D model of
the Mazar dam stilling basin has been defined according to
the characteristics of the solid surface (Fig. 5(a)).
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Figure 5. Manning Friction Coefficient (a) and Erodible Layer Thickness (b) definitions in the numerical model of the Mazar Stilling Basin.

Source: Own elaboration.
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For the morphological updating, we defined a uniform bed
layer with one sediment fraction according to the information
available. The thickness definition of the total sediment layer in
the spatial domain is non-uniformly distributed (Fig. 5(b)),
considering zones in which bed erosion can be neglected (e.g., in
the spillway) and zones with a great erodible thickness (e.g., in
the river center bed). The spatial distribution of erodible
thicknesses (Fig. 5(b)) was obtained from the exploration
campaign with mechanical (direct exploration) and geophysical
(indirect exploration) tests.

3 Results

3.1  Delft3D numerical results

To evaluate the model's performance, we considered the
hydrodynamics results of the physical model of the Mazar project
(Fig. 4) [23]. We considered statistical indices like the root-mean-
square error (RMSE), the coefficient of determination (R?), and
percentage error (E%). The numerical model obtained that the
simulated surface velocities were in the same order as the maximum
velocities obtained in the physical model with a microcurrent device.
Regarding statistical indices to evaluate the simulated results at the
control points of the stilling basin, the RMSE obtained was 1.77 m/s,
an R? 0f 0.83, and an average error of 22.95%.

We presented in Table 1 a summary of the statistical
evaluation that contrasts the results of the velocity observed in the
physical model of the Paute-Mazar hydroelectric and the velocity
simulated with the Delft3D model.

The simulated velocities in DELFT3D were of the same
order that the velocities observed in the physical model, but is
evident that the numerical model would underestimate the

velocities concerning the physical model (Table 1). This could be
explained because Ribas and Junji [23] reported the maximum
velocities recorded with a microcurrent device, while the velocity
results of the numerical model correspond to the average of the
Navier Stokes equations. Garcia y Nifio [31] reported that the
standard deviation of velocity fluctuations of a turbulent open
channel flow is about 15% of the mean flow velocity. Also, to
explain the differences in velocity results, continuous erosion
produced from the beginning of the project should be considered.
The change in the morphology of the discharge structures of the
Mazar dam has modified the hydraulic conditions concerning the
initial conditions considered for the configuration of the physical
model. In Fig. 6 we presented the contour lines of the depth
average velocity for the six return periods simulated with
Delft3D.

Table 1.
Statistical evaluation of model performances for velocities.
ID-Point North East Max. Surface  Percent.
/ Flow Coord. Coord. (m) Velocity Velocity Error
(m/s) (m) . Obs. (m/s)!  Sim. (m/s) (%)
1a/500 764632.4  9713100.7 6.40 445 30.47
2a/500 764708.5 9713127.9 4.60 3.75 18.48
3a/500 764724.4  9713113.6 4.60 3.87 15.87
4a/500 764803.3 97131524 3.60 3.12 13.33
1b/1350  764639.6  9713109.8 8.40 6.95 17.26
2b/1350  764709.1 9713063 7.00 6.03 13.86
3b/1350  764751.9 9713084.4 7.00 4.73 3243
4b/1350 764742 9713077.7 8.40 5.65 32.74
S5b/1350  764835.6 97132324 8.40 5.7 32.14

Source: Own elaboration.
! Obtained from Ribas and Junji [23].
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Figure. 6. Depth average velocity in the Mazar stilling basin from return periods of 2 (a), 5 (b), 10 (c), 25 (d), 50 (e), and 100 (f) years.

Source: Own elaboration.
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From the velocity results presented in Fig. 6, it is
observed that the maximum flow velocities occur in the
Mazar dam spillway with maximum magnitudes in the order
of 50 m/s. Also, it is verified that the magnitude of the
averaged velocities in the vertical increases according to the
magnitude of the simulated events. In this sense, for the event
with a return period of 100 years (Fig. 6(f)), at least three
points susceptible to erosion were identified on the lateral
slopes of the buffer basin with velocities greater than 8 m/s.
The bed shear stress is a function of the flow velocity and
water depth, therefore, to evaluate the vulnerable zones due
to continuous erosion, we presented in Fig. 7 the results of
water depth and the bed shear stress in the stilling basin for
the peak event with a return period of 100 years.

In Fig. 7(a) was observed that the greatest flow depths
occur in the center of the stilling basin with flow heights in
the order of 20 meters, while in the spillway the flow heights
are less than 2 meters for the return period of 100 years. In
this sense, the magnitude of bed shear stresses in the spillway
were one order of magnitude higher in contrast to the
resulting bed shear stresses in the stilling basin, due to the
low depth of the water and the high velocities that resulted in
the spillway. In the zone of the Mazar river before discharge
into the stilling basin, the bed shear stresses are of a lower
magnitude in contrast to those resulting in the stilling basin.
With the shear stress results in Fig. 7(b) three vulnerable
zones could be identified near the slopes of the stilling basin,
where the bed stresses were in the order of 700 N/m?
magnitudes that produce continuous erosion on bed surfaces
of natural channels [19].
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Figure 7. Water Depth (a) and Bed Shear Stress (b) simulating in the Mazar
stilling basin from return period of 100 years.
Source: Own elaboration.
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With the application of sediment transport and morpho-
dynamics computation module of Delf3D in the stilling basin
of the Mazar dam, the bed changes for peak events were
calculated in order to estimate erosion and deposition in the
surroundings of the stilling basin. Fig. 8 shows the results of
the initial and final bed morphology simulated in Delft3D for
the return period of 100 years.

Fig. 8 shows erosion zones occurring mainly in the
stilling basin, sedimentation zones are also observed on the
Mazar river in the stretch immediately upstream of the
confluence. With these results, it is possible to estimate the
cumulative magnitude of erosion and sedimentation for the
analyzed events (Fig. 9).

The results presented in Fig. 9 show that the eroded
surface layer increases as events with return periods of
greater magnitude were considered, with greater erosion in
the center of the stilling basin and on its side slopes.
However, sedimentation does not show a direct relationship
with flow magnitude. Therefore, based on the results
presented (Figs. 8 and 9) the erosion/sedimentation volumes
corresponding to the analyzed events have been estimated
(Table 2).
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3.2 Protection measures on the banks of the stilling shear stresses, and erosion levels. For the events considered,
basin velocities in the order of 8 m/s were observed near the
vulnerable sites on the slopes of the stilling basin (Fig. 6).

In most cases, abrasion erosion damage in stilling ACCOI‘ding to these results, Fig. 10 shows the three sectors

basins has been the result of one or more of the following; identified as vulnerable on the slopes of the stilling basin.
a) construction diversion flows through constricted
portions of the stilling basin; b) eddy currents created by
diversion flows or powerhouse dis-charges adjacent to the
basin; ¢) construction activities in the vicinity of the basin,
particularly those involving cofferdams; d) no symmetrical
discharges into the basin; e) separation of flow and eddy
action within the basin sufficient to transport riprap from
the exit channel into the basin; f) failure to clean basins
after completion of construction work, and g) topography
of the outflow channel [32].

The numerical simulation with Delft3D of the stilling
basin of the Mazar dam shows the existence of an active
lateral and bed erosion process due to the action of the flow
in the Mazar dam structures, mainly due to the effect of the
overflow of the excess spillway at the confluence of the
Paute river with the Mazar river. Erosion occurs at specific
points where the geology indicates the presence of
colluvium, schist strata, and erodible phyllites. =

According to the results of the hydrodynamic East coordinate [m]
simulation with sediment transport, three sites have been T
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Zone 1 shown in Fig. 10 (Z1) presented the highest
scour vulnerability, the discharge from the overflow weir
strikes almost perpendicular to the slope, generating
maximum flow velocities in the order of 12 m/s and bed
shear stresses in the order of 1000 N/m? Z1 will be
affected by the shear flow velocity of the Mazar river
floods. Zone 2 (Z2) will be mainly affected by the
discharge of the Mazar river in a perpendicular direction
on this slope, generating maximum flow velocities in the
order of 8 m/s and bed shear stresses in the order of 700
N/m?. While the vulnerability of zone 3 (Z3) could be
explained by the curvature at the outlet of the stilling basin
that produces maximum velocities in the order of 5 m/s on
the right slope, generating bed shear stresses in the order
of 400 N/m?.

There are several techniques now in use to stabilize an
unstable slope. A few examples are bench terracing, fixing
gabion walls, installation of masonry revetment walls, etc.
However, in many cases, it has been experienced that
slopes have failed to fail quickly if the soil surface is not
covered with a suitable erosion control material [33].

In the case of the slopes of the Mazar dam's stilling
basin, the main protective structures have been destroyed
by the flow, this has occurred in the last ten years since the
start of its operation in 2011. As a consequence, some
stability has been achieved on the slopes, where weathered
phyllite and shale material have been exposed. In order not
to modify the morphological stability and to protect the
surface from continuous erosion by the flow action of the
spillway and Mazar River, the installation of a reinforced
geomembrane (Table 2) we recommended in
vulnerable areas to mitigate the erosive effects of
turbulent flows and flood events.

An advantage of the double twisted mesh reinforced
geomembrane is that it allows a firm fixing to the slope
surface by the reinforcement mesh. It also allows the
growth of foliage due to its 90% voids in its surface. The
vegetation cover increases protection in areas of
vulnerability to water flow erosion. The reinforced
geomembrane has an estimated useful life of around 15
years and is less costly erosion protection than other
reinforcement structures [34].

Table 2.
Geomembrane Characteristics.
Geomembrane reinforced with double twisted mesh'

Nominal thickness = 18 mm

Grammage > 450 g/m?
Predominant polymer = Polypropylene
Tensile strength = 34 kN/m
Elongation at break = 70%.
Maximum puncture force = 23.6 kN
'Source: MACCAFERRI [34].

4 Discussion

Numerical simulation of three-dimensional flow with
changes in morphology identified areas vulnerable to
continuous erosion in the buffer basin of the Mazar dam. The
importance of the application of numerical simulation to verify
the behavior of large hydraulic works is highlighted. However,
even though the simulated flow variables tend to the real
behavior, there are sources of error and uncertainty that must be
analyzed looking for considerations that could improve the
results of the numerical models implemented [35].

The main source of uncertainty in the models generated was
due to the limited hydro-sedimentological information
monitored over time [20]. To solve this situation, continuous
monitoring of the Mazar and Paute rivers was recommended
(installation of hydrometeorological stations, periodic
bathymetries, liquid and solid gauging campaigns in control
sections) in control sections in the vicinity of the Mazar dam's
stilling basin, information that will serve as input data and for
the calibration-validation of the generated models. The
knowledge of the variability of the flow level and morphology
for different events will allow us to have discharge curves for
liquid and solid flows that will improve the contours and
boundary conditions of the numerical models implemented.

Another issue of uncertainty is the spatial distribution of
erodible thicknesses along the modeling domains [36]. The
present study considered information obtained from the
exploration campaign with mechanical (direct exploration) and
geophysical (indirect exploration) tests. The direct tests
consisted of two boreholes drilled with the roto percussion
methodology and five exploration holes for the extraction of
altered and unaltered samples. The geophysics consisted of two
refraction seismic tests and one electrical tomography test [37].
In the refraction seismic tests, compressional wave velocity and
shear wave velocity were measured, with this information,
erodible thicknesses were estimated (Fig. 5(b)). We recommend
periodic geological exploration studies to improve the
characterization of the erodible layers that make up the riverbed
and flood banks of the critical areas susceptible to instabilities.

Regarding the type of sediment simulated, the simulation
considered uniform sediment of 2 millimeters according to the
granulometric analysis of the material of the stilling pool.
However, it is evident that the characterization of material
varies spatially in the surroundings of the stilling basin,
therefore, the uncertainty generated by this simplification could
be reduced by considering a more detailed spatial distribution
for the characteristics of the material in the erodible areas. In
some areas cohesive soil may be considered in the simulation,
all these considerations will have to be taken into account
according to updated geological exploration studies [38]. With
the efforts made to reduce the uncertainty of the model, it could
be likely that there will be a variation in the simulated
morphological changes, however, it should be expected that the
vulnerability zones will be those already observed in the
implemented model.

In the present work, extreme events with hydrographs of a
5-day duration were analyzed, which was considered adequate
to evaluate the vulnerable zones in the surroundings of the
Mazar dam's stilling basin. However, future research of interest
would be to evaluate with numerical models the stability
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conditions of the stilling basin considering protective
geotextiles. For this scope, hydro-morphological models
with long-term events could be considered.

5 Conclusions

Delft3D was applied for the hydrodynamic simulation
of the flow with sediment transport and morphological
evolution in the surroundings of the Mazar dam stilling
basin, considering return periods of 2, 5, 10, 25, 50, and
100 years. The large-scale turbulent velocities with three-
dimensional fluctuations generated by the discharge of
high flows from the Mazar dam weir over the stilling basin
formed zones of turbulent mixing, separation, and flow
shear, identifying at least three zones vulnerable to
continuous erosion.

With the results obtained, the three areas vulnerable to
continuous erosion were evaluated according to the
hydraulic and sediment transport conditions. The
installation of reinforced geo-textiles in vulnerable areas
was recommended to mitigate the erosive effects of
turbulent flows in extreme events, taking into account the
level of stability achieved after the alteration of structures
and surface layers that has occurred since 2011.

It was observed that the sediment carried by the Mazar
River will mostly be deposited immediately upstream of
the stilling basin. Some of the material deposited upstream
of the stilling basin will be accommodated in the basin or
downstream of it. The central area of the stilling basin was
identified as the area where the greater variability in
morphology occurred for the events analyzed, which
corresponds mostly to sediment transport downstream of
the stilling basin.
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