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Abstract

:

The layout of water resources and the complex and rational use of them have an important role in the socioeconomic activities of an urban settlement. Transversal hydrotechnical constructions such as weirs reduce the longitudinal connectivity of rivers and streams, affecting river biodiversity as well as water quality. This paper presents an alternative method that will help restore connectivity. In order to choose the best solution, topographical measurements were taken with a total topographical station, and a professional drone was used to obtain an updated orthophoto plan. After processing the data obtained in the field, engineering software capable of simulating flow, sediment transport, and water quality in rivers was used. With the help of the software, two hypotheses were realized: hypothesis A, the case with only one weir in place, and hypothesis B, when we have the proposed case with the lowering of the height of the weir’s crest and the construction of three new control weirs downstream of it. In conclusion, the lowering of the current weir’s crest and the construction downstream of it of three new weirs of low height would have a favorable effect from an ecological and a morphological point of view, without very big consequences on the disturbance of the flow from a hydraulic point of view.
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1. Introduction


The layout of water resources and the complex and rational use of them have an essential role in economic and social activity. The arrangement of a water course represents the totality of the engineering works performed in the reception basin and in the riverbed, in order to eliminate or reduce the direct and indirect negative effects of the natural, uncontrolled flow of water. The hydrotechnical constructions in the riverbed have the purpose of controlling the flow regime to modify or strengthen the riverbed artificially in order to obtain a stable bed over a period of time as long as possible [1].



The deterioration of the ecological health of streams flowing through urban areas has become a significant research topic in freshwater ecology. Environmental degradation due to anthropogenic actions causes a progressive decrease in aquatic biodiversity. With the intention of minimizing the impact of ecological degradation on the aquatic biodiversity in the water bodies located in the urban areas of towns, ecosystem restoration is used as a tool in different countries to mitigate and restore water bodies in urban areas [2].



Returning to the original state of the river, or as close to the natural state as possible, refers to a set of actions completed to restore the environmental health of a degraded watercourse. Alternatively, it can also be said that restoration is an attempt to recover some of the ecosystem services that are so important to society. The recovery of the ecological health of a degraded watercourse may include projects aimed at improving fish habitat, water quality, or river recreation [2,3,4].



A degraded stream is defined as a river that does not function to its biological hydrological potential [5].



The quality of the water in rivers is important because it is a vital resource for us. Its quality depends on the integrity of water bodies and the quality of life in rivers. Transversal hydrotechnical constructions (weirs, dams, etc.) reduce the longitudinal connectivity of rivers and streams, affecting the biodiversity of rivers and implicitly the water quality [6,7].



Any intervention in the riverbed that influences the flow rate, the sediment transport, the morphology of the riverbed, or the migration of the biota determines its longitudinal fragmentation. Rivers are complex systems whose habitats and species are continuously distributed from spring to spill and are permanently interconnected, and their integrity depends on maintaining the connection between them [7].



The construction of transversal works on a watercourse, such as dams and weirs, results in significant changes in the way ecosystems on the river function. They interrupt the longitudinal connectivity of rivers with effects on the hydrological regime and the migration of biota and they influence the transport of alluvial material threatening the natural balance between the erosion process and the accretion process in the coastal area. [7,8]. Downstream, the thalweg is subject to a degradation process. Dams and weirs not only affect these hydraulic variables but also simplify the habitats of fish and macro-invertebrates, and some of them fail to adapt to the new conditions of the aquatic environment [2,9,10,11]. Transverse constructions obstruct the longitudinal movements of these aquatic organisms in the process of feeding and reproduction, which leads to a decrease in their population [7,9,10,11]; in our case, the endangered fish species that are protected by law are the Mediterranean barbel (Barbus meridionalis) and the Danubian longbarbel gudgeon (Gobio uranoscopus). Other creatures protected by law that live in the aquatic environment are the crested newt (Triturus cristatus) and the Yellow-bellied toad (Bombina variegata) [12].



The removal of transversal constructions will significantly contribute to the restoration of the water course. The sediments deposited upstream will be washed away, and part of them will be deposited in the section of the degraded thalweg downstream by the hydrotechnical work [9]. The discontinuity of the thalweg slope upstream and downstream of the weir will gradually disappear. The removal of transversal hydrotechnical structures, in particular of weirs, is a common approach to restore the longitudinal connectivity of a river and improve the fragmented habitats of fish and macro-invertebrates [10,13]. Weir removal has been used successfully in England [14], Italy [4], and the United States; the latter has spent over USD 1 billion on river restoration [3], with the removal of transversal hydrotechnical constructions being practiced in South Korea as well [10].



In the territory of the city of Bistrita, there are eight such transversal hydrotechnical constructions; four of them are weirs with a height greater than 1 m, and four have a height below 1 m. Currently, some of the existing weirs no longer provide the services that they were designed for because they are no longer functional; they are in an advanced state of degradation or even destroyed. Therefore, rehabilitation/modification works or even their complete removal are required.



Alternative green or green-grey methods or green infrastructure can be defined as a network of natural or semi-natural areas strategically planned and created in order to manage situations such as high water (floods, flash floods), favor the migration of aquatic fauna, and many others related to the quality of the environment in the urban area [15].



The main benefits of alternative methods can be:




	
the restoration/improvement of longitudinal connectivity of the aquatic environment and riparian ecosystems;



	
increased aquatic biodiversity;



	
restoring normal fish migration processes;



	
improving the condition of the fish population, both qualitatively and quantitatively;



	
increased benefits for recreational fishing;



	
improving water quality;



	
reducing the risk of flooding in the local area, while ensuring that the risk of flooding is not increased downstream.








During 1998–2008, 166 papers regarding the management of hydrotechnical constructions built in the riverbed were published globally. Out of the 166 published articles, 143 had as their main subject the removal of hydrotechnical constructions located in riverbeds. In recent years, (2009–2018) a very large number of articles have been published about the restoration of watercourses; with regard to the removal of hydrotechnical constructions, a number of 381 articles have been published [13].



In the last 20 years in Europe, the restoration of a water course to improve its qualitative or environmental status had to meet the legislative objectives of the European Union such as Directive 2000/60/EC—the framework of the Community policy in the field of water. These legislative efforts and the necessary actions are ultimately aimed at increasing the heterogeneity of ecosystems and the processes of hyporheic exchange [16,17].



Given the growing international concern about water and environmental sustainability that has led to the development and acceleration of the practice and science of river restoration, we tried to have meetings with specialists in water management. During our meetings, we found that they were no strangers to environmentally friendly methods or green infrastructure. They also claimed that they have some problems or difficulties in starting green or ecological hydrotechnical constructions, such as:




	
starting the project takes too much time;



	
high costs;



	
lack of workforce, etc.








The purpose of this paper is to provide a solution regarding the quality management of water, namely, the sustainable management of the aquatic environment in rivers, especially of water bodies in the urban area of towns where human activities have a significant impact.




2. Materials and Methods


2.1. Location and Particularities of the Studied Area


The water course studied in this paper is located in Bistrita-Nasaud County, North-West of Romania. The Bistrita River is a right tributary of the Sieu water course, both of which are part of the Somesul Mare river basin. The hydrographic basin of the Bistrita Ardeleana watercourse has an area of 650 km2, it springs from the central group of the Eastern Carpathians, and subsequently, its riverbed crosses the hills of Bistrita, continuing through the Bistrita depression [18]. The Bistrita hydrographic basin incorporates the Tanase, Bargau, and Bistrita hydrographic sub-basins [19]. The weir that is the main objective of this article is located at 10,866 km per watercourse, upstream of the confluence of the Bistrita river with the Sieu river (Figure 1).



The climatic regime of the studied area is given by the effect of maritime polar air masses from the west during the cold period of the year, with shorter transitional seasons compared to those in the south of the country, and with warm and rather humid summers. Air temperatures have annual average values between 0–2 °C on mountain peaks, between 8–8.5 °C in the South-West area, and 9.1 °C in Bistrita municipality [20].



The Bistrita River has undergone distinctive anthropic transformations. The changes in the water course began around the 15th century when the inhabitants consolidated the fortifications of the entire city with water ditches and stone walls. For greater safety, they were doubled by ditches with water, 2–3 m deep and 30–35 m wide [21].



Two exceptional floods were recorded in the hydrographic basin of the Bistrita Ardeleana River, the first one in 1932 when the hydrometric station Bistrita registered a level of 5.2 m, and the flood registered on 13 May 1970, the level being 3.64 m with a flow of 618 m3/sec. [22,23,24,25]. These levels or flows have not been recorded until now due to the construction of the Colibita lake dam, which has the role of mitigating floods in the hydrographic basin of the Bistrita Ardeleana river.



Following the events of 1970, the decision was taken to promote the following constructions with the role of flood mitigation or flood defense:




	
regularization of the Bistrita River and its tributaries as well as upstream and downstream bank defense;



	
the construction of dykes with the role of defense against floods downstream and upstream of the city of Bistrita;



	
landslide stabilization works on the left bank of the river, downstream of the Jelnei bridge [24].








Regarding the historical minimum flow, we can say that it had been recorded before the hydrotechnical constructions with the role of flood mitigation or flood defense were promoted. Between 1950 and 1965, the average monthly minimum annual flows were calculated, resulting in a value of 1.82 m3/s. The average daily minimum annual flow rates were also calculated, resulting in a value of 0.99 m3/s, and the historical daily minimum flow recorded at the Bistrita hydrometric station on the Bistrita Ardeleana River was on 31 January 1954 with a value of 0.135 m3/s [23,25].




2.2. Methods Used


In order to start the research and obtain an updated orthophotoplan and an image of the weir as real as possible, topographical measurements were carried out with the Leica FlexLine TS 07 total station and flights with the Phantom 4 Pro v 2.0 drone (produced by the Chinese company DJI based in Shenzhen). ProfLT v 10.3 software was used to process the topographic data collected in the field and create the transverse and longitudinal profiles; 19 transverse profiles and one longitudinal profile were produced (Figure 2).



The processing of aerial images collected with the DJI Phantom 4 Pro v 2.0 professional drone was carried out using the Agisoft Metashape: Professional Edition v 1.7.1 program (64-bit), where GCPs (Ground Control Points) have been identified and marked in each image, manually, to achieve the most accurate georeferencing [26]. Five GCPs (Ground Control Points) were used for georeferencing images using the Rover GNSS South Galaxy G1equipment (Figure 3). Additionally, with the help of the drone, it was possible to create a 3D model of the area, due to the cloud of points obtained from the aerial images (Figure 4).



Considering the data obtained and their interpretation with the help of processing software, it was possible to identify a method or solution that can be promoted to restore the longitudinal connectivity of the river. To map the area studied, ArcGIS 10.6 software was used. The graphical representation of the existing situation and the identified solution was created with the help of AutoCAD Map 3D 2012 software. Based on the data obtained, hydraulic modeling was carried out. The purpose of hydraulic modeling was to identify the hydraulic parameters (water depth, water velocity, level) for the studied sector. In order to ensure that the hydrotechnical construction proposed by us is an alternative to the existing construction, two hydraulic models were carried out, for the existing hydrotechnical construction and for the hydrotechnical construction, identified by us as an alternative solution, which will facilitate the migration of fish and invertebrates upstream. The length of the analyzed section was 315 m.



Regarding the hydraulic modeling, the MIKE 11 software was used, which is an engineering software capable of simulating flow, sediment transport, and water quality in rivers. We managed to identify a method for reducing the height of the existing weir. The mathematical equations that form the basis of the modeling are the Saint Venant equations in the one-dimensional, two-dimensional, and three-dimensional systems.



In the one-dimensional system they are:



The continuity Equation (1) [27]:


    ∂ Q   ∂ x   +  b S    ∂ h   ∂ t   = q  



(1)







The momentum Equation (2) is [27]:


    ∂ Q   ∂ t   +   ∂  (  α    Q 2   A   )    ∂ x   + g A   ∂ h   ∂ x   = 0  



(2)




where: the integrated cross-sectional area is called A and the integrated discharge Q, b is the full width of the channel, t is the time, x is the positive axis of water flow, g is the gravitational acceleration, and q is lateral inflow per unit width, in to these equations leads to the basic equations used in MIKE 11 [27]:


    ∂ Q   ∂ x   +   ∂ A   ∂ t   = q  



(3)







The modeling in the two hypotheses was carried out for three flows measured in the transverse profile of the riverbed at the Bistrita hydrometric station and was calculated by the Bistrita Hydrological Station:




	
Q = 3.56 m3/s represents the summer flow recorded in June 2022, a period with a significant precipitation deficit;



	
Q = 8.37 m3/s is the average annual flow calculated for the year 2021;



	
Q = 128 m3/s represents an extreme flood flow recorded in 2020, this being one of the maximum flows recorded in the last 10 years on the Bistrita river [23].








The results were displayed using the Mike View program. The modeling is of the 1D type, so the results were displayed both as a graphic form in a longitudinal profile or a cross-section, such as the water level, but also in tabular forms, such as, for example, the depth of the water, but also other parameters that interest us, the speed of the water in different sections. After creating the two hydraulic models, the results were compared between the current situation and the proposed one.



What would this solution to restore the longitudinal connectivity of the aquatic ecosystem imply? For starters, the proposed construction will be built downstream to upstream; that is, towards the location of the weir. In the first part, three weirs with a foundation in thalweg of 1 m will be built and they will have a maximum height of 0.3 m to the thalweg elevation.



The distance between the three weirs is 1.5 times the width of the riverbed in the analyzed section. From the topographic measurements taken in the field (transverse and longitudinal profiles) we have identified that the average width of the minor riverbed in the studied section is 29 m., so the distance between the thresholds will be 43.5 m. Subsequently, downstream of the bed check weirs, large stones will be placed below to reduce the risk of under-wash, causing instability to the structures. After the completion of the bed check weirs, the partial demolition works of the existing weir will begin (Figure 5).



The original weir extends over a width of 13.21 m, with a total height of 1.54 m. Upstream of it, there is an accumulation of alluvial material of approximately 879.7 m3. In order not to affect the population of fish and other living things in the aquatic environment, large bags filled with earth will be installed downstream to stop the alluvium produced during the partial demolition works. The partial demolition works refer to the reduction in the height of the weir. The weir will be reduced by 1.04 m, reaching a maximum height of 0.4 m. Thus, this weir becomes the fourth weir of low height. Downstream of the new hydrotechnical construction, large stones will be placed, just like at the three weirs of low height downstream.



In order to prevent possible bank erosion that would endanger the dykes that defend against floods in the immediate vicinity of weir number 4, it was proposed the arrangement with large stones and install rolls with broken stone and living material on the banks.



The technical solution proposed by us is not 100% environmentally friendly, that is, a green one, but we can consider it a green-gray one that helps to reconnect the ecosystem upstream and downstream of the weir.





3. Results


Table 1 shows the mileage of the main sections of the hydrodynamic model. The existing weir consists of several sections starting from P5 to P9. Section P6 represents the crest of the dam which also has the highest elevation, and as such, only section P6 has been included in the table as the most representative.



As previously mentioned, the modeling was performed for three flows that have the values Q = 3.56 m3/s, which represents the summer flow recorded in June 2022, Q = 8.37 m3/s is the average annual flow calculated for the year 2021, and Q = 128 m3/s represents an extreme flood flow recorded in 2020, this being one of the maximum flows recorded in the last 10 years on the Bistrita river [23], both for the case where we have only one weir, the existing one, and for the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it.



The dotted or continuous lines that can be found in the graphs of both studied cases have the following meanings:




	-

	
the black solid line from the top represents the right bank of the river




	-

	
the dotted black line represents the left bank of the river




	-

	
the black solid line from the bottom represents the shape of the thalweg




	-

	
the red solid line represents the actual water velocities in the section after the flood has stabilized




	-

	
the red dotted line represents the maximum speed in the section, the first moment of the flood (the program performs the hydraulic modeling with the dry riverbed)




	-

	
the green dashed line represents the minimum speed of the flood.









3.1. Hydraulic Modeling on the Bistrita River, for the Case Where There Is Only One Weir, the Existing One


In Figure 6, there is the water level in the longitudinal profile for the flow Q = 3.56 m3/s.



In Figure 7, there is the speed of the water in the longitudinal profile for Q = 3.56 m3/s.



In Figure 8, there is the water level in the longitudinal profile for the flow Q = 8.37 m3/s.



In Figure 9, there is the speed of the water in the longitudinal profile for Q = 8.37 m3/s



In Figure 10, there is the water level in the longitudinal profile for the flow Q = 128 m3/s.



In Figure 11, there is the speed of water in the longitudinal profile for Q = 128 m3/s.



In Table 2, you can see the depth and speed of the water in the considered sections for the three simulated flows in the hypothetic present situation with the existing weir.




3.2. Hydraulic Modeling on the Bistrita River for the Proposed Case with the Lowering of the Crest of the Existing Weir and the Construction of Three New Weirs of Low Height Downstream of it


In Figure 12, there is the water level in the longitudinal profile for the flow Q = 3.56 m3/s.



In Figure 13, there is the speed of water in the longitudinal profile for Q = 3.56 m3/s.



In Figure 14, there is the water level in the longitudinal profile for the flow Q = 8.37 m3/s.



In Figure 15, there is the speed of water in the longitudinal profile for Q = 8.37 m3/s.



In Figure 16, there is the water level in the longitudinal profile for the flow Q = 128 m3/s.



In Figure 17, there is the speed of water in the longitudinal profile for Q = 128 m3/s



In Table 3, you can see the depth and speed of the water in the sections taken into account for the three flows simulated in the hypothesis with the construction of the three new weirs of low height and the reduction in the height of the existing one.





4. Discussion


Analyzing the results for the two cases, we can draw the following conclusions from a hydraulic point of view.



In the section of the existing weir, section P6, in the current situation when the weir is higher (A), the water depth is lower than case B, when its height is reduced. During summer flows, with low values, the depth of the water increases over the ridge of the weir when its height decreases.



Due to the high height of the existing weir upstream of it, a backwater is created, and a small reservoir is formed. Because of this, the speed of water on the crest of the weir is lower than in the proposed situation, and also in the upstream sections of the weir, the water velocity is lower than in hypothesis B for all three flows. A big disadvantage from an ecological point of view is this high height of the weir because the migration of fish upstream is undertaken with great difficulty or not at all in the current situation, especially since the water depth is also lower, particularly in the case of small summer flows. At the extreme flow rate of 128 m3/s, there is still a drop in the water level next to this weir, as it can be seen in Figure 10, and as such, the water speed is higher because of this drop, compared to case B, in which the water level becomes uniform in this section at this flow rate, and due to the decrease in the height of the weir, the fall disappears, and the velocity becomes lower and uniform. For high flows, it is an advantage from the fish migration point of view because we have a higher depth and low velocity over this weir, and so it is easier for the fauna to migrate upstream and at high flows. The uniformization of the level is also valid for small, summer flows, as it can be seen from the longitudinal profiles for the proposed situation.



Downstream, near the three downstream low-height weirs, the depth of the water does not vary much in the proposed case compared to the current case. The depth variations are very small. Due to the small local falls that form next to the weirs at low flows, the speed increases a little compared to the current case, but the variations are small; we do not have very large increases, from which we can conclude that the water flow in these sections is not disturbed.



Additionally, between the weirs of low height, both depth and speed variations are very small, so that the construction of the weirs does not disturb the flow from a hydraulic point of view, and so the migration of fish would not suffer either. The weirs created with small heights reduce the water speed between them, calming the flow, as it can be seen from the variation of speeds (a small decrease in speed is observed) in the respective sections between the weirs.



In conclusion, the lowering of the crest of the current weir and the construction of three new weirs of low height downstream of it would have a favorable effect from an ecological but also a morphological point of view, without very large implications on the disturbance of the flow in terms of from a hydraulic point of view.




5. Conclusions


A degraded stream is a river that does not work to its full potential. Weirs bring about significant changes in the functioning of river ecosystems. They influence the flow rate, sediment transport, water speed, and morphology of the riverbed, so they directly affect the habitats of fish and invertebrates.



We can say that the elimination or resizing of transversal hydrotechnical constructions such as weirs will significantly contribute to the longitudinal connectivity of ecosystems.



The technical solution identified by us for the studied area would contribute to restoring the fragmented ecosystem. Following the hydraulic modeling of the current situation as well as the solution we proposed, we were able to see some differences in terms of water speed and water depth in the studied section. The differences in water speed and depth would have an ecologically as well as morphologically favorable effect, with no large implications for the disruption of the flow from a hydraulic point of view.



The proposed hydrotechnical construction is not 100% green. The purpose of this construction is to help or restore the longitudinal connectivity of the fragmented ecosystem. This method could also be used for existing waterfalls (cascades) along the entire length of the water course, especially in the sections located outside the localities. The maintenance costs of the construction are relatively low.
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Figure 1. The Bistrita Ardeleana River Basin: location, limits, hypsometry, hydrographic networks. 
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Figure 2. The hydraulic network and the position of the cross sections plotted in the orthophotoplan. 
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Figure 3. Representation on the orthophoto plane of the five ground control points (GCP); they were used for georeferencing the images. 
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Figure 4. The 3D image at the weir created using the clouds of points obtained from measurements with the professional drone. 






Figure 4. The 3D image at the weir created using the clouds of points obtained from measurements with the professional drone.



[image: Water 14 03333 g004]







[image: Water 14 03333 g005 550] 





Figure 5. Graphical representation of the identified alternative method. 
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Figure 6. Water level for flow Q = 3.56 m3/s, summer flow recorded in June 2022. For the case where there is only one weir, the existing one. 
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Figure 7. Water speed for flow Q = 3.56 m3/s, summer flow recorded in June 2022. For the case where there is only one weir, the existing one. 
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Figure 8. Water level for flow Q = 8.37 m3/s, the average annual flow calculated for the year 2021. For the case where there is only one weir, the existing one. 
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Figure 9. Water speed for flow Q = 8.37 m3/s, the average annual flow calculated for the year 2021. For the case where there is only one weir, the existing one. 
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Figure 10. Water level for flow Q = 128 m3/s, representing an extreme flood flow recorded in 2020. For the case where there is only one weir, the existing one. 






Figure 10. Water level for flow Q = 128 m3/s, representing an extreme flood flow recorded in 2020. For the case where there is only one weir, the existing one.
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Figure 11. Water speed for flow Q = 128 m3/s, representing an extreme flood flow recorded in 2020. For the case where there is only one weir, the existing one. 
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Figure 12. Water level for flow Q = 3.56 m3/s, summer flow recorded in June 2022. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 
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Figure 13. Water speed for flow Q = 3.56 m3/s, summer flow recorded in June 2022. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 
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Figure 14. Water level for flow Q = 8.37 m3/s, the average annual flow calculated for the year 2021. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 






Figure 14. Water level for flow Q = 8.37 m3/s, the average annual flow calculated for the year 2021. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it.
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Figure 15. Water speed for flow Q = 8.37 m3/s, the average annual flow calculated for the year 2021. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 
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Figure 16. Water level for flow Q = 128 m3/s, representing an extreme flood flow recorded in 2020. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 
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Figure 17. Water speed for flow Q = 128 m3/s, representing an extreme flood flow recorded in 2020. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it. 
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Table 1. Mileage of the main sections of the model.
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	Section
	Kilometer (m)





	P1
	0.00



	P2
	33.61



	P3
	66.92



	P4
	98.58



	P6 (existent crest of weir)
	131.69



	P10
	139.96



	P11
	171.89



	P12 (proposed crest of weir 1)
	195.24



	P13
	220.92



	P14
	228.51



	P15′ (proposed crest of weir 2)
	249.33



	P15
	261.45



	P16
	289.49



	P16′ (proposed crest of weir 3)
	302.28



	P17
	315
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Table 2. The depth and velocity of the water in each cross-section for all simulated flows. For the case where there is only one weir, the existing one.
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Section/Q

	
Q = 3.56 m3/s

	
Q = 8.37 m3/s

	
Q = 128 m3/s




	
Section

	
Kilometer (m)

	
Water Depth (m)

	
Water Velocity (m/s)

	
Water Depth (m)

	
Water Velocity (m/s)

	
Water Depth (m)

	
Water Velocity (m/s)






	
P1

	
0.00

	
1.242

	
0.243

	
1.443

	
0.467

	
2.933

	
2.178




	
P2

	
33.61

	
1.155

	
0.312

	
1.346

	
0.555

	
2.724

	
2.273




	
P3

	
66.92

	
1.294

	
0.21

	
1.48

	
0.414

	
2.756

	
2.198




	
P4

	
98.58

	
1.252

	
0.206

	
1.434

	
0.394

	
2.618

	
2.163




	
P6 (existing weir)

	
131.69

	
0.209

	
1.254

	
0.396

	
1.341

	
1.633

	
3.139




	
P10

	
139.96

	
0.4

	
0.621

	
0.593

	
0.819

	
2.301

	
1.928




	
P11

	
171.89

	
0.403

	
0.894

	
0.607

	
1.062

	
2.308

	
2.259




	
P12

	
195.24

	
0.506

	
0.778

	
0.717

	
1.044

	
2.423

	
2.357




	
P13

	
220.92

	
0.525

	
0.724

	
0.723

	
0.978

	
2.389

	
2.532




	
P14

	
228.51

	
0.301

	
1.021

	
0.497

	
1.161

	
2.182

	
2.493




	
P15′

	
249.33

	
0.633

	
0.809

	
0.858

	
1.085

	
2.478

	
3.138




	
P15

	
261.45

	
0.608

	
0.687

	
0.82

	
1.03

	
2.412

	
3.007




	
P16

	
289.49

	
0.48

	
1.058

	
0.665

	
1.289

	
2.206

	
2.976




	
P16′

	
302.28

	
0.405

	
1.16

	
0.607

	
1.381

	
2.162

	
3.088




	
P17

	
315

	
0.419

	
1.03

	
0.628

	
1.304

	
2.194

	
3.053
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Table 3. The depth and velocity of the water in each cross-section for all simulated flows. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it.






Table 3. The depth and velocity of the water in each cross-section for all simulated flows. For the proposed case with the lowering of the crest of the existing weir and the construction of three new weirs of low height downstream of it.





	
Section/Q

	
Q = 3.56 m3/s

	
Q = 8.37 m3/s

	
Q = 128 m3/s




	
Section

	
Kilometer (m)

	
Water Depth (m)

	
Water Velocity (m/s)

	
Water Depth (m)

	
Water Velocity (m/s)

	
Water Depth (m)

	
Water Velocity (m/s)






	
P1

	
0.00

	
0.721

	
0.548

	
0.979

	
0.801

	
2.762

	
2.464




	
P2

	
33.61

	
0.552

	
1.129

	
0.781

	
1.48

	
2.488

	
2.719




	
P3

	
66.92

	
0.533

	
0.655

	
0.77

	
0.972

	
2.398

	
2.873




	
P4

	
98.58

	
0.391

	
1.472

	
0.595

	
1.712

	
2.114

	
3.166




	
P6/existing weir

	
131.69

	
0.322

	
1.53

	
0.635

	
1.544

	
2.433

	
2.059




	
P10

	
139.96

	
0.399

	
0.622

	
0.726

	
0.62

	
2.521

	
1.701




	
P11

	
171.89

	
0.4

	
0.907

	
0.824

	
0.765

	
2.579

	
1.905




	
P12/weir 1 proposed

	
195.24

	
0.497

	
1.032

	
0.631

	
2.137

	
2.721

	
1.932




	
P13

	
220.92

	
0.51

	
0.758

	
0.71

	
1.011

	
2.755

	
2




	
P14

	
228.51

	
0.283

	
1.113

	
0.48

	
1.221

	
2.562

	
1.971




	
P15′/weir 2 proposed

	
249.33

	
0.638

	
0.789

	
0.88

	
1.041

	
2.649

	
3.963




	
P15

	
261.45

	
0.616

	
0.674

	
0.843

	
0.99

	
2.591

	
2.643




	
P16

	
289.49

	
0.493

	
0.998

	
0.711

	
1.134

	
2.457

	
2.542




	
P16′/weir 3 proposed

	
302.28

	
0.399

	
1.679

	
0.6

	
1.679

	
2.153

	
3.776




	
P17

	
315

	
0.419

	
1.03

	
0.628

	
1.304

	
2.194

	
3.053
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