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Abstract. Significant portions of Brazilian city populations are subjected to an imbalance of environmental systems and
geological and geotechnical risks. Such factors can only be properly addressed through planning and actions that take into
account both the potential and limitations of the physical environment to urban land use. In this sense, geotechnical
mapping plays a vital role in confronting problems that are inherent to any land affected by human activity, since, at its
core, involves the study of mapping methods and processes which focus on the urban environment. Geotechnical mapping
allows for the production of information for management planning and sustainable growth of the city. This work describes
the structure and application of a geotechnical mapping methodology that incorporates both the study of urban growth and
progressive mapping techniques. Based on the use of pre-existing information, this methodology was applied to the city of
Pelotas in Southern Brazil, generating information regarding the physical environment of the city. Such information was
fundamental for the planning and the control of occupation and land use, as well as for the development of susceptibility
mapping for geodynamic processes (floods and erosion), which served as the basis for the development of urbanization
suitability map of the urban voids of the city.
Keywords: geotechnical mapping, map of susceptibility, territorial planning, urban growth.

1. Introduction
The physical and environmental systems of Brazilian

cities were strongly impacted by the population growth that
occurred after the first decades of the last century. Pollu-
tion, deforestation, biodiversity reduction, waste produc-
tion and disposal, occupation of inadequate areas (such as
hill slopes, environmental preservation areas and flood
plains of watercourses) are some examples of the problems
associated with city growth. From the second decade of the
last century to the first decade of the twenty-first century,
Brazilian urbanization increased from 10.7% (Santos,
1998) to 84.35% (IBGE, 2011): a transformation of pro-
found qualitative consequences in terms of structuring the
urban environment.

There is a consensus on the necessity of intervention
in the process of growth and development of Brazilian cit-
ies, in order to ensure a more balanced socio-environmental
space (Rolnik, 1994), as well as about the central role of ur-
ban planning in this process (Ferreira & Ferreira, 2011;
Namur & Boeira, 2005; Oliveira, 2011). Notwithstanding,
for planning to play its role in the sustainable organization
and development of the city, it is imperative that the actors
involved in this process have extensive knowledge of the
physical and environmental characteristics of the planned
environment.

An adequate knowledge of the local physical environ-
ment is indispensable for the development of urban plans.
According to Ferreira dos Santos (2004), “planning is a

process that involves the collection, organization and sys-
temic analysis of information to make decisions about the
best alternatives for resources of the planned environment”.
Thus, identification of an area’s suitability and weaknesses,
as well as prediction of human impact, are fundamental for
the proper planning and the urban legislation that follows,
in order to prescribe relevant rules of use and occupation
for the area. In this context, Geotechnical Charts are funda-
mental tools for analysis and integrated systematization of
environmental processes, allowing for the understanding
and handling of problems that can occur when implement-
ing activities that significantly modify the environment.

Among the different types and styles of maps and
geotechnical charts, process susceptibility maps and urban-
ization suitability maps are among the products of geotech-
nical cartography that have direct applications in land use
planning and urban planning. Geotechnical susceptibility
maps represent cartographically the pre-disposition of ter-
rains, according to their characteristics, in order to develop
a certain phenomenon and/or process of the physical envi-
ronment in different forms and degrees (Fell et al., 2008;
Julião et al., 2009; Sobreira & Souza, 2012; Diniz, 2012;
Diniz & Freitas, 2013; Bressani & Costa, 2013). Sobreira &
Souza (2012) define the suitability for urbanization as the
capacity of the lands to support the different uses and prac-
tices of engineering and urbanism, with the least impact and
highest level of safety possible. The urbanization suitability
map is essential to an integrated approach to the physi-
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cal-environmental, legal and socio-economic-organizatio-
nal axes of the areas available and/or intended for urban
sprawl, on which analyses must be carried out in order to
indicate their potentialities and restrictions (Sobreira &
Souza, 2012).

With the development of geotechnical mapping in the
world after World War II (Caballero, 1973) and in Brazil
after the 1980’s, several international methodologies were
developed and published, such as the International Associ-
ation for Engineering Geology and the Environment
(IAEG), the Pattern Unit Component Evaluation System
(PUCE), the French Methodology and the ZERMOS meth-
odology (Zones Exposed to Risks of Movements of the
Soils). Nationally, the methodologies of the Technological
Research Institute of the State of São Paulo SA – IPT, of the
School of Engineering of São Carlos - EESC/USP, the Pro-
gressive Detailing (UNESP/Rio Claro) and the Diniz &
Freitas methodology (2013) were also developed. These
and other classical methodologies of geotechnical mapping
that largely focus on the execution of engineering works,
prevention or resolution of geological-geotechnical prob-
lems, do not explicitly differentiate the constructed urban
environment from the one built in the mapping processes.
That is to say, they treat both in the same way, whether in
obtaining attributes or in the procedures for the develop-
ment of geotechnical cartographic products. Moreover, the
methodologies do not incorporate the analysis of the urban
morphology or the dynamics of its transformation into the
mapping process. In this sense, there is room and perti-
nence for a better delimitation of the object of study, in this
case the city, as well as a need for new investigations for
better adaptations of existing environmental mapping tech-
niques. Therefore, the present work reports the experience
of applying a methodological proposal focusing on the en-
vironment of the city. The proposal is based on: a) the ap-
propriation of concepts of mapping methods used in Brazil,
especially the progressive mapping; b) the preponderant
use of pre-existing data and; c) the technique of reducing
the areas for analysis through morphological studies and

urban growth patterns. The main objective is to contribute
to the development of tools to aid in the planning of sustain-
able growth of the city.

The study was developed in the city of Pelotas, State
of Rio Grande do Sul, Brazil. Pelotas has a territorial area of
1,609 km2 and is located in the coordinate quadrilateral
31°19’; 31°48’ South latitude and 52°36’; 52°00’ West lon-
gitude (Fig. 1). Its estimated population is 341,648 inhabit-
ants (IBGE, 2018), with an urbanization index of 93.27%.

The municipality is divided into two large geomor-
phological regions: the plains and lowland areas, which
make up an overlapping landscape (Coastal Plain), and the
undulating area, which constitutes a tectonic relief (Pla-
teau). The Northwest half of the municipality includes
shield border formations and colluvial deposits, or crystal-
line plateau dissected with fractures, with or without un-
evenness. The Southeast portion, where the urban zone is
inserted, corresponds to the flat and low area of the munici-
pality, which is a fluvial-lacustrine plain with stretches of
floodplains, especially the regions of the São Gonçalo
Channel and the Patos Lagoon (Rosa, 1985) (Fig. 2 and Ta-
ble 1).

2. Materials and Methods

A literary review of geotechnical cartography and ac-
cumulated Brazilian scientific knowledge allows us to ver-
ify a solid base for the investigation and proposition of new
forms of mapping. In order to shape the present methodol-
ogy, concepts of the methods elaborated by Cerri et al.
(1996), Dias (1995), Diniz & Freitas (2013), Sobreira &
Souza (2012) and Souza & Sobreira (2014) were used in
combination with techniques of analysis, studies of mor-
phology and urban growth.

The basis of this methodology is progressive detail-
ing, through which the geotechnical mapping is developed
in three consecutive stages, at increasing levels of detail
and scale (Cerri et al., 1996). The progressive method fo-
cuses on the idea that more generic studies should point out
the needs to the more specific ones, so as to obtain more de-
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Figure 1 - Pelotas municipality location.



tailed and precise evaluations where necessary, while not
losing the regional contours of the study and not wasting ef-
forts. Sobreira & Souza (2012) argue that progressive de-
tailing in planning and urban planning practices can be
represented at their levels through only susceptibility (gen-
eral stage) and suitability for urbanization (intermediate
stage), thus in this work the mapping was developed for the
first two stages of the progressive method: general and in-
termediate.

Mapping followed a sequence of four main stages: 1-
inventory; 2 - data preparation; 3 - general stage of the pro-
gressive method; 4 - semi-detail (intermediate) stage of the
progressive method (Fig. 3). The use of the proposed me-
thod presupposes the existence of a minimum base of infor-
mation of the physical environment, being necessary, at
least: basic cartography; pedology; geology; geomorphol-
ogy; altimetry; aerial imagery and geotechnical surveys.
The lack of one or more of these basic pieces of information
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Table 1 - Forms of reliefs with their main characteristics.

Morfological units Forms of relief Geological period Average
slope (%)

Local
amplit. (m)

Residual Plateau Dc-mes Hills with gentle slopes Pre-Cambrian 11.25 95-185

Lowered marginal plateau Dc-col Hillock Pre-Cambrian 8.70 50-120

Alluvial/colluvial plain Arc Deposits of colluvium Neogene 5.60 25-85

Apf Fluvial deposits Pleistocene/
Holocene

2.74 1.5-25

Atf-a Deposits of high alluvial terrace Pliocene 2.56 7-35

Atf-b Deposits of low alluvial terrace Pleistocene/
Holocene

2.78 7-15

Lagoon plain Ade Eolian deposits Holocene 3.50 4-20

Apfl Deposits of fluviolake plain Holocene 1.83 0-5

Aplg-b Deposits of low lagoonal plain Holocene 1.86 0.5-10

Aplg-m Deposits of medium lagoonal plain Holocene 1.90 4-12

Aplg-a Deposits of high lagoonal plain Pleistocene 2.10 10-15

Aplg-cp Deposits of crest and lagoon beaches Holocene 2.29 0.50-5

Aplg-pt Dep. of marshes and peats swamps of
plain

Holocene 1.62 0-1

Figure 2 - Map of relief forms of the urban area of Pelotas and its surroundings.



determined whether specific techniques would be incorpo-
rated during the mapping process. Compatibility between
scales of mapping and the scales of the basic themes was
also essential, or where lacking, the possibility of their ad-
aptation was considered.

2.1. Inventory stage

The inventory stage, with adaptations and additions,
follows the proposal of Diniz & Freitas (2013), and is sub-
divided into the following steps: 1.1 - initial characteriza-
tion of the study area; 1.2 - complementary data inventory;
1.3 - preliminary identification of problems, conflicts and
impacts associated with the physical environment; 1.4 -
preliminary definition of relevant attributes; 1.5 - definition
of work scales.

The initial characterization of the study area (step 1.1)
aims at a general and comprehensive understanding of the
physical environment aspects fundamental to development,
dealing with topics relevant to the geotechnical mapping
and indispensable to the understanding of local processes.
The “complementary data inventory” step (step 1.2) con-
cerns the collection of environmental data and is dedicated
to prospecting and systematizing available information, as
well as analyses and classifications regarding the content,
scale and potential for exploitation. Step 1.3 aims at prelim-
inary identification of geological-geotechnical problems,
conflicts and negative impacts of human action on the local
physical environment, obtained through an initial charac-
terization survey. The next step (step 1.4), is dedicated to
the identification of attributes relevant to the geological-
geotechnical mapping of the study area. The final step (step
1.5) is to define the compatibility scales of the basic maps
and the final scales of the cartographic mapping products

(maps and charts), which are based on inventoried data, rel-
evant attributes and available literature.

2.2. Preparation stage

The second general stage of the methodology corre-
sponds to the preparation of data for mapping. In this stage,
prospected data is processed and cross-checked, aiming at
spatial and scalar compatibility and generation of deriva-
tive data. For the potential development of mapping opera-
tions, it is of paramount importance that the data produced
be stored in the form of “Information Plans” and tables in a
geographic database and processed using Geographic In-
formation System (GIS) software. Geomorphological in-
formation constitutes the main basis for data integration,
due both to its close relationship with the analysis themes
and its relative importance in the geological-geotechnical
mapping works, especially in countries with a tropical cli-
mate (Diniz, 2012).

2.3. General stage of the progressive method

In this stage of the method, the progressive detail is
represented by susceptibility, that is, by the predisposition
of the lands to the occurrence of geodynamic processes,
which is represented by classes of occurrence possibilities.
Although susceptibility is predominantly analyzed through
the predisposing natural conditions, in the case of the urban
environment, the anthropic action must be considered in
some specific situations, such as in the cases of the relevant
technogenic features that have decisively altered the natural
processes and land use.

The elaboration of susceptibility map(s) is based on
an integrated approach of the different environmental as-
pects that condition the development of the geodynamic
processes previously detected in the first stage of mapping.
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Figure 3 - Stages of development and sequence of the main mapping procedures.



In data integration, each of the themes has a differentiated
importance in relation to the analyzed process, being there-
fore open to the weighting of values or indices for the dif-
ferent units. Thus, in order to evaluate the attributes and
themes, a multicriteria analysis (also known as decision
tree or hierarchical analysis of weights), was used for map-
ping susceptibility (Sobreira & Souza, 2012). The multi-
criteria analysis is based on the mapping of variables
(attributes) by information plane and on the definition of
the pertinence degree of the plans and their legend compo-
nents, in the construction of the final result. Among the dif-
ferent methods used to integrate factors based on the
multicriteria approach, we opted for the Weighted Linear
Combination, in which the factors are standardized for a
common numerical scale, weighted and combined by
means of a weighted average (Voogd, 1983). According to
Torezan (2005), the method, besides allowing for the reten-
tion of the variability of the continuous data, offers the pos-
sibility for the environmental parameters to compensate
with each other.

The distribution of weights is required in two hierar-
chical levels: in the first one for classes (attributes) that
compose the legend of the information plans (themes); and
in the second for the plans to be integrated by means of map
algebra. At the level of plan classes, the weighting was car-
ried out by data-driven evaluation, which refers to the
knowledge of similar situations (Moura, 2005) achieved
through previous analysis of existing works and field sur-
vey. In order to reduce the subjectivity associated with the
distribution of weights, at this level, we selected portions of
the territory where the result of the analyzed phenomenon
is known (in its greater and lesser occurrence) and, thus, the
study of the relations between the variables and the defini-
tion of their weights were validated, in comparison to the
behavior of these samples. In the second level, the Analytic
Hierarchy Process (AHP) (Saaty, 1977) method was used,
which is one of the most used systems to aid multicriteria

decision making (Fernandes, 2016). The AHP method is
based on the pairwise comparison of the analyzed attrib-
utes, allowing an evaluation their relative importance. AHP
basically consists of prioritizing the relative importance of
“n” decision-making elements against a pre-established
goal. By means of comparative evaluations of the elements
the method facilitates the analysis by the evaluator that,
through the application of a consistency index, can verify if
the values assigned to each pair of criteria are coherent
(Rafaeli & Müller, 2007).

Figure 4 schematically represents the data and the se-
quence of procedures employed to create the susceptibility
map. According to the schematic sequence, after the multi-
criteria analysis and integration of the plans, a preliminary
map is produced to be validated through event history, pro-
cess evidences and field work. The non-validation of the
map determines whether the process will be repeated with
new attribution of the weights, until the results can be con-
firmed. Following the recommendation of Cerri et al.
(1996), the mapping territory of the general stage was de-
fined as: urbanized areas, areas with medium-term urban-
ization prospects and adjacent areas. This is done with the
intention of characterizing the environmental areas of influ-
ence, in relation to urban occupation both current and fu-
ture.

2.4. Intermediate stage of the progressive method

The mapping of the intermediate stage of the progres-
sive method (or semi-detail stage) is represented by the
suitability of lands to urbanization, and utilizes the urban
zones and legally established urban expansion zones as ini-
tial area of analysis. Susceptibility maps formed the initial
database for urbanization suitability mapping. The use of
these maps, however, requires the adjustment of their spa-
tial resolution to the larger scale of suitability mapping.
Furthermore, urbanization suitability mapping involves
other aspects related to territory that surpass those used in
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Figure 4 - Schematic sequence of procedures for the development of susceptibility maps for geodynamic processes.



the mapping of susceptibilities and it is therefore necessary
to include more information plans involving other aspects
of the environment (natural or anthropogenic), such as the
geotechnical unit plan. For the mapping of geotechnical
units, the methodology proposed by Dias (1995) was used,
which is based on the cross-referencing of geological,
pedological and relief information in the estimation of ho-
mogeneous units from a geotechnical point of view or, in
other words, by soil profiles with similar behavior regard-
ing use and occupation.

The development of the map initially follows the
same procedures used to develop the susceptibility map,
which are: integration of information plan by weighted lin-
ear combination, and multicriteria analysis supported by
data-driven evaluation and AHP. Thus, after weighting, the
plans were integrated by algebra in the production of the
preliminary urbanization suitability map.

The preliminary suitability for urbanization map de-
limits territorial units of: (i) very high and high suitability,
which correspond to the areas without restrictions to urban-
ization or already consolidated from the geological-geo-
technical point of view, where the municipality can release
the installment and the permanent occupation of the soil;
(ii) moderate suitability, corresponding to areas that have
one or more geotechnical constraints, but which can be par-
celed out and occupied according to certain technical crite-
ria and guidelines; (iii) low suitability, which correspond to
the areas with the most severe geotechnical restrictions,
which can only be occupied and/or consolidated from the
geotechnical point of view, through the undertaking of
structural measures by the municipality and the entrepre-
neurs; (iv) very low suitability, corresponding to areas with
severe occupancy restrictions and/or inapt to being consoli-
dated from a geological-geotechnical point of view and for
which other types of use are recommended, due to the high
cost of urbanization and associated risk (Souza & Sobreira,
2014).

In the traditional process of urbanization suitability
map production, the interpretation of results and definition

of guidelines and advice for the use and occupation of the
soil is, in general, carried out for the total mapped area, in-
cluding areas of consolidated occupation. In order to reduce
mapping efforts, the current method included a stage for the
delimitation of the analysis areas and subsequent conver-
sion of the preliminary map into a suitability one. This was
done with the assumption that it is possible to reduce areas
with a previous analysis of urban voids and local growth
dynamics. Figure 5 shows the sequence of procedures used
in the development of the urbanization suitability map of
the city of Pelotas.

2.4.1. Urban growth analysis

The urban growth analysis stage has the objective of
delimiting the areas available to the city’s growth (urban
voids), as well as its future urban occupation potential.
Therefore, the following general sequence of procedures
was established: (i) prior delimitation of areas available for
growth (urban voids); (ii) simulation of growth through a
model based on Cellular Automata (Polidori, 2004); (iii)
definition of the potential of future occupation of urban
voids.

The study and simulation of urban growth for the city
of Pelotas was carried out through the model based on Cel-
lular Automata developed by Polidori (2004). The model
utilizes the principles contained in Krafta’s (1994) Central-
ity and Potential model and applies them to a computational
environment, which integrates elements of the graph theory
with Cellular Automata (CA), allowing for immediate
neighborhood relations (achieved by CA) and remote
neighborhood relationships (achieved by graph), to be
treated together (Saraiva, 2013). In summary, the model is a
CA environment, which integrates urban, natural and insti-
tutional factors. These factors can be defined by the user,
both as attraction and as resistance to urbanization. It is also
up to the user to define the relative weight of each feature,
so as to best represent its degree of importance in the spatial
growth process of the city. Between each cell pair that pres-
ents a charge, a voltage is developed, which is calculated by
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the product of the total charge of each cell by the total
charge of each of the others that can be reached (with
user-defined range limit). The tensions generated between
a pair of cells are distributed by the system in three ways: (i)
axial; (ii) polar; (iii) diffuse, each type intending to capture
an aspect of urban locational dynamics. The partial result of
the tensions calculation is accumulated in each cell, gener-
ating the measure of cellular centrality. Based on the differ-
ence of the centrality value of each cell with the maximum
centrality of its neighborhood, we obtained the cell growth
potential of each cell. At each stage of time (interaction),
the growth potential of a cell is recalculated, which can re-
sult in the reduction of its resistance and the increase of its
urban load. In this way, a cell initially defined as “non-
urban” may have its state changed to urban, thus represent-
ing changes in the morphology of the city (urban growth).

3. Results of the Application of the
Methodology

The application of the methodology and the mapping
of susceptibility to geodynamic processes and the suitabil-
ity of lands to urbanization followed the stages and proce-
dures previously described. Its main results are described
and discussed below.

3.1. Inventory stage results

The initial characterization of the study area produced
a general and comprehensive understanding of its physical
and environmental aspects, which served as guideline for
the development of the work as a whole. We addressed
aspects related to: biodiversity, climate, hydrography, geo-
morphology and relief, geology and soils. We also identi-
fied the geological and geotechnical problems that
occurred: flooding, erosion and soft soils. In the sub-stage

of complementary inventory of available data, we were
able to search an extensive list of geographic information.
Findings were evaluated regarding their content, scale and
applicability to work, among other attributes, and then cata-
loged. In the sub-stage of identification of conflicts and im-
pacts on the physical environment, we identified flooding
of urbanized areas due to flood phenomena; occupation of
areas of natural plains; erosion and silting; differential set-
tlements and low capacity to support foundations.

The attributes of the physical environment were de-
fined according to the products (susceptibility and urban-
ization suitability maps) and the geodynamic processes
occurring in the area. Using the available data and the pos-
sibility of producing new information as both a base and a
limit, and following the indications of Sobreira & Souza
(2012), Bitar (2014) and Zuquette & Gandolfi (2004), the
following classes of attributes in Table 2 were defined as
fundamental.

Defining the scale of work is one of the most impor-
tant stages in the geotechnical mapping process, and in our
study was based on relevant attributes in the analysis of the
inventoried data and following the indications of Cerri
(1990) Cerri et al. (1996), Sobreira & Souza (2012), Diniz
& Freitas (2013) and Zuquette & Gandolfi (2004). When
defining the scale, the objective was to reconcile the pur-
pose of the mappings with the territorial extensions mapped
in each one of the stages, using the scales of the basic data
(and/or the possibility of their extension) as limitations. In
the case of the study area, pedology and geology maps were
below the values indicated in the literature for susceptibil-
ity and suitability mapping. With this in mind, it was crucial
to adjust the scale of these documents, something that, in
this study, was facilitated by the close relationship between
the soils, their substrates and the forms of relief existing on
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Table 2 - Attributes relevant to the mapping of susceptibility and suitability to urbanization.

Class Sub-class Attribute

Geomorphology Terrain units (patterns)

Morphometry Reliance amplitude; slope; concentration of flows; hierarchical or-
der; curvature and orientation of the aspects

Hydrology Superficial waters Areas of water accumulation; soil potential infiltration; surface run-
off; drainage net; water bodies; waterway density

Underground waters Depth of water table

Unconsolidated materials Soil units Texture; soil profile alteration

Structural and sedimentary geology Geological units Depositional system; lithology

Geotechnical Geotechnical units Resistance; consistency / compaction

Evidence of processes Erosions; silting ; affected areas by floods

Vegetal cover Vegetation index

Land use Types of use; occupation intensity

Anthropogenic processes Mining; drain channels; works that interfere in the flow of superficial
and underground water



the site. Thus, the production of a geomorphology map at a
suitable scale was the starting point for the improvement of
the scale of the other two maps. The development of the
geomorphological map, however, depends on the availabil-
ity of compatible topographic data. Therefore, it is impor-
tant to verify the limits of cartographic accuracy that can be
reached through this data, represented in the case in ques-
tion by the digital terrain and elevation models (DTM and
DEM).

Thus, the first stage in defining the work scale was the
evaluation of the models available for the general stage
area: SRTM TOPODATA and ASTER GDEM (both with
spatial resolution of 30 m); and the derived model of air-
borne laser profiling, made available by the municipal ad-
ministration of Pelotas (with spatial resolution of 0.50 m),
for the semi-detail stage. The planimetric and altimetric
precision of the model were evaluated according to Carto-
graphic Requirement Standard (CRS) for charts in Brazil,
through 34 control points. Having defined the compatibility
scales of the models for producing class A digital maps, the
mapping scales were established following the indications
of Cerri (1990), Cerri et al. (1996), Diniz & Freitas (2013)
and Zuquette & Gandolfi (2004): 1:50,000 for regional sus-
ceptibility (general stage) and 1:25,000 for estimation of
geotecnical units, urban susceptibility and suitability for ur-
banization (intermediate stage). More complete details on
the evaluation of the models can be obtained in Xavier
(2017). It should be noted that although the DTM of the in-
termediate stage (Urban DTM) has shown to be compatible
with the 1:5,000 scale, the mapping of the intermediate
stage in a scale larger than 1:25,000 (as recommended by
Sobreira & Souza (2014)), stumbled in its limit of increase
on the pedology scale, without the need for extensive inves-
tigation and field surveys (in situ).

3.2. Results of the data preparation stage

In this stage, the data were processed and cross-
referenced in a GIS environment, aimed at their spatial and
scalar compatibility, as well as tailored for producing data
required for subsequent stages. The initial task was to pro-
duce the geomorphological map in which the relief com-
partments were organized and classified following the
methodologies proposed by Ross (1992). In turn, the geo-
morphological map served as a basis for the production of
maps of soils and geology, which, in the next stage, support
the mapping of geotechnical units. The preparation stage
also served to extract morphometric parameters of the
drainage basins and to tabulate and systematize the data
contained in the SPT-type survey bulletins. The maps of
Hypsometry, Iso-declivities, Relief Curvatures, Soil Use
and NVDI (Normalized Difference Vegetation Index) were
also developed.

3.3. Results of the general stage of the progressive
method

The susceptibility maps were predominantly devel-
oped using predisposing natural factors of greater relevance
to the phenomenon under study (flooding and erosion).
However, two anthropic features were also considered: the
diversion and damming of Santa Bárbara stream and chan-
ges in soil cover.

To determine the predisposition of the lands to the oc-
currence of floods, the following information plans were
selected: basin morphometry; pedology (soil); geology;
iso-declivities; hypsometry; and land use (soil cover). It
should be clarified that, although some scientific studies
that apply the multivariate analysis to map the susceptibil-
ity floods use geomorphology as one of the themes of anal-
ysis, this can be replaced by iso-declivity and hypsometry,
since it is the properties of the relief that best determine the
phenomenon’s possibility of occurrence. The selected in-
formation plans (PI) were submitted to the multicriteria
analysis. For each of the different classes of attributes ana-
lyzed (PI), a weight was attributed to its degree of suscepti-
bility to the occurrence of the process under analysis (first
level). The weights, ranging from 1 to 5, indicate, respec-
tively, very low, low, moderate, high and very high suscep-
tibility to the phenomenon under study. Regarding the
evaluation of the relative contribution of the plans to the
susceptibility composition, the AHP method was applied
(second level).

The morphometric susceptibility of the drainage bas-
ins to floods was defined based on the methodology pro-
posed by Souza (2005), with a focus on coastal areas.
According to the author, “any study of morphometric sus-
ceptibility in coastal areas should take into account that
these basins have two distinct geomorphological compart-
ments, which should be analyzed individually”: their head-
waters are mostly on basement land, with average to high
slopes, and the remainder is situated in lowland coastal
plains, with low to zero-height slopes.

The application of the Analytic Hierarchy Process
(AHP) method determined the paired comparison between
information plans, in which the weights of comparative
judgment between each of the themes were established, fol-
lowing the scale of importance defined by Saaty (1977).
Based on the paired comparison matrix, the percentages of
contribution of each theme towards flood susceptibility of
lands were established. Saaty (1977) establishes mathemat-
ical formulations to verify the consistency of the judg-
ments. These mathematical calculations allowed for the
determination of the so-called Consistency Ratio, which
was within the limit of admissibility defined by the author.

The degree of predominance of one factor (condition-
ing) on the other is not universal and has to be analyzed in
relation to the characteristics of the physical environment
under analysis, mainly the formation of the relief. The im-
portance of declivity in relation to other themes, in particu-
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lar altimetry, is substantially higher in areas of rugged
relief, but decreases in areas of the coastal plain. Thus, for
the study area, iso-declivity has moderate importance in re-
lation to hypsometry (Fig. 6), strong in relation to soil use
and from strong to very strong importance in relation to
pedology. The morphometry of the river basins, due to the
low slope in all or most of them, has a diminished impor-
tance, being slightly superior to land use and moderately
more relevant than pedology that, also due to relief, gains
greater magnitude.

In this way, the information plans, already duly re-
classified according to the weights assigned to each of the
classes, were submitted to the algebraic map operation in
GIS (with the contribution percentage of each plan defined
by AHP). The Equation 1 served as the basis for the opera-
tion, where: SEI = flood susceptibility; MBD = watershed
morphology; P = pedology; G = geology; ID = iso-decli-
vities; HP = hypsometry; and US = land use.

SEI MBD P G

ID H

� � � � � �

� � �

[( . ) ( . ) ( . )

( . ) (

0113 0 070 0 033

0375 P US� � �0 280 0129. ) ( . )]
(1)

The resulting raster grid was reclassified into five
equal ranges of values, each corresponding to a susceptibil-
ity class. To validate the map, the mappings of affected ar-
eas in three large rainfall events (in 2004, 2019 and 2015),
were analyzed. Field trips were carried out to survey and di-
agnose two specific situations where the influence of an-
thropic action and extrapolation was detected in the
mapping, in an area hit by the event of 2015. Thus, the pre-
liminary map was validated, becoming the map of suscepti-
bility to floods (Fig. 7).

The same method was applied in the case of laminar
erosions, from the selection of pedology information plans,
geomorphology, declivities, relief curvature, land use and
intensity of vegetation cover. The map algebra was carried
out based on Equation 2, where: SEL = susceptibility to
laminar erosion; US = soil use; P = pedology; ID = iso-de-

clivities; CR = relief curvature; CV = density of vegetation
cover. The map produced (Fig. 8) was also validated, this
time through field surveys in mapped areas with different
susceptibilities.

SEL US P ID

CR C

� � � � � �

� � �

[( . ) ( . ) ( . )

( . ) (

0170 0398 0 274

0 050 V � 0107. )]
(2)

3.4. Results of the semi-detail stage of the progressive
method

In the composition of the urbanization suitability of
the lands, in addition to the information plans regarding the
susceptibilities (initial database), two other themes were
used: geotechnical units and a protection and drainage sys-
tem against flooding, the latter being part of anthropic inter-
ventions on the natural environment. The geotechnical
units were mapped using the methodology of Dias (1995),
resulting in a map with 13 units with homogeneous geo-
technical behavior regarding the use and occupation of the
soil. These are identified on the map with the symbols
“XYZxyz”, where the capital letters correspond to the pe-
dological classification of the profile (considering the su-
perficial horizons A and B), and the lower case letters
represent the geology, characterized by the horizons C, RA,
and R (Fig. 9). The drainage system and flood protection in-
formation plan, in turn, was drawn from the mapping and
analysis of the drainage system (channels and galleries) and
the system of dikes, polders and pumps that protect part of
the urban area of the São Gonçalo Channel.

A preliminary map of urbanization suitability was
created, covering the total urban area and urban expansion
area of the municipality (Fig. 10). The map results from the
crossing of susceptibility, geotechnical units, drainage sys-
tem and flood protection plans. The development of the
map followed the same sequence of procedures used to
construct the susceptibility maps, namely: (i) attribution of
weights to the classes of the plans; (ii) raster reclassifica-
tion; (iii) definition of the percentages of contribution of
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Figure 6 - Maps of iso-declivities (left) and Hipsometry of Pelotas (right) (UTM Zone 22S).



each plan through the application of the AHP method; (iv)
intersection of planes by map algebra (Eq. 3), where:
APU = suitability to urbanization; SEI = susceptibility to
floods; SE = susceptibility to laminar erosion; UG = geo-
technical units; AP = protected areas (agaist floods).

APU SEI SE

UG AP

� � � �

� � � �

[( . ) ( . )

( . ) ( .

05129 0 0594

01478 0 2799)]
(3)

After developing the preliminary urbanization suit-
ability map, mapping of the urban voids and the simulation
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Figure 7 - Map of susceptibility to the flood of Pelotas (UTM Zone 22S).

Figure 8 - Map of suscetibility to the erosion of Pelotas (UTM zone 22S).
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Figure 9 - Geotechnical Unit Estimation Map (UTM zone 22S).

Figure 10 - Preliminary map of suitability for urbanization of Pelotas/RS (UTM zone 22S).



of urban sprawl spatial growth processes were carried out,
aimed both at reducing the areas of analysis and character-
izing suitability. This time, the urbanization suitability map
was produced only for those portions of the territory that
demand greater urgency for information pertaining to urban
planning. The mapping of urban voids, considered here as
areas available for urban growth, was based on the crossing
of an orthophoto from 2015 with the cadastral base of lots
provided by the city hall.

The study and simulation of urban growth, in turn,
were carried out through the model based on Cellular Au-
tomata, implemented by CityCell software (Saraiva & Poli-
dori, 2014). Since it is a pre-existing model, several con-
ceptual and practical stages of modeling were already
provided, leaving only calibration and validation of the
model for the available input data (Liu, 2009). Besides the
configuration of the model’s internal parameters, the vari-
ables and their weights needed to be validated. A common
way of validation is to compare the simulation results with
historical data of past urban growth in the study area. In this
way, the model was calibrated and validated through the
simulation of city growth between the years 1965 and 2011.
Through the calibration study, the attributes used and their
respective weights were defined, which served as the basis
for the growth simulation of Pelotas from the year 2015 to
the year 2040 (Fig. 11). More complete details on the pro-
cedures for mapping the urban voids and simulation of the
urban growth of Pelotas can be obtained in Xavier (2017).

Far from representing a future undeniable fact, the re-
sulting information points to an effective probability, simu-
lated based on the past and present conditions, and mecha-
nisms of production and reproduction of the built urban
environment studied and described by contemporary urban
science. The simulation indicated urbanization pressure on
the urban voids, which, in order to characterize the suitabil-
ity for urbanization, were grouped in eight sets, having as
criterion their spatial relationship and the constituent geo-
technical units (Fig. 12).

Among the eight groups of voids mapped, we high-
light those of group 7, due to their physical characteristics,
location and urbanization pressure. Further description of

this group is given below as an example of the characteriza-
tions made.

Group 7 of urban voids is composed of 4 voids lo-
cated in the Southeastern part of the urban zone, in the Ad-
ministrative Regions of São Gonçalo (voids 29, 30 and 34)
and Areal (void 33), with a total area of 3.12 km2, and urban
growth projection according to the graphs in Fig. 13. The
group of voids is made up of lands of the geotechnical units
GM3dpfl (98.43%) and SX3dla (1.57%).

Almost all of the land in Group 7 is located on the
geomorphological unit of the fluvial-lacustrine plateaus,
which form the main part of the floodplain of São Gonçalo
Channel. They are lands with low altitude (0 to 5 m) with
little or no relief. This group of voids has a predominance of
suitability between very low (34.47%), low (26.38%) and
moderate (30.54%), followed by high suitability (7.45%)
and very high suitability (1.16%) (Fig. 14).

The voids of group 7, due to its proximity to the his-
torical and commercial center of the city, are subject to
great urban growth pressure. The simulation of growth in-
dicates an occupation of 100% of voids 29, 30 and 33, in up
to 12 years. This group covers naturally flooding land, but
is currently partially protected by the flood control system
in voids 29 and 30. Thus, despite having high and very high
natural susceptibility to floods, these voids are typically at a
moderate level of susceptibility. The very low suitability
class is almost totally restricted to void 34 and the low suit-
ability class is concentrated in void 33. Table 3 shows the
percentage levels of susceptibility to flooding and soil ero-
sion for this group of voids.

The GM3dpfl geotechnical unit, which encompasses
almost all of this group of voids, presents variation in foun-
dational support, due to the presence of soft to very soft
clay in the vicinity of the Pelotas stream and the Santa
Bárbara channel. Figure 15 shows the soil resistance drop,
shown through the Nspt values of 3 probes of the GM3dpfl
unit: the greater the distance of the SX3dla unit and the
greater the São Gonçalo channel approximation, the lower
the Nspt index of the soil with depth. It should be noted that
due to the geological formation of these soils, there is a
great heterogeneity in their texture and support capacity,
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Figure 11 - Results of the simulation of urban growth in Pelotas: a) urban area in 2015; b) urban area in the year 2027; c) urban area in
2040.



and there may be a decrease or increase of resistance with
depth and variable locations within the unit.

The urbanization conditions of the voids in group 7
are variable and dependent on the suitability level of each

area. In the areas with moderate and low suitability,
urbanization can take place with due care for drainage,
which includes raising the terrain’s elevation by at least
1.50 m. In order to approve larger land parceling projects in
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Figure 12 - Grouping of urban voids for analysis of urbanization suitability.

Figure 13 - Graphs of urban growth in the voids of group 7.

Table 3 - Percentages of occurrence of different levels of susceptibility in lands belonging to group 7 of urban voids.

Levels of susceptibility Area susceptible to
floods (km2)

% susceptible to floods Area susceptible to
erosions (km2)

% susceptible to erosions

Very low 0 0.00 2.918 93.63

Low 0.058 1.87 0.183 5.87

Moderate 0.276 8.84 0.014 0.46

High 1.434 45.96 0.001 0.03

Very high 1.352 43.33 0 0.00



voids 29 and 30, a reservoir for holding or damping the
peak precipitation deflation should be required, in order to
relieve the channel and pump system that retains rainwater
beyond the protective dam.

Urban void 33 is situated in a natural drainage area
that, from ancient natural channels, directs part of the rain-
water that reaches the high alluvial terraces into the Pelotas
stream. With urbanization, the natural channels were re-
placed by artificial ones, with deviation from their natural
course. Therefore, the occupation of void 33 by urban use
requires firstly a verification of the capacity and the drain-
age conditions of the channels that drain into the Pelotas
stream and/or opening of new channels, along with the in-
clusion of adequate local drainage measures. Finally, void

34 has very low suitability for urbanization. It is a low area
that is subject to complete flooding in the event of large pre-
cipitations (Fig. 16), playing an important role in the reten-
tion, infiltration of rainwater and buffering the peak of
rainfall precipitation. Therefore, the occupation of this area
with denser urban uses should be deterred. However, be-
cause of its geographic location (near the São Gonçalo
channel, Pelotas stream and not far from the city center),
this void is favorable for very low density uses (leisure
sites, parks, etc.), involving drainage solutions that allow
for the maintenance of current levels of retention and infil-
tration of rainwater.

It should be noted that the safety against flooding of
voids 29 and 30 is totally dependent on the correct design
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Figure 15 - Soil resistance variation of geotechnical unit GM3dpfl. Left: map showing the location of the probes A03, A11 and A28 in
relation to the geotechnical units and the part of the voids in group 7. On the right: graph with the variation of the values of Nspt (axis x)
with depth (y axis).

Figure 14 - Levels of suitability for urbanization in group 7 (UTM zone 22S).



and operation of the system of dikes, channels and booster
pumps that protect the area. Therefore, the adequacy of its
drainage capacities, as well as the improvement of its oper-
ating conditions, precede the liberation of larger projects in
the area.

Due to the presence of low consistency organic clay
in part of the area of group 7, it is essential that local pros-
pecting surveys be carried out for the execution of civil
work. In addition, it is recommended to increase the num-
ber and minimum density of drillings established in NBR
8036 (ABNT, 1983). Furthermore, it should be pointed out
that not only buildings and structures have to be properly
constructed, but the whole infrastructure (streets, sewage
and water networks, among others) must be protected
against the excessive settlements common in these areas.

4. Final Considerations

The continuous growth of Brazilian cities, their nega-
tive impact on the physical environment and the risk to
which large portions of their populations are subjected, de-
termines the planning of urban development in line with the
limitations and potential of this environment. The need to
use geological-geotechnical information in the planning
process is unquestionable, since a broad knowledge about
the planned area is essential in deciding or choosing the
best alternatives for the use of available resources. Despite
the reasonable state of Brazilian geotechnical cartography,
there is a strong need for new studies on the optimization of
mapping processes, a better adaptation to the urban envi-
ronment and its applicability to the process of urban growth
planning, in a way that is more sustainable and more ad-
justed to the physical-environmental characteristics of the
territory. In this sense, based on a review of the main map-
ping methodologies used in Brazil, from the most generic to
those directed to urban planning, it was possible to establish
the theoretical framework for structuring the methodology
in the city of Pelotas-South Brazil. The progressive method

of Cerri et al. (1996), together with the concepts and
procedures of the methodologies of Diniz & Feitas (2013),
Sobreira & Souza (2012) and the regional method of Dias
(1995), were found to be the most adequate for the condi-
tions and the objectives of the present study. The methodol-
ogies, rather than overlapping each other, in the way they
were structured, complemented each other and formed a
new procedure that generated data and products (maps and
charts) aimed at planning and controlling the growth of the
city. Among the products of Geotechnical Cartography, the
maps of susceptibility to geodynamic processes and the ur-
banization suitability map were identified as instruments
capable of providing information on physical aspects of the
urban environment directly related to the occupation of the
territory.

The multi-criteria approach, through the weighted
linear combination of factors in the GIS environment
through the AHP method, allowed for the integration of in-
formation plans and the mapping of different degrees of
susceptibility and terrain suitability. Their use made possi-
ble the compensation between the physical-environmental
factors employed and the hierarchical ordering of the plans,
according to their relative importance in the occurrence of
the phenomena studied, with results validated both by his-
torical processes and the survey of the conditions present in
the field, validating the use of the method in geologi-
cal-geotechnical mapping.

The method of Dias (1995), chosen to produce the
map of estimates of geotechnical units, proved to be capa-
ble to produce an information plan with geotechnical clas-
ses that can be evaluated and used in the composition of the
suitability for urbanization, after the indispensable taxo-
nomic generalizations, adjustments and validations. In rela-
tion to the geotechnical units, it was concluded that the SPT
surveys, widely used in geotechnical mapping work, are
excellent data sources that allow for an adequate geo-
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Figure 16 - Photographic image of the area of the void 34 in the 2015 flood (PMPel, 2015).



technical characterization of the lands, when the objective
of the work is to support urban planning.

The number of SPT tests required to characterize the
geotechnical units depends on the characteristics of soil
types and substrates, on the variation of their vertical pro-
files, on the spatial distribution of the surveys and on the
purpose of the mapping, and should only be determined af-
ter preliminary analysis of each unit. In the case of the
GM3dpfl (26.54 km2) unit, for instance, which features
considerable variation in the vertical profile, 30 reports
were sufficient to characterize the suitability for urbaniza-
tion (for urban planning purposes), in the 1:25,000 scale of
its urban voids.

A limitation detected is related to the inexistence of
surveys in low urban areas. In these cases, the inference of
the properties is required by means of correlation with the
typological components common to other areas or, if the
correlation is not feasible, the completion of new surveys.
At this point, the municipal land use planning and control
bodies should develop strategies for the collection, storage
and systematization of geotechnical information in their
territory. The requirement, for example, of the geotechnical
survey report in the process of releasing building permits,
could be a viable alternative, since they relate to the proof
of the stability of the building.

The procedures applied to the cartography of the free
areas and areas predisposed to the growth of the city made
possible the spatial reduction and allowed a more detailed
evaluation of urbanization suitability, avoiding the expen-
diture of effort in the characterization of consolidated areas
in which the change of use is unlikely or very slow. On the
other hand, the simulation of urban growth through the
model implemented by the CityCell software presented re-
sults consistent with the historical process of spatial devel-
opment of the city. However, it should be emphasized that
the model, based on the past morphology and the mecha-
nisms of production and reproduction of the urban environ-
ment, predicts probable future urban forms which may not
be fully achieved. In this way, the model should be used
with caution. In the present case, with the objective of as-
sisting in the characterization of urban voids and identify-
ing probable conflicts between growth and suitability to
urbanization, the use of the model showed potential and rel-
evance.

The application of the methodology, as a whole, pre-
sented important results of great relevance regarding the
production of cartographic documents, both for a better un-
derstanding of the current state of urbanization of the study
area, in relation to the characteristics of its physical envi-
ronment, and to plan for future growth. Therefore, it is ex-
pected that the application of this methodology represents a
contribution to geotechnical cartography with regard to the
development of tools that aid in urban planning. The sim-
plicity and ease of execution of the mapping methods and
the results achieved indicate their potential for partial or to-

tal use in other physiographic realities and/or as a basis or
part of new methodologies.

Compared to other methodologies, this method fo-
cuses almost exclusively on the use of pre-existing data, on
reducing the areas of analysis and directing them to the
planning of the city’s growth. This method can be seen as
less labor intensive, more appropriate for the instrumental
and financial reality of Brazilian municipalities and finally,
better adjusted to the urban physical environment. The ap-
plication of this method, however, requires the availability
of basic data on the area in question: geological maps, local
pedology, and local geomorphology, as well as remote
sensing images (satellite or orthophotos), numerical terrain
models, and SPT probe reports.
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