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Hydrologic and hydraulic simulations for use in macrodrainage designs for gully management and recovery •   Ligia de Freitas Sampaio a, Valéria Guimarães Silvestre Rodrigues a, Danielle de Almeida Bressiani b & Rogério Resende Martins Ferreira c   a Geotechnical Department, Engineering School of São Carlos. University of São Paulo, São Carlos, São Paulo, Brazil. ligia.sampaio@usp.br, valguima@usp.br b Brazilian Meteorological Agency Ltda. – Climatempo, São José dos Campos, São Paulo, Brazil, daniebressiani@gmail.com c Brazilian Agricultural Research Corporation (Embrapa – Acre), Brazil, rogerioferreir@yahoo.com.br  Received: November 25th, de 2016. Received in revised form: July 5th, 2017. Accepted: July 24th, 2017  Abstract Runoff on susceptible terrains that is not associated with adequate drainage causes soil erosion, as gullies. Gullies and drainage continue to be major issues in reclamation projects since soil erosion can be reactivated after the application of recovery measures. This paper describes a low-cost project framework for macrodrainage for a gully in Nazareno (MG, Brazil) to provide support to gully management and recovery. We used a simple methodology with the application of Geographic Information Systems (GIS) and concentrated hydrologic and hydraulic models (freely available softwares). The basin has steep slopes (8 to 20%) and the water flows mainly to the northwest, which contribute to exacerbate erosion problems. We studied the effect of environmental conditions on different simulations to elaborate a drainage system project using the free software tools. Therefore, the findings of this paper can aid gully management and recovery for this and other areas with similar issues.  Keywords: Erosion; drainage system; SCS method; Nazareno (MG)   Simulación hidrológica e hidráulica para el diseño de macrodrenaje para la gestión y recuperación de cárcavas  Resumen Escurrimiento superficial en terrenos susceptibles sin asociación con el drenaje adecuado causa erosión del suelo. Las cárcavas y el drenaje son importantes para proyectos de recuperación, ya que la erosión puede ser reactivada después de la aplicación de técnicas de recuperación. Describimos un proyecto de bajo costo para macrodrenaje en Nazareno (MG, Brasil), proporcionando suporte a la gestión y recuperación de cárcavas. Utilizamos una metodología con la aplicación de Sistemas de Información Geográfica (SIG) y modelos hidrológicos y hidráulicos concentrados (softwares libres). La cuenca ha presentado pendientes elevadas (8 a 20%); el flujo de agua es direccionado preferentemente al noroeste, contribuyendo al agravamiento de la erosión. Estudiamos el efecto de condiciones medioambientales en diferentes simulaciones para un proyecto de sistema de drenaje usando las herramientas de softwares. Así pues, los resultados de este artículo pueden auxiliar la gestión y recuperación de cárcavas para esta y otras áreas con problemas similares.  Palabras clave: Erosión; sistema de drenaje; método SCS; Nazareno (MG)   1.  Introduction  Erosive processes in agricultural areas resulting from runoff misdirection have been the focus of several studies [1-3]. The lack of an adequate drainage system, mainly on unpaved roads, is one of the main factors that cause water erosion in these areas [4]. According to [5], erosion                                                       How to cite: de Freitas Sampaio, L., Silvestre Rodrigues, V.G., de Almeida Bressiani, D. and Martins Ferreira, R.R., Hydrologic and hydraulic simulations for use in macrodrainage designs for gully management and recovery. DYNA, 84(202), pp. 129-136, September, 2017. associated with runoff on unpaved roads generates large environmental impacts, making the development of prevention and control strategies necessary. Even the embankments constructed within roads play an important role in sediment yield and runoff concentrations [6]. Gullies are a complex type of water erosion and originate when some critical point among the environmental 
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characteristics, such as precipitation, runoff concentration, relief, soil types and the actual land use, is exceeded [7]. It is still a challenge to determine which of the environmental factors are predominant in the enlargement or connections of gullies and how gully reclamation could become convenient and reasonably feasible [8]. The results of research [7] have indicated that directing water flow is crucial in minimizing the concentration of surface runoff and the formation and development of gullies. Directing water flow together with additional measures, such as constructing vegetated channels, planting vetiver grass [7], or reclamation techniques with mulch applications, for example, proved to be efficient in reducing the amount of water flow and transported sediments [9]. As shown by [10], there are many cases in Brazil in which erosive processes are reactivated specifically due to the lack of proper water flow conveyance. In this context, free software, such as the ABC 6 (Complex Basin Analysis) hydrologic simulation model [11] and the channel scaling system (Channel) [12], can assist in the planning and preliminary design of restoration projects for degraded areas that involve drainage systems. If applied properly, combining correct land management practices and other policy actions, information generated by models could reduce soil losses considerably in the future [13]. The objective of this study was to develop a proposal for macrodrainage as an initial concept for a low-cost project through the use of the two software tools discussed above, which were applied as part of a case study of the Cravo Stream gully (Nazareno-MG). This area was chosen because there is a lack of studies regarding its surface water drainage and because Nazareno is an example of how land uses influence soil erosion in a susceptible environment, similar to other cities in Brazil [14].  2.  Materials and methods  The Upper Rio Grande River Basin (Minas Gerais - Brazil) and more specifically the city of Nazareno are regions of high susceptibility to erosion, especially gully type erosion (Fig. 1) [14]. It is possible to identify approximately 96 gullies in the city and its surroundings [15].   Figure 1. Cravo Stream gully, near urban and rural areas of Nazareno/MG.  Source: The authors. 

The soils of the region are naturally susceptible to erosion (mainly Cambisols that originated from the weathering of granite-gneiss). Land uses, such as mining, overgrazing and construction of unpaved roads with poor drainage conditions, among others, are still considered factors in the acceleration of these erosive processes and are major contributors to their reactivation [14-16]. The region of Nazareno-MG is located in the transition between the Atlantic Forest and the Cerrado. Pastures occupy a large part of the municipal area and the use of the land for pastures changes the soil properties, including reductions in soil quality, in the absence of proper management. The predominant soil types in Nazareno are Red-Yellow Latosols, Red Latosols and Cambisols. The Cambisol are the most susceptible to erosion and are primarily associated with the intensive use of pasture areas [17]. According to [18], the regional climate is characterized by an average annual rainfall ranging from 1530 mm (series from 1961 to 1990) to 1460 mm (series 1991-2004). The winters are considered dry and the summers are rainy and humid (Cwa - Köppen classification). According to these authors, there was an average evapotranspiration of 956 mm with an annual water surplus of 587 mm and a deficiency of 30 mm during the period between 1991 and 2004. Among the erosion features existing in the city, we chose the Cravo Stream gully because of its location between the rural and urban areas of Nazareno-MG and because its origin, similar to other gullies, is directly linked to improper drainage management and the consequential alterations in the water-soil dynamics associated with nearby roads [14, 15]. Moreover, landslides occurred within the gully in 2012 following reclamation activities that had been conducted along the gully, indicating that this dynamic was still active and causing instability within the gully. Slope and flow direction maps were prepared at a scale of 1:50,000 in ArcGIS 10.1, using the SF-23-X-C-I-2 topographic map [19]. We used free hydrologic simulation software for the study of surface runoff conditions: Decision Support System for Flood Wave Analysis in Complex Basins, sixth version (ABC 6) from the Support Systems for Decisions in Water Resources Engineering and Environmental Engineering Laboratory (LabSid) at the Polytechnic School University of São Paulo (USP-SP) [11]. The Soil Conservation Service (SCS) method (United States Department of Agriculture) was used with the ABC 6 software for calculating excess rain from the hydrogram considering 30-minute discretization intervals and varying the return period for 5, 10, 15, 20 and 25 years considering a first-order basin. This method allows for assigning the variables identified in the field using the variables of the Intensity-Duration-Frequency (IDF) equation for Barbacena-MG, a city near Nazareno, and the Curve Number (CN) values. The average CN of the basin was calculated based on information about the study area (land use and soil type) and considering the average soil moisture conditions. The IDF equation values, as well as the average CN, were obtained using the original data embedded in the software. A land use map of the Cravo Stream gully contributing basin was prepared as part of the evaluation. Finally, we evaluated the characteristics of the free-flow conductors and the runoff activity among them using free Canal (Channel) software for dimensioning from the 
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Research Group on Water Resources at the Federal University of Viçosa [12]. The steeper slopes in the gully area were used in this study considering minimal intervention in the terrain conditions. We tested channel construction hypotheses (circular and trapezoidal, as examples of the construction of channels with minimal use of heavy machinery) to evaluate the surface runoff system and its velocity using alterations in the drainage characteristics, such as coverage (to evaluate the roughness coefficient with or without vegetation), slope and the dimensions of the drainage, to simulate different project possibilities.  3.  Results and discussion  The steepness classes identified for the Cravo Stream Basin are shown in Fig. 2. The slopes are predominantly from 8 to 20% in the area (56.5%), followed by a steepness class that includes slopes ranging from 3 to 8% (22.6%). Note that the area corresponding to the Cravo Stream gully has slopes between 20 and 45%. It has been verified that the flow of surface runoff (Fig. 3) is predominantly directed toward the northwest (NW), followed by the west (W). Observations of the Cravo Stream gully indicate that its location is maintained in these two directions, i.e.,  the gully is receiving the flow  concentrations from the highest  area and road located in the basin (northwest direction) as well as the side road (westbound). These runoff directions contribute to intense soil removal. As discussed by [15], improperly conducted soil uses, e.g., roads compacted without a proper drainage system near the head of gully’s drainage area, exacerbate the problem because they intensify the flow concentrations that are naturally converging toward the gully. Considering that the terrain has favorable conditions for the concentration of flow, a theoretical study of the water supply based on projected rains that have a specific probability of occurring in the area was performed using ABC 6 software. Fig. 4 presents the three major land uses (obtained from field campaigns in 2013 and using ArcGIS 10.1) in the Cravo Stream gully contributing basin that were used to estimate the CN values from the values directly tabulated in the software and data used in the software for the SCS method (Table 1).  Thus, we obtained the maximum flow and runoff information based on hydrologic simulation performed in ABC 6. The return periods that were considered are commonly used for small-scale drainage projects together with consideration of other values for general evaluation and security (Table 2).     
 Figure 2. Slope classes map: Cravo Stream Basin, Nazareno-MG.  Source: The authors.  
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 Figure 3. Flow direction map, Cravo Stream Basin, Nazareno-MG.  Source: The authors.  
 Figure 4. Map of average CN areas. Nazareno-MG. Source: The authors. 
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Table 1 Estimated parameters for hydrologic simulation using the SCS method in ABC 6. SCS Method Data – Concentration time Concentration time – empiric equations (h) - SCS Intensity-Duration-Frequency (IDF) Curves Contributing area of the basin (km2) 0.443 0.58 Barbacena (MG) – E. O Pfafstetter (Intense Rainfall in Brazil) Length of the talvegue – former drainage (m) 1171.1 Area (km2) CN Values Average CN Slope (m.km-1) 55.220 Dirt Road 0.003 90  Delay roughness (table) 0.06 Sparse Forests 0.255 86 84  (Soil C – Moisture condition II, Rural Basin) Difference in elevation (m) 64.999 Grain crop in contours 0.185 82  Manning roughness (table) 0.506     Precipitation intensity (mm.h-1) 12.88     Average CN 84     Source: The Authors.   Table 2  Maximum flow rates and precipitation surplus for each return period considered - ABC 6 (Cravo Stream gully contributing basin, Nazareno-MG). Return period (years) Maximum flow (m3.s-1) Maximum surplus (mm) 5 2.754 18.04 10 3.455 22.42 15 3.881 25.14 20 4.205 27.16 25 4.465 28.76 Source: The Authors.   These estimates indicate that a large water load is mobilized toward the Cravo Stream gully. When combined with the steep slopes, this water load attains sufficient velocity and strength to break up the soil particles, which are already under high erodibility conditions especially in areas where the Cambisol is exposed. This soil is easily transported because it does not have sufficient cohesion to resist erosion and is characterized by a high degree of weathering with a predominance of kaolinite [14,15]. It is emphasized that the values found with ABC 6 (SCS method) were originated from approximations and have associated uncertainties. The parameters may not represent exact values in situ and the hydrologic formulations have limitations. Nonetheless, it would be necessary to reduce water load contribution and water velocity so that the water could enter drainage channels on the sides of the gully with less force. A viable proposal would be to make use of the land area less susceptible to erosion and with lower infiltration rates to slowly absorb a considerable amount of water at the head of the Cravo Stream gully (Latosols) in the early stages of runoff. Thus, the construction of a subsurface drain or an infiltration trench at the head of the gully is proposed to reduce runoff and dampen its peak input in the gully region to minimize erosion (Fig. 5). Table 3 summarizes the primary cases evaluated in our study based on the circular-type and trapezoidal-type channel parameters considered for the project proposal. In simulations with design flows having lower or higher 
return times, it has been observed that a surface with a very high roughness coefficient would be necessary to maintain a non-turbulent flow in circular channels. The cases in our study with roughness coefficient closest to reaching these high values were Cases 1, 3 and 4 (Table 3); however, the flow rate of the water would greatly increase (close to 1 m.s-1) in each case, and maintaining a non-turbulent flow would only be possible by maintaining dense coverage in the channels. [20] showed that the Manning roughness coefficient can be increased with a dense cover, such as straw, which would also reduce the runoff velocity. All simulations with circular channels were performed with an average steepness of the study area. As such, the channel configuration alteration in conjunction with slope changes was studied in addition to verifying the relationship between the channel roughness and flow rate (Table 3). There is a relationship between the channel roughness, the slope and the runoff velocity. As the channel roughness increases (covering), there are more possibilities to build a channel in a more inclined location while maintaining the same flow velocity. For the Cravo Stream gully, for example, this alternative would avoid an excess of soil movement and landscape alteration, and this measure would be compatible with that needed for gully recovery. Fig. 5 shows the design of an initial drainage system project for the Cravo Stream gully, in Nazareno. The main focal points of the design are the collection and infiltration of water that is directed to the north, thus reducing the water supply that would be directed to a channel (circular or trapezoidal), which would be oriented in the area in a southeast-northwest direction. To avoid the higher expenses associated with slope adjustment for the construction of the channel, it should be lined (rocks, vegetation, or combination of both) to establish an appropriate roughness coefficient, decreasing the velocity and energy with which the water encounters the soil particles, thereby reducing the removal and transport of the Cambisol (more susceptible to erosion ground). This type of initial project design is necessary because it helps in reducing the costs and effort associated with earthwork. 
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 Figure 5. Drainage project design for the Cravo Stream gully – Nazareno-MG. Source: The Authors   Table 3 Studies with parameter variations in the Channel software. Channel design Circular study Fixed Parameters Parameter found  Results Water flow (m3.s-1) Manning roughness coefficient  Flow regime Speed (m.s-1) 1a 2.75 0.526  Subcritical 0.549 2b 2.75 0.883  Subcritical 0.375 3c 4.50 0.321  Subcritical 0.899 4d 4.50 0.540  Subcritical 0.614  Manning roughness coefficient Depth (m) Diameter (m)   5e 0.350 1.86 3.10 Subcritical 0.953 Trapezoidal study Fixed Parameters Parameter found   Results Water flow (m3.s-1) Slope (m.m-1)  Flow regime Speed (m.s-1) 1f 2.75 0.0006  Subcritical 0.917 2g 2.75 0.0008  Subcritical 0.917   Manning roughness coefficient    3h 2.75 0.251  Subcritical 0.917   Slope (m.m-1)    4i 4.50 0.0017  Subcritical 1.5 5j 4.50 0.5199  Subcritical 1.5 a: Depth = 2.0 m; Slope = 0.1000 m.m-1; Diameter = 3.00m b: Depth = 2.0 m; Slope = 0.1000 m.m-1; Diameter = 5.00m c: Depth = 2.0 m; Slope = 0.1000 m.m-1; Diameter = 3.00m d: Depth = 2.0 m; Slope = 0.1000 m.m-1; Diameter = 5.00m e: Flow = 4.5 m3.s-1; Slope = 0.10000m.m-1; Depth/Diameter = 0.6 f: Depth = 1.0 m; Manning roughness coefficient = 0.020; Gap = 0.30 m; Channel length = 800.0 m; Slope gradient = 1.00; Base width = 2.00 m g: Depth = 1.0 m; Manning roughness coefficient = 0.300; Gap = 0.30 m; Channel length = 800.0 m; Slope gradient = 1.00; Base width = 2.00 m h: Depth = 1.0 m; Slope = 0.1000 m.m-1; Gap = 0.30 m; Channel length = 800.0 m; Slope gradient = 1.00; Base width = 2.00 m i: Depth = 1.0 m; Manning roughness coefficient = 0.020; Gap = 0.30 m; Channel length = 800.0 m; Slope gradient = 1.00; Base width = 2.00 m j: Depth = 1.0 m; Manning roughness coefficient = 0.3502.75; Gap = 0.30 m; Channel length = 800.0 m; Slope gradient = 1.00; Base width = 2.00 m Source: The Authors. 
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