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R E S U M O

O objetivo deste estudo consistiu em utilizar o geoprocessamento para determinar a alocação de caixas de captação 
de água e sedimentos em estradas não pavimentadas. A metodologia foi baseada em: dados gerados a partir de um 
Modelo Digital de Elevação Hidrograficamente Condicionado, na classificação de uso e ocupação da terra, em dados 
de infiltração e escoamento obtidos pelo método Balseq, seguida numa análise multi-critério. A Combinação Linear 
Ponderada (WLC) e a Média Ponderada Ordenada (OWA) foram utilizadas na agregação de critérios pré-estabelecidos. 
Foram identificadas 289 áreas maiores do que 0,0003 ha, com adequação maior que 250 para a implantação das caixas de 
captação, numa análise de risco médio-alto com compensação parcial no cenário OWA1. No cenário WLC consideraram-
-se 53 áreas críticas, com adequabilidade de 255, risco médio e compensação máxima, que deverão ser necessariamente 
observadas para implantação de tais caixas. Com esta metodologia a gestão em estradas sem pavimentação pode ser 
realizada de maneira eficiente.

Palavras-chave: Erosão do solo, método Balseq, qualidade e produção de água.
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A B S T R A C T

The objective of this study consisted on the utilization of geoprocessing to determine suitable areas for the allocation of 
boxes to capture rainwater and sediments on unpaved roads. The methodology was based on: data generated from a 
digital Model of Elevation Hydrographic Conditioning, classification of use and occupation of land, infiltration and run-
off data obtained by the Balseq method, followed by a multi-criteria analysis. Weighted Linear Combination (WLC) and 
Ordered Weighted Average (OWA) were used in the aggregation of pre-established criteria. A total of 289 areas larger 
than 0.0003 ha with a suitability greater than 250 have been identified for deployment of catchment boxes, in a risk analy-
sis with a medium-high scenario OWA1 partial compensation. In the WLC scenario 53 critical areas were considered, 
with 255 of suitability, with a moderate risk and maximum compensation, which should necessarily be a condition in the 
implementation of catchment boxes. However, this methodology, can implement better management on unpaved road.
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Introduction

Unpaved roads make up about 90 % of Brazil’s 
highway system. These roads are crucial as much 
for the flow of production of the primary sector, as 
to the movement of the population (Silva et al., 2009; 
Oliveira et al., 2011).
Despite their importance, it is clear that the construc-
tion of roads in rural areas is commonly undertaken 
without proper planning. This ultimately results in 

the unpaved roads leading to the development of 
erosional processes that are often associated with 
changing the nature of the drainage system, as well 
as the direction of movement of the runoff rainwater 
(Demarchi et al., 2003).
The lack of consideration of soil sensitivity to the ef-
fects of erosion can lead to the deterioration of roads, 
and the reduction in the amount and quality of water 
resources. Against this backdrop, rural roads in poor 
condition are seen as largely responsible for the sil-
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tation in waterways, whilst the uncontrolled flow of 
runoff is seen as a major cause of erosion (Zoccal et 
al., 2007; Cunha et al., 2011b; Rezende et al., 2011).
There are several techniques for rainwater drainage 
systems available for use with rural roads. An ex-
ample is catchment boxes, which work by eliminat-
ing the destructive effects of rainwater (Casarin and 
Oliveira, 2009). The catchment boxes area capable to 
collaborate of an increase in surface retention time, 
runoff reduction, and a greater water infiltration 
into the soil, and thus create conditions for greater 
percolation and recharge of underground aquifers, 
avoiding the acceleration of erosion and siltation of 
watercourses (Cunha et al., 2011b).
The soil type, flow length, slope, height, cuts and 
landfills are among several factors that influence ero-
sion by water. A large amount of data has been ob-
tained for use in this study, and it is essential to use 
technologies that are able to manage such a diverse 
and high volume of information efficiently. Geo-
processing is a technology that, through computer 
programs, works quickly and clearly, with large spa-
tial databases. It is emphasised that the techniques of 
geoprocessing have been used in previous studies re-
lated to the maintenance, conservation, building, and 
optimising the use of roads (Avelino, 2004; Goldani 
and Cassol, 2008; Silva et al., 2009; Casarin and Ol-
iveira, 2009; Emmert et al., 2010).
However, this study aimed to identify criteria for 
the allocation of boxes to capture rainwater and 
sediments on unpaved roads through the use of 
geoprocessing techniques.

Material and Methods

The watershed of the Pureza stream is about 3.000 
ha and is located in the city of Itabira, in the state of 
Minas Gerais, southeastern Brazil (Figure 1). 
The city of Itabira is located between the parallels 19 
and 20° south and the meridians 43 and 44° west. It 
is approximately 1,254 km² in extent and is within 
the Doce River watershed, where the average an-
nual rainfall is around 1,200 mm. The population is 
109,783 inhabitants, according to the census taken 
in 2007. The biomes of the municipality are the Cer-
rado and Atlantic Forest. The climate is tropical with 
an average temperature of 20.3 °C, an average maxi-
mum of 25.4 °C and an average minimum of 15.0 
°C. The topography is characterised as very rugged 
with few flat areas (Cupolillo et al., 2008; Silva et al., 
2010; IBGE, 2012; PMI, 2012). 
The work was accomplished by means of: rainfall 
data, hydrographic data, topographical location of 
roads, and land use classification of the study area. 
The rainfall data was obtained from a 40 year series 
from the weather station in the city of João Monle-
vade, located about 15 km from Itabira. These data 
are sourced from the National Institute of Meteorolo-
gy - INMET. The hydrography and topography data, 
boundary of the study area, location of roads and 
soil classifications were provided in shape file format 
by Autonomous System of Water and Wastewater - 
SAAE of Itabira city. Other data used in the prepara-
tion of location maps were obtained by the Brazilian 
Institute of Geography and Statistics - IBGE.

Figure 1 – Location of the Pureza stream watershed in the city of Itabira, MG, Brazil.
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The software Idrisi 15.0 was used for the standardi-
sation and weighting factors as well as the multi-
criteria analysis.
The determination of use and occupation of land 
was accomplished by the software Spring 5.1.5. This 
was done by a scaled thematic mapping of the wa-
tershed following a pre-analysis classification using 
an IKONOS high-resolution satellite image from 
2004.
Through use of ArcGIS 9.3.1 software it was pos-
sible to obtain the Digital Model of Elevation Hy-
drographic Conditioning – DMEHC; the map of 
the combination of classes and land use. All of final 
maps were developed by using this software.
An analysis of the infiltration and soil water flow 
was undertaken using the previously prepared 
database. This was performed by using the Balseq 
Model, proposed by Lobo Ferreira (1981). This mod-
el is applied in studies related to water resources 
management and works with the rainwater system 
being divided into five components: the direct run-
off, surface infiltration, actual evapotranspiration, 
water retained in soil, and deep infiltration (Lobo-
Ferreira, 1981; Oliveira et al., 1994).
One of the methodologies used to select areas for al-
location of the catchment boxes was based on fuzzy 
logic. It rearranges the values of the factors in order 
to standardise them, so that they can be properly 
correlated (Dalmas et al., 2011). Criteria involving 
nominal scales were assigned values according to 
the normalised scale, which in this study ranged 
from 0 to 255. Another methodology used to allo-
cate the catchment boxes was the multi-criteria anal-
ysis. This was considered legal and environmental 
aspects, mainly related to the classification, the use 
and occupation of the land, and the distance from 
watercourses and roads. The multi-criteria analysis 
verifies the importance of certain factors/constraints 
on decision-making (Lima et al., 2008). The restric-
tions serve to limit certain regions and are expressed 
in the form of Boolean maps. Thus, the areas that 
should be excluded from this analysis receive the 
value 0 and the areas that should be considered re-
ceive the value 1. The factors used are those criteria 
that define the suitability of the region with respect 
to the variables most relevant to the study. Thus, 
proceeding to the transformation of the values of 
the initial data in degrees of relevance, gives rise to 
the so-called fuzzy functions (Paegelow et al., 2003; 
Calijuri et al., 2007).
Assigned values for each criterion serve to quantify 
the relative importance of each in the decision pro-
cess. The method applied in this study was the pair-
wise comparison process of decision-making called 

Analytic Hierarchy Process (AHP). This method 
calculates a set of weights and a consistency ratio, 
allowing repeated adjustments to the comparison. 
The coherence of the process is verified by the deter-
mination of the coefficient of the consistency ratio, 
which evaluates the weighting (Calijuri et al., 2002).
Two procedures were used in the clustering of the 
criteria: WLC which applies a weight to each factor, 
and OWA which like WLC also applies weights to 
the factors, but in this case the weights are ordered 
in a ranking (Calijuri et al., 2002).
A comparison of the results obtained from the WLC 
and OWA procedures was made, and because the 
risk and compensation attributed to each proce-
dure are different, they provide different scenarios 
regarding the best areas for the deployment of the 
catchment boxes.
Two restrictions have been considered in the analy-
sis: the limit of the watershed of the Pureza stream 
and a buffer of 30 m along the length of the water-
course. In the other words, this sets the minimum 
distance for intervention at the margins of water-
courses. Thus, the legal criteria established by the 
Federal Law of Brazil, no 4.771 of 1965, for the pres-
ervation of permanent protection areas are appro-
priately covered (Brasil, 1965).
The road distance factor was generated using the 
distance command that evaluates areas of agree-
ment with the distance of the selected object. The 
following factors were considered in this analysis: 
distance from roads, distance from the points of 
intersection between the roads and watercourses, 
the combination among the classes, land use and 
slope. The distance factor of the intersection of wa-
tercourses was based on the points where roads 
cross the streams, since these points are considered 
critical to the silting of rivers. After identifying these 
points, a buffer zone of 30 m was employed in order 
to meet the minimum distance for intervention on 
the margins of watercourses. Then, the command 
“distance” was used in order to evaluate the area in 
relation to these points.
The combination factor among classes and land use 
also considered the occupation of land, and also the 
potential for infiltration and runoff in each combina-
tion. A greater weight was assigned to those areas 
whose combinations contribute to a lower infiltration 
and higher runoff. Therefore, it took into account 
the results obtained from the Balseq model applica-
tion, restricting only urban use, since the building of 
catchment boxes is not required in these areas.
Table 1 presents the weights established for the devel-
opment of the factor for soil infiltration and runoff. 
The slope factor was reclassified taking into account 



165Martins et al., Analysis and geoprocessing for conservation of unpaved roads

that fact that the higher the slope, the greater will be 
the need of catchment boxes, since these areas are 
more susceptible to erosion.
It was assigned the value of: 0 for slopes of up to 3 
%, 15 for slopes between 3–15 % due to the potential 

risk of erosion, 200 for slopes between 15–40 %, and 
255 for slopes greater than 40 %, due to these being 
the most critical areas requiring effective implemen-
tation of catchment boxes.
Table 2 summarises the factors and the functions 
used to normalise the data, as well as their control 
points. 
Finally, the weighting of each criterion was estimat-
ed using the AHP model where assessments were 
made among the factors of importance, coming to 
a consistency of 0.01. The factors used and their 
weights were weighted: roads distance (0,3961), 
intersection points distance (0,3961), combination 
among classes and soil use (0,1170), slope (0,0908).
Five scenarios were developed considering different 
combinations of weights and procedures (WLC and 
OWA) for purposes of comparison. The characteris-
tics of each scenario are shown in Table 3.

Results and Discussion

Figure 2 shows the DMEHC (Digital Model of El-
evation Hydrographic Conditioning), where the 
values were extracted from the slope of the study 

Class Use Values 

Cambisol 

Agricultural 200 
Forest 100 
Pasture 255 
Exposed soil 255 
Urban area 0 

Ferrasol

Agricultural 200 
Forest 100 
Pasture 230 
Exposed soil 230 
Urban area 0 

Acrisol 

Agricultural 200 
Forest 100 
Pasture 230 
Exposed soil 230 
Urban area 0 

Table 1 – Weights established for the preparation of infi ltra-Weights established for the preparation of infiltra-
tion and runoff factor.

Identification Fuzzy Function  Control points 
a b c d 

Roads distance Monotonically decreasing 
sigmoidal 

0 0 0 3123,8 

Intersection points 
distance 

Monotonically decreasing 
sigmoidal 

0 0 0 2936,5 

Combination among 
classes and soil use 

Scale [0 – 255] - 1 

Slope Scale [0 – 255] - 1 

Type of analysis Risk Compensation Characteristics 

WLC 0,5 1,0 Average Risk 
Maximum Compensation 

OWA 1 0,36 0,80 Medium Risk High 
Partial Compensation 

OWA 2 0,46 0,93 Medium Risk High 
High Compensation 

OWA 3 0,53 0,92 Medium Risk Low 
High Compensation 

OWA 4 0,67 0,74 Low Risk 
Partial Compensation 

Table 2 – Factors, adopted functions and control points.

1 Results from interpolation process not using control points.

Table 3 – Summary of the characteristics of the scenarios analysed.
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area, and Figure 3 shows the combination of classes 
of soil and its use. From the combination of these, 
by use of the Balseq Model, both the infiltration and 
runoff for the watershed of the Pureza stream was 
determined and these values are shown in Table 4. 
Table 4 shows that in the study area: the Ferrasol has 
a greater infiltration and reduced runoff, the Cam-
bisol is deficient in soil infiltration and has a high 
susceptibility to runoff, and the Acrisol has an inter-
mediate behaviour of both.

It is known that the infiltration capacity does not 
depend solely on the class to which a particular soil 
belongs. Several factors may influence this aspect 
such as: relief, soil texture, geology, land cover, and 
others (Brito et al., 2006; Soares et al., 2008; Cunha  et 
al., 2011a).
The area studied by Soares et al. (2008) was classi-
fied as Cambisol, which would be expected to have 
shown a low infiltration capacity, but the opposite 
was detected. The coverage type for this class of 

Figure 2 – Digital Model of Elevation Hydrographic Conditioning of Pureza stream watershed.

Figure 3 – Combination map of class and use of soil from Pureza stream watershed.
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soil was identified as being responsible for the high 
value of infiltration: in this case, the forest was pre-
dominantly Cambisol.
The same happened in the work of Ottoni Filho 
(2003), studying Oxisols. Low infiltration rates were 
detected, which is unexpected for Oxisols. A pos-
sible explanation pointed out in this study, is also 
related to the area use. The inadequate manage-
ment, especially as regards irrigation, was probably 
responsible for this result.
Thus, the Cambisol was prioritised in relation to the 
Ferrasol and Acrisol, for the strategic analysis of the 
catchment box allocation, as it is more susceptible to 
erosion, and therefore to contributing particles and 
sediments to the watercourses.
Therefore, the importance of land use has been pri-
oritised for those areas where infiltration is lower, 
such as pasture and areas of exposed soil, followed 
by agricultural use and lastly, with less weight, the 
areas occupied by forest.
Figure 4 shows the results obtained by analysing the 
multi-criteria type WLC, for medium risk and the 
maximum compensation.
Due to the preventive nature of analysis for catch-
ment box allocation, it is possible that the choice of 
the best-case scenario assumes a higher risk. There-
fore, following the OWA1 analysis, it was decided 
to select relevant areas with a suitability analysis 
of at least 250. However, the most critical areas 
correspond to the WLC analysis with a suitability 
analysis of 255, which must necessarily be allocated 
catchment boxes.
Figure 5 shows the different suitability maps ob-
tained through analysis OWA.

Class Use Area Deep infiltration 
(mm) 

Runoff  
(mm) 

Cambisol 

Agricultural 191.697,20 2.274,99 14.006,32 
Forest 775.522,07 933,19 5.954,52 
Pasture 4.861.941,00 615,81 5.954,52 
Exposed soil 864.665,07 6.780,01 19.924,99 
Urban area 722.290,39 413,00 41.115,78 

Ferrasol 

Agricultural 435.583,19 16.687,73 4.989,65 
Forest 6.446.452,14 3.913,21 593,95 
Pasture 5.106.992,50 17.483,79 1.229,69 
Exposed soil 71.016,31 24.482,50 8.405,52 
Urban area 5.423,35 413,00 41.115,78 

Acrisol 

Agricultural 120.124,80 7.239,07 9.962,54 
Forest 6.650.261,52 1.826,02 3.143,61 
Pasture 8.554.180,11 9.805,01 4.560,73 
Exposed soil 361.637,98 13.654,41 15.271,07 
Urban area 88.454,48 413,00 41.115,78 

In order to investigate the possibilities of the areas 
for deployment of catchment boxes, an analysis was 
performed using the Run Macro command/site se-
lect, using suitability values equal to 255, 250 and 
240 for each of the generated models, with the in-
tention of finding areas larger than 0.0003 ha. The 
result is presented in Table 6.
Figure 6 show the critical and suitable areas within 
the Pureza stream watershed.
In accordance with adopted procedure, 289 areas 
have been identified as suitable for deployment for 
catchment boxes. These areas are identified from 
the WLC and OWA scenarios, which present a risk 
equivalent to 0.36, and compensation equivalent to 
0.80, in other words, an average risk-top with partial 
compensation.
In relation to the WLC scenario, 53 critical areas 
were identified for an average risk and maximum 
compensation, which should necessarily be ob-
served for deployment of catchment boxes.
It is important to determine the spatial allocation of 
the catchment boxes in the field, as well as identify-
ing the number of them to be installed. This fact is 
emphasised by the range of areas which were high-
lighted as suitable for this aim, and this can be con-
sidered as a positive point in this methodology.

Conclusions

The proposed methodology was efficient in the al-
location of catchment boxes on the roads. Through 
its implementation, the government may have a bet-
ter management of unpaved roads, where not only 

Table 4 – Data relating infiltration and runoff at Pureza stream watershed.
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Figure 4 – Suitability map obtained from WLC analyses.

Figure 5 – Suitability map obtained from OWA analyses.

Figure 6 – Suitable and critical areas for catchment box allocation.
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Analysis Type Suitability Values Areas Number 
WLC 

255 

53 
OWA 1 58 
OWA 2 53 
OWA 3 53 
OWA 4 53 
WLC 

250 

268 
OWA 1 289 
OWA 2 272 
OWA 3 254 
OWA 4 101 
WLC 

240 

362 
OWA 1 335 
OWA 2 353 
OWA 3 331 
OWA 4 328 

Table 6 – Number of fields found in different scenario types and fitness values corresponding to 255, 250 and 240.

will their conservation will be provided, but also the 
quality and production of water in watersheds will 
be improved.
The scenarios WLC pointed 53 areas in the Pureza 
stream watershed that, on a greater urgency, must 
necessarily be considered for installation of the 
catchment boxes. 
The field verification and the correct determination 
of the required number of catchment boxes for road 
conservation and water resource improvement are 
essential to the success of this methodology. 
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