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Abstract: Water management for natural channels is a frequent challenge due to the inefficient usage
of water resources. The 2030 Agenda of the United Nations (SDG 6 of sustainable development)
focuses its attention on water and sanitation. The Sara Guerrero site, located in the Mocache munici-
pality in Los Rios province (Ecuador), has issues related to access to drinking water, flood control,
and crop irrigation that affect 4300 people and 24,000 hectares. The river overflows throughout the
rainy season (late December to early May), whereas there is a noticeable water shortage during the
dry season. This project aims to design a multiple-use earth dam on the Vinces River, simulating the
resulting flow in extreme cases due to its possible failure. Such a study implies the development
of a contingency plan for the preservation of life. It considers (i) dam breach analysis and design,
and (ii) hydraulic model development using the ArcMap and HEC-RAS software packages. The
design includes a waterproofing system that controls possible leaks and a cymbal spillway, mainly
for raw water collection. The generated model showed that the shorter the failure time, the higher
the maximum output flow. Modelling revealed that four towns would be affected for a maximum of
31 h in extreme cases. This approach offers comprehensive management for this community with
regards to the earth dam and flood control.

Keywords: earth dam; multiple-use dam; flooding; hydrological-hydraulic analysis

1. Introduction

The history of dam construction is as old as human civilization. The first indication of
dam construction corresponds to ancient China (XII BCE), where their purpose was flood
control [1]. These dams functioned by blocking water flow through civil infrastructure to
create a temporary reservoir [2]. In general, the purposes of dams are: (i) to satisfy the
supply of drinking and irrigation water in a controlled manner, (ii) to act as a flow regulator
system in the event of droughts or floods, and (iii) to generate hydraulic energy. This all
fits into a social, environmental, and economic vocation [3-8].

According to Singh [9], dams are classified in different ways, with size, types of
materials used for construction, shape, purpose, and potential danger among the most
relevant factors. Earth dams are the most common type of dam [10]; this typology has
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strict requirements imposed on its design and construction [11]. The modern design of
earth dams requires precise static and dynamic calculations based on a thorough analysis
of stress—strain conditions. On the other hand, the design and construction of earthen dams
and, in addition, rockfills, always result in a single structure that follows basic engineering
principles [12].

In recent years, the widespread use of earthen dams for water retention has been
determined by the possibility of: (i) using local soils and (ii) by the emergence of powerful
mechanisms and the capability to build dams in difficult engineering—geological and
seismic conditions [13]. However, it is essential to indicate that not all small dams are
designed under engineering criteria and, mainly, their maintenance and management are
not strictly regulated [14,15]. In general, dam safety management is directly related to the
possibility of controlling and monitoring: (i) the current state and age of the construction
and (ii) natural and geographical factors in operational planning. In the case of new earth
dams (under design) or earth dams in operation, modelling techniques—as a complement
to monitoring—open the way to predict their level of safety and risk [16,17].

From the point of view of structural risk, all dams carry a risk of failure [17]. However,
earthen dams are less rigid and susceptible to failure [18]. Due to advances in hydraulic
models, research on 2D models for flood risk management, including dam failures, has
increased [19,20]. The Hydrologic Engineering Center’s River Analysis System (HEC-RAS)
is a spatially fully-distributed event-based river hydraulic model designed to simulate:
(i) one-dimensional steady flows, (ii) un-steady flows, (iii) sediment transport, (iv) wa-
ter temperature, and (v) water quality [21]. In addition, the HEC-RAS can model both
overtopping and pipeline failures of earth dams [22].

There are several examples of HEC-RAS software applications, for example, analysing
possible dam failures and flood risk assessment in Crete (Greece), which is carried out
using this tool and remote sensing data [23]. In addition, HEC-RAS software is used in
the simulations of runoff-rainfall based on 2D hydrodynamics (Lombardy, Italy) [24], in
the integration of the computational packages Soil and Water Assessment Tool (SWAT)
and the HEC-RAS to simulate the rain-on-hydrodynamic 2D grid, allowing to quantify
environmental flows [25], and in the evaluation of the risk of flooding of hydrographic
basins (Ghamsar, Iran) combining the HEC-GeoRAS and HEC-RAS [26].

In rural areas of Ecuador such as the one characterised in this work, the problem
of water and its management requires a series of actions to control it. In this context,
interest arises in constructing a multiple-use dam in the rural sectors of the Mocache and
Palenque cantons of the province of Los Rios (Ecuador). The inhabitants of these sectors
choose to dig wells to supply themselves with drinking water. In addition, it is estimated
that 50,214 hectares that correspond to almost 90% of the territory of the Mocache Canton,
where the study dam will be located, do not have any irrigation and are occupied by crops
of corn, cocoa, African palm, and other minor crops, which implies a deficit in irrigation in
the province [27].

The aim of the present study is: (a) to design a multiple-use earth dam on the Vinces
River using HEC-RAS and HEC-GeoRAS software; and (b) to perform specific hydraulic
calculations for the dam failure analysis, simulating the resulting flow in extreme cases due
to its possible failure, which determines a contingency plan for the preservation of life.

2. Study Area

The study area is located in the central part of Ecuador, in the Los Rios province of
the coastal region of the country (Figure 1a,b). The province of Los Rios constitutes of
the most significant production of export bananas in monoculture, with 2,368,526.14 tons
of bananas produced in 2019 [28]. According to INEC data [29], in its last census, the
province’s total population is 778,115.0, and almost 65% of the population lives in the
rural sector. In addition, the region has one of the main river systems in Ecuador, known
as the “Guayas River Basin”. The system covers 10 provinces (Bolivar, Cafiar, Cotopaxi,
Chimborazo, Guayas, Los Rios, Manabi, Tungurahua, Santo Domingo de los Tsachilas,
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600,000 1,200,000 560,000 640,000 720,000
1 1 1

(a)

1

N

A

Colombia

N

A

(c)

9,96(]),000
1
9,960,000

Pacific

Pacific
Ocean

10,000,000

=3
%Oa
o

Galapagos

10,000,000

Ocean

islands

1

9,400,000

T
9,400,000

o=

T
-600,000

300,000 450,000 600,000
1 1 ]

T T
600,000 1,200,000

9,88?,000
1
9,880,000

750,000
1

(b)

9,970,000

Pacific
Ocean

1

9,840,000

* Tarth dam (in this study)
[ ratenque canton

T
9,970,000

T
9,840,000

] Mocache canton
[ 105 Rios province
Ecuador

T
9,710,000

9,80?,000
I
9,800,000

T T T
300,000 450,000 600,000

T
750,000

Legend

|:] Guayas river basin
|:] Guayas river subbasin
= Dam/Reservoir

Y& Farth dam (in this study) —— Rivers

l:I Abras de Mantequilla

Reservoir

25 50 100

i  e——— ]G
(Ramsar site) [

T U T
560,000 640,000 720,000

Figure 1. Study area location: (a,b) Los Rios province and main cantons within the earth dam
zone proposed in the present study; (c) Guayas river basin, Guayas river subbasin and Hydraulic
works or infrastructure (reservoirs and dams) location in the area by [32], 1: Guashan, 2: Chancon-
vento, 3: Coco, 4: Chillanes, 5: Pangor Bucay, 6: Cristal, 7: Bufay, 8: Pita, 9: Pajan, 10: Salimoya,
11: Chojampe, 12: Puebloviejo, 13: Estero Lechugal, 14: Sibimbe, 15: La Angostura, 16: Pajamayo,
17: Aguacatal, 18: Macul 2, 19: Conguineal, 20: Chojampe 2, 21: Mangas-Saibas, 22: Lechugal 2,
23: Maculillo, 24: Macul 1, 25: Suquibi, 26: Garzas, 27: Mocache, 28: Calope, 29: San Pablo,
30: Daule-Peripa, 31: Quevedo, 32: Quindigua, 33: Baba, 34: Bimbe, 35: Flavio Alfaro.

The study’s multiple-use earth dam is located in the lower-central basin of the Guayas
River between the cantons of Palenque and Mocache, about 300 km southwest of Quito and
about 45 km from the Daule-Peripa reservoir (Figure 1c). In addition, the basin contains the
“Abras de Mantequilla” wetland reserve, catalogued as a “continental wetland” designated
as Wetlands of International Importance (Ramsar Sites) in 2000 [30,31].
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3. Materials and Methods

The methodology adopted in this study is divided into two phases (Figure 2): (i) phase I,
dam breach analysis and design; and (ii) phase II, hydraulic model development.
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Figure 2. Scheme of the methodology followed in this study.

3.1. Stage I: Dam Breach Analysis and Design

For the dam dimensioning, it was necessary to determine, in the first phase, the
most convenient place and type of dam for the study area. In this context, five aspects
were analyzed: topography and soil type, seismic risk, social and environmental impact,
hydrological design, and hydraulic design.
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3.1.1. Topography and Soil Type

The topographic data processing in raster format was carried out in conjunction with
the bathymetry of the Vinces River to obtain a resolution equal to that of the topographic
Digital Elevation Model (DEM) of the Guayas River basin (cell size field: 12.5 x 12.5 m) [33].
In the soil typology, the material used in the dam (characterization of soils) and accessibility
of material (location of quarries closest to the study area) was analysed. In addition, the in-
fluence of geological characteristics (local geological, geological contact points, and presence
of geological faults in the cartography of the sector) [34,35] and land uses were evaluated.

3.1.2. Seismic Risk

For the characterization of the seismic hazard, the Z value (maximum rock acceleration
expected for the design earthquake) of the study area was identified based on the seismic
zoning map of Ecuador available in the NEC chapter Seismic Hazard-earthquake-resistant
design [36].

3.1.3. Social and Environmental Impact

It was necessary to evaluate the potential implantation areas” economic, social, environ-
mental, and legal characteristics to identify this type of work’s advantages, disadvantages,
effects, and contributions. In this stage, land cost data were collected through open inter-
views with the local government. In the towns near the dam, implementation alternatives
were identified, which would involve a compensation process for the damages caused by
relocation processes and the possible acquisition of new territory for those affected. In the
environmental aspect, the presence of protected areas, landscape impact, dust, erosion,
loss of vegetation, and earth movements were evaluated [37]. According to these crite-
ria, an environmental mitigation plan was developed through the environmental impact
identification matrix proposed by Conesa [38]. Finally, the current Ecuadorian regulations,
construction, environmental, hydraulic, seismic, and geotechnical requirements of the
project were reviewed in the legal framework.

3.1.4. Hydrological Design

The analysis of precipitation extremes was carried out using the flow values of the
hydrological yearbooks of the National Institute of Meteorology and Hydrology (INAMHI
acronym in Spanish) [35]. Specifically, the information of the meteorologic stations with
codes H348 (Vinces) and H0347 (Quevedo) between the years 1964-2013 and 1962-2015
belong to the study basin [39]. As the rain data records in most of the meteorological
stations of Ecuador are incomplete, it was necessary to analyse extremes to determine the
design flow. Therefore, through the series of annual maximum daily flows (m?/s), various
return periods (100, 200, and 500 years) were used. In addition, five theoretical probability
distributions, such as Gumbel [40], Log-Normal [41], Pearson III [42], Log Pearson III [43],
Ln Pearson III [44], and the Kolmogorov-Smirnov test [45], were taken into account to
determine the best-fitting model.

3.1.5. Hydraulic Design

A dam is a structure or control surface and commonly causes a hydraulic jump effect
upstream of the spillway. It is thus necessary to know its length and its impact on the
riverbed, and, importantly, whether it can affect nearby populations in case of a breakage.
Therefore, specific hydraulic data calculations were performed to determine the key factors.
Equation (S1) (Supplementary Materials) was used following the Chugaev method [46].
The equation depends on the determination of Zc and Zi (section factor at a critical point
and point ‘i’), obtained through Equations (52) and (S3), respectively (Supplementary
Materials). With these data, it was possible to find the value of M (Chugaev factor), which
is given by expression (S4) (Supplementary Materials). The procedure was carried out for
three different locations within the study area: Alternative A (Mocache Sector), Alternative
B (Sara Guerrero Sector), and Alternative C (La Libertad Sector).
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The Bakhmeteff variant [47] was used to determine the normal depth, employing
Equations (55)—(S8) (Supplementary Materials). The n is the Manning coefficient for the
section to be analysed, estimated, and corrected using the Cowan method [48]. The Cowan
method considers different factors for selecting the Manning roughness coefficient as shown
in Equation (1), where n;, represents the base value of 7 for the channel and the different n;
factors are correction factors.

n=(ny+ny+ny+ng+mng) xm, (1)

Hence:

ny : Effect of bottom irregularities and scour potential.

ny : Variations in the size and shape of channel cross-sections.
ns: Presence of obstructions.

ny: Vegetation and flow conditions.

m : Correction factor for channel meanders.

The procedure to determine the roughness coefficient along the river consisted of
designating cross-sections every 10 m. The United States Department of Agriculture [49]
was taken to establish soil characteristics. With these parameters, base values of the
roughness coefficient were designated [50].

In addition, the predictor—corrector method (Equation (S9), Supplementary Materials)
was used to estimate the length of the backwater curve. Finally, the Manning’s coefficient
was determined, and the estimated depth was compared to obtain the normal depth in
the three alternatives (the data required for the normal depth are detailed in Table S1,
Supplementary Materials).

3.1.6. Location and Dam Type Selection

Based on the five aspects described, eight direct incidence parameters were defined
to select the final location of the dam to be designed. The quantifying parameters are:
(i) Seismic Risk, (ii) Environmental Impact, (iii) Social Impact, (iv) Geological Faults, (v) Soil
Type, (vi) Topography, (vii) Hydraulics, and (viii) Economy. The 5-point Likert scale [51]
was used in the selection process. The categories of the Likert scale from lowest to highest
are one is “totally unfavorable”, two is “certainly unfavorable”, three is “neutral or indif-
ferent”, four is “certainly favorable”, and five is “totally favorable”, depending on how
high or low a specific criterion was met. For instance, for topography, if the area is too
plain or wide, it is not recommendable to select this place because of the large volumes
involved to close the dam and budget constraints After the corresponding weights for each
criterion, the alternative with the highest score was selected. The parameters have the
same weight to avoid bias in the results and to allow a holistic view of the quantifying
parameters. Due to geotechnical conditions, two possible materials were established for the
dam type selection, namely concrete or earth-fill. The latter was chosen for the design due
to the geomorphology, for material availability reasons, and because its associated seismic
vulnerability is generally low, both under static and dynamic load conditions [52].

3.1.7. Dam Dimensioning

The dam was dimensioned with the established hydrological, hydraulic, topographic,
and geological parameters using equations proposed in the literature [53]. Therefore, it
was necessary to carry out specific calculations for the correct dimensioning of the dam,
detailed in (Supplementary Materials). To calculate the height of the dam, we start with the
definition of the levels to be used: Ordinary High Water Level (NAMO acronym in Spanish)
with which the valuable capacity of the reservoir is designed, Extraordinary Maximum
Water Level (NAME acronym in Spanish), and bed level (NSC acronym in Spanish).

Based on the SP 38.13330.2012 standard cited by Sandoval [53], the dam’s height
considers a shelter above the static level of the reservoir (Equation (510)); Equation (511)
was used to determine the wave drag superelevation. Finally, Equation (512)—suggested by
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Buldeya [54]—and the roughness coefficient through Equation (513) (Supplementary Materials)
were used to estimate the bearing height. Then, the parameters (see Table 52, Supplemen-
tary Materials) were calculated depending on the height and dimensions.

A thick-walled spillway type WES (Waterways Experiment Station) was designed. The
US Army Corps of Engineers [55] established this weir to unify various types of profiles
commonly used in non-vacuum thick-walled weirs. Although this organization made it a
standard, the original considerations for this design were proposed by the United States
Bureau of Reclamation (USBR) [56]. Initially, the estimated discharge on the crest of the
spillway was calculated according to Equation (2).

Q= Cox /2§ x L x HY'?, )

where Cy is the discharge coefficient, g is gravity, L is the effective length of the crest
(m), and H is the total load on the crest (m). However, the Cp , in turn, depends on five
factors, as indicated in Equation (518) (The Supplementary Materials presents details of the
discharge coefficient).

3.2. Stage 1I: Hydraulic Model Development

In stage II, the simulation is performed in 1D unsteady flows and 2D unsteady flows to
perform the hydraulic modelling of dam failure. It begins with the pre-processing stage that
includes the creation of the Triangular Irregular Network (TIN) of the study area through
3D Analyst tools of the DEM created in phase II. Then, the input data is created through
the HEC-GeoRAS software, a GIS extension. These data are the cross-sections, hydraulic
structures (e.g., bridges), riverbanks, and other geometric characteristics of the fluvial
channel, which will be exported to the HEC-RAS software developed by the US Army
Corps of Engineers (USACE) used in several dam failure analysis studies [19,22,23,57].

Different scenarios were considered for the fracture analysis; a trapezoidal fracture was
modelled according to what was proposed by Froehlich (1995) [58] and Froehlich (2008) [59].
Within this scenario, a partial and a total rupture were considered. In each event, the avenue
change due to bridges upstream and downstream of the dam was evaluated. Once the
bridges were identified, the software modelled the bridges with the corresponding slab,
piers, and abutments values.

In HEC-RAS, the “Inline structure” tool was used to enter the geometry of the dam.
The “ogee” option was considered for the structure, and the “breach beam structure” was
chosen to simulate the structure’s failure. Once the parameters of the geometry of the
terrain and the structure were inserted, the boundary conditions (BC lines) were entered
for unsteady or non-permanent flows. In this analysis, the boundary conditions were
defined by the flow hydrograph (Figure 3) at the beginning of the cross-sections. The flow
hydrograph was calculated as a synthetic hydrograph using Microsoft Excel by entering
rainfall and catchment area data.

On the other hand, the bottom slope (normal depth) was chosen as a downstream
boundary condition. After the 1D unsteady flow analysis, for the 2D unsteady flow
modelling, which is floodplain mapping, the TIN of the study area was imported from
ArcGIS. A 2D area of all the land that could be affected downstream of the dam was created.
Two boundary conditions were placed—one at the dam’s location, and another at the end of
the area that was estimated to possibly be affected in the analysis. As in the 1D unsteady
flows simulation, the hydrograph was entered at the first BC line, and at the last line, a
normal slope was entered as the downstream boundary condition.

When using the HEC-RAS software for dam failure analysis where the type of flow
is rapidly variable, it is necessary to take several considerations to make the model more
stable, such as (i) decreasing the distance between cross-sections, (ii) reducing the calcu-
lation interval, and (iii) apply theta weighting factor. This weighting factor is used in the
transient mode, whose value ranges from 0.6 to 1, where 1 provides the most stable results
possible [60,61]. In this study, the starting value of 1 was used [22], and the value of theta
was experimented with until it reached 0.6, finally adopting the value of 1.
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4. Results and Discussion
4.1. Dam Breach Analysis and Design
4.1.1. Topography and Soil Type

In general, the topographic environment of the project is characterized by low slopes
between 2% and 3%. The terrain is flat with very gentle mountainous relief (Figure 4). The
area of interest of the proposed alternatives in the Vinces riverbed (Figure 4b) is very flat,
with a relief that varies from approximately 0 to 60 m.

Alluvial deposits (Figure 5) prevail around alternatives 1, 2, and 3, characterized as
detrital materials transported by the Vinces River and deposited along its plain. They are
generally composed of sand, clay, and gravel. In addition, deposits of undifferentiated
alluvial terraces are formed in the area, made up of poorly consolidated clays and sands.
These sediments are used as a base for the different crops in the sector. The alluvial
deposits rest on a volcanic basement from the Late Cretaceous (Pifion formation), which
does not outcrop in the geological environment of the study area. Two geological fault lines
with a NE-SW trend can be seen, which are not dangerous to the dam’s area. Regarding
soil typology, there is a more significant predominance of Entisols, Mollisols, Alfisols,
Inceptisols, and Vertisols in the area.

4.1.2. Seismic Risk

According to the NEC [36], for the province of Los Rios in the Quevedo and Vinces
cantons, the Z factor is 0.35. Therefore, the study area is located in seismic zone IV.
Consequently, the dam’s location implies a high seismic hazard, which consequently
means analysing the behaviour of large structures (e.g., dams) during an earthquake of a
significant magnitude.
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setting with the location of the three alternative locations of the earthen dams [62,63].
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4.1.3. Social and Environmental Impact

The construction of a dam involves the relocation of villages, towns, and possible
compensation [64,65]. Despite this, its construction contributes to improving the quality of
life of the populations near the area (e.g., agriculture). The options chosen to implement
the reservoir are close to different towns and the possible acquisition of new territory for
those affected (Table 1).

Table 1. The population that is possibly affected by the implementation of the dam in each alternative

option.
Alternatives Towns Population Total
Las Campanas 480
La Porfia 320
A Emperatriz 387 1827
Buena Aventura 340
Gramalotillo 300
B Sara Guerrero 487 487
La Libertad 526 526
Total 2840

Additionally, the assessment of the identified environmental impacts and the proposal
for environmental mitigation are shown in Tables S3 and 54, respectively. The assessment
of the impact in Table S3 in terms of their relevance varies between 4 and 81 points. The
presence of fine particles generated by both the movement of loose earth and the cement
used for concrete is the most critical impact because it is immediate. Additionally, the
environmental impact matrix considered effects on fauna and flora. In Ecuador, bio-aquatic
resources are regulated in the Los Rios province; a seasonal ban was established for all
water species between January 10 and March 10 every year. In the report carried out by
Revelo et al. [66], a total of 3772 fish specimens were analysed, implying up to 16 species.
Given this crucial situation, a fish passage was included in the dam design phase.

4.1.4. Hydrological Design

Table 2 shows the results obtained for flows using probabilistic methods and return
periods of 100, 200, and 500 years, according to rainfall data from the Quevedo and
Vinces stations. The Vinces hydrological station was chosen because its meteorological
information does not have gaps (Table 2) [39]. The Pearson III distribution is the best fit
method (in bold in Table 3, pink in Figure 6), while the other distributions do not satisfy the
Kolmogorov-Smirnov test [45]. Similar to the present study, the Log Pearson III method
was used in the Himalayan river basin of Nepal in 2020 [67].

4.1.5. Hydraulic Design

Table 4 shows the values of the normal and critical depth prior to estimate the re-
sulting water surface. These values are necessary to calculate the length of backwater curve
due to the dam and whether it affected nearby towns.

4.1.6. Location and Dam Type Selection

Regarding the methodology applied to determine solutions, the five-point Likert
scale [51] was used to select the best alternative for the implantation of the dam. This
scale is a qualitative or semi-quantitative method used to measure attributes based on
opinions/valuations/ratings [68]. It is used for the sustainable management of water
resources [69-71] in the water domain and engineering projects [72-74]. Using this tool
in the dam design allows for an integral vision of the parameters of direct incidence in
the dam’s location and to choose the best option considering both technical, social, and
environmental aspects; in this case, the alternative B was selected (Table 5).
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Table 2. Flows obtained by probabilistic methods.
Flows along the Vinces River [m?/s]
Station: Quevedo
Return Log Pearson
period [years] Gumbel GEVI Normal I

100 549.7 481.3 705.5 511.6

200 600.3 527.3 811.1 568.2

500 667.0 588.0 960.4 643.9

Station: Vinces
Return Log Pearson
period [years] Gumbel GEVI Normal I

100 1326.0 1225.1 1187.1 1252.3

200 1396.7 1288.5 1230.4 1323.7

500 1489.9 1372.0 1284.8 1418.4

Table 3. Kolmogorov-Smirnov test at the Vinces station.
GEV Log Pearson
Gumbel I Normal I
Amax ! 4.5% 5.0% 13.1% 0.6%
Ag ? 12%
Fit Accept Accept Reject Accept

1 Auay = the most significant absolute difference between the observed and theoretical cumulative frequency;

2 Ag = the critical level of the contrast.
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Figure 6. (a) Probability distribution functions (PDF) and (b) cumulative distribution functions (CDF)
at the Vinces station.

Table 4. Critical depth (Yc) and Normal depth (Yn) for alternatives A, B, and C.

Alternative [::] [YHI:]
A 2.004 16.253
B 4.201 16.304
C 2.581 15.674

The alternative B obtained 25 points because its hydraulic backwater does not cause
significant damage to the populations upstream of the dam implementation. In addition, it
is located 90 min from the “Santa Lucia” quarry, where the aggregates for the construction
of the dam will be provided. The location is ideal because population displacement is
minimal compared to the other alternatives. It has a flat terrain, semi-mountainous regions,
and broad valleys. The dam material will be mixed due to favourable soil conditions for
an earthen dam. However, it is necessary to implement concrete dikes and the respective
foundation of the hydraulic structure. Table 6 presents the main characteristics of alternative B.

Table 7 shows the steps performed in the predictor-corrector method. The length of
the hydraulic pool of alternative B is 15.5 km, which does not affect nearby towns.

4.1.7. Dam Dimensioning

Table 8 shows the initial values for the hydraulic analysis in HEC-RAS where cross
sections were established every 10 m and the flow obtained in the hydrological study was
used, with a return period of 100 years for the hydraulic analysis.
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Table 5. Results of the assessment using the Likert scale for alternatives A, B, and C.

Quantifying Parameters Score
5 4 3 2 1
Seismic risk X
Environmental impact X
Social impact X
Geological faults X
Alternative A Soil type X
Topography X
Hydraulics X
Economy X
Total 20
Seismic risk X
Environmental impact X
Social impact X
Geological faults X
Alternative B Soil type X
Topography X
Hydraulics X
Economy X
Total 25
Seismic risk X
Environmental impact X
Social impact X
Geological faults X
Alternative C Soil type X
Topography X
Hydraulics X
Economy X
Total 24
Table 6. Main characteristics of the alternative chosen in the study.
Alternative B
Dam location Easting: 658,327 /Northing: 9,855,587 (UTM WGS 84/17M)
Dam material Earth with compacted core
Type of soil in the area It is superficially formed by alluvial deposits, undifferentiated terraces, coarse sand, and clay.

There are no protected areas within the area; with a prevention and mitigation plan, the impact

Envi tal i t . .
nvironmental impac caused by construction methods is reduced.

Economic impact The benefit covers 44 thousand hectares of cultivation, and 200 jobs are generated.

Social impact There are no large populations affected by displacement.




Water 2022, 14, 2029

14 of 26

Table 7. Backwater Length of Alternative B.

Alternative y [m] y Lﬁ]y 2 E?:;]a [111)1] [;fl] Numh, Denhy [ﬁ’l‘] [13:1]

20.00 0
19.75 1446.02 11291 99.99 0.000168 0.994713 2951.737

19.50 2951.737
19.25 1396.39 111.15 98.55 0.000125 0.994214 3969.896

B 19.00 6921.633

18.75 1347.47 109.40 97.11 0.0000765  0.993655 6494.358

18.50 13,415.99
18.25 1299.28 107.65 95.67 0.0000215  0.993027 23084.6

18.00 36,500.59
17.75 1251.80 105.90 94.23 —0.000041 0.99232 —12176.5

17.50 24,324.09
17.25 1205.05 104.15 92.80 —0.00011 0.991522 —4448.7

17.00 19,875.39
16.75 1159.01 102.40 91.36 —0.00019 0.990619 —2580.15

16.50 17,295.24
16.25 1113.69 100.65 89.92 —0.00028 0.989593 —1742.14

16.00 15,553.09

Table 8. Initial conditions for hydraulic analysis.

Parameters Value
River length 163, 650.00 [m]
Slope 0.001
Cross sections 10m
Flow (return period = 100 years) 1252.30 [m®/s]

The failure parameters estimation was modelled using a trapezoidal rupture by the
Froehlich (1995) [58] and Froehlich (2008) [59] method, which is directly related to the
height of the rupture, the volume of the dam, the lateral slope of the failure, and the failure
mode factor. The use of these factors is the reason why the results are more conservative
compared to the Macdonald and Langridge-Monopolis [75], Evans [76], USBR [56], or
Kirkpatrick [77] methods. However, the two methods have been used in other dam studies,
such as the Froehlich equation (2008) in the Hidkal dam in India, to analyze piping and
overtopping failure [78]. In addition, they were used in the 2D unsteady simulation analysis
in the Gidabo dam in Ethiopia [79] that used the methods of Froehlich (1995, 2008) [58,59]
and Macdonald and Langridge-Monopolis [75], concluding that the Froehlich equations
(1995) [58] are the most suitable method for simulations in unsteady flow.

In order to take into account, the failure of the dam at different times, failure simulation
was performed in two scenarios: instantaneous (scenario A) (Figure 7) and total (scenario B)
(Figure 8). Table 9 shows the water levels and maximum flows reached by the flow at the
precise moment of the dam failure.
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Table 9. Maximum levels and flows for the different scenarios of dam failure.

Type of Failure Level [m] Flow [m3/s]
Instant
Time: 1.03 h 43.79 2901
Total
Time: 68 h 44.77 1400

Additionally, the hydrograph Flow vs. Time of scenario A (Figure 9) and scenario B
(Figure 10) and the longitudinal profile of the river were made (Figure 11). In the instan-
taneous failure (Figure 9), it is observed how the level both upstream and downstream
begin to fluctuate sharply before converging at level 40. At that instant, the water reservoir
and the body of water after the dam can be considered a single body. Thus, producing an
effect of communicating vessels, the level becomes uniform. Upon reaching elevation 44,
it seeks balance in its energy, completely covering the remnant dam dike. The speed of
flow change occurs suddenly, reaching its peak at the moment in which the bodies of water
come together. After that, the flow decreases until it reaches a continuous value.

In the total failure (Figure 10), it is observed that the level of both upstream and down-
stream equalize until they converge at level 35. Then, the flow in the dam rises suddenly
but decreases proportionately. In this scenario, what happens when the equilibrium of the
water levels is reached is not observed, but it is estimated that it will be uniform, becoming
almost asymptotic at level 33.

Figure 11 shows the water level before and after the failure versus the abscissa. The
abscissa was established from the centre of “Vinces” town to the “Baba” dam. The most
affected place is “La Reversa” since a rise of almost 10 m is estimated according to the
proposed parameters. Additionally, the town “La Unién” is also affected, with an increase
of 4.68 m in the height of the water level.

Dam hydrogram
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Figure 9. Failure hydrograph scenario A.
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4.1.8. Verification

The designed dam on the Vinces River has the dimensions indicated in Table 10, while
the spillway dimensions and other considerations are found in Table 11. The berm design
was necessary to increase slope stability, and in turn it allowed the saturation line of the
flow generated by the filtration to be at a suitable depth. In addition, the upstream berm
has the objective of supporting the protective riprap layer.

Table 10. Characteristics of the earth dam.

Parameters Structure
Earth Dam
Height 21 [m]
Width 61 [m]
Altitude 40.77 [m.a.s.l.]
Width of the dam crest 7 [m]
Riprap thickness 1 [m]
Riprap height 1 [m]
Upstream berm level 24.30 [m.a.s.l.]

Downstream berm level

31.13 [m.a.s.l.]

Geomembrane thickness = tg 2 [mm)]
Concrete facing thickness 0.46 [m]
Table 11. Spillway characteristics.
Parameters Str}lcture
Spillway
Height 15 [m]
Width 25 [m]
Altitude 35 [m.a.s.1.]
Spillway length 20 [m]
Access control floor length 8 [m]
Length of sink well 27 [m]
Risberm length 45 [m.a.s.1l.]

The concrete facing has a thickness of 0.46 m, enough to cut off the passage of under-
ground flow in the ground. As a watertightness measure for the dam, a geomembrane and
geotextile system with a thickness of 2 mm each layer was designed to prevent leaks.

The spillway design is intended to allow excess water to flow without overflowing the
dam wall. However, at the end of the spillway rapid there will be a speed that will cause
erosion of the land, compromising the structure’s safety; thus, it is necessary to design
the length of the well or dissipating bowl in order to protect land. Figure 12 presents a
three-dimensional view of the designed dam proposed in this investigation.

The dam dimensions verification was carried out by slope stabilization using the
GeoStudio 2012 program used in other studies [80-82]. In both cases—without seismic loads
and with seismic loads of the upstream slope and downstream slope (Figures 13 and 14)—a
safety factor greater than 1.5 was obtained, which means that there is sufficient resistance in
the soil in the area to withstand the shear stresses that would cause failures or landslides. In
the case of seismic action, the pseudo-static approach was used. This analysis is often used
to evaluate the seismic stability of slopes, which consists of applying horizontal and/or
vertical inertial body forces [83]. The body dam is assumed to be a rigid element, and
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the water body to be of constant density. The gravity acceleration fraction factor (Z) was
0.35, established by the Ecuadorian Construction Standard (NEC acronym in Spanish) [36].
Additionally, the pseudo-static acceleration direction considered in the present study is
horizontal, parallel to the flow direction of the dam.

(a)

(b)

Height

Figure 12. Three-dimensional view of the designed dam.
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Figure 13. The safety factor of the upstream slope. (a) Slope stabilization with applied loads. (b) Slope
stabilization with seismic analysis.



Water 2022, 14,2029 20 of 26

(a)

80 —
T —
60 —

50 —

Height

Abscissa

(b)

80 —
70—

60 —

Height

o 10 20 30 40 50 60 70 &0 80 100 110 120 130 140 150 160 170

Abscissa

Figure 14. The safety factor of the downstream slope. (a) Slope stabilization with applied loads.
(b) Slope stabilization with seismic analysis.

Additionally, the force of the seepage gradient was considered for the dam failure
since it is the factor for piping that causes the possibility of solid particles detaching from
the soil matrix, which results in corrosion of the dam structure [84,85]. In this earth-fill dam,
we contemplate a chimney drain. This structure reduces the pore water pressure inside
the embankment and foundation soil. The horizontal filter helps to obtain a lower phreatic
line, however, this horizontal drainage causes stratification. The seeping water is carried
out efficiently when a vertical filter is added along with the horizontal filter (Figure 15);
this implementation will prevent seepage as it will discharge freely.
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Figure 15. Chimney drain in the proposed earth dam.

4.2. Hydraulic Model Development
Flood Inundation Map
The present study used the HEC-RAS model for the dam breach analysis on the Sara

Guerrero site. The results of the dam breach analysis revealed that, in extreme cases, four
locations would be affected (Figure 16) in a maximum time of 31 h (Table 12).
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Figure 16. Flood propagation after the dam failure: (a) at 31 h; (b) at 37 h; (c) at 39 h; (d) at 48 h.

Table 12 shows the affected towns, the time the wave arrives, and the distance between
the town and the dam. The closest town affected is “La Reversa”, at 31.35 km from the dam,
having 31 h to evacuate the area and safeguard human lives. Therefore, the maximum
evacuation time available is 48 h, which is enough time for the authorities to create the
most suitable plan if they do not have a contingency and evacuation plan. However, due to
the conservation of energy and the roughness effect in the channel and plains as the wave
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advances, the kinetic energy decreases and so the water level decreases simultaneously
(Figure 16).

Table 12. Towns were affected by flood propagation after the dam failure.

Towns Distance Time Water Level after Failure Water Level before
[km] [hours] (m.a.s.l.) Failure (m.a.s.l.)
La Reversa 31.35 31 40.24 32.02
Santa Ana 44.28 37 38.22 32.02
La Unién 46.79 39 35.82 25.50
Vinces 53.40 48 25.26 17.40

5. Conclusions

In this investigation, the type of earth dam near the town “Sara Guerrero” was pro-
posed due to applying the selection criteria of the Likert scale. Based on the results of the
design and failure analysis of the dam, the following is concluded:

(i) The dimensions of the designed dam were verified based on the safety and integrity
of the structure through the stability of slopes and seismic conditions.

(i) The dam breach analysis encompasses a complex phenomenon where the transfer of
the generated flow depends directly on parameters such as terrain roughness, edge
conditions, time, and type of failure.

(iii) The town closest to the dam downstream is “La Libertad”. However, this is not
drastically affected by topographical conditions.

(iv) At31.35 km after the dam, the first flooded areas are identified, such as the “La Reversa”
sector, where the water level rises to 8 m, mainly in considerably depressed sectors.

(v) Inreal conditions of a dam failure, the behaviour of the resulting flow will be only an
approximation to what is simulated in the software.

In case of failure, the authorities must put together an action plan in the face of an
extraordinary event, such as the delimitation of safe access zones and routes for timely
evacuation. With the construction of this project, rural areas and towns near the dam
implementation area will benefit, protecting the area from flooding and creating collection
sources for raw water and irrigation. In general, the construction of a dam generates
environmental benefits, reducing annual CO, emissions, mitigating climatic phenomena,
and aiding the presence of new habitats in the area. However, sometimes negative impacts
could occur, so it is necessary to establish clear guidelines for the project to be sustainable,
such as soil rehabilitation, slope stability, and gravel and sand traps for maintenance and
shock absorbers. (e.g., floodplains) to contain flows in case of exceedance. Decision-makers
can use this work to develop land management and emergency plans for the dam if an
extraordinary event occurs in the area.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w14132029/s1, Table S1. Data required for the normal
depth [86,87]. Table S2. Slopes for earthen dams. Table S3. Assessment of environmental impacts.
Table S4. Prevention/mitigation measures.
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