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ABSTRACT

Shoreline change in the Espinho area (northwest
Portugal) is a chronic problem. The present study
takes advantage of geographical information system
(GIS) tools to contribute to the knowledge of the
geologic and geomorphological dynamics of the
Espinho shoreline. A GIS-based monitoring project
was compiled, which gathers information on all coastal
works located along the Espinho shoreline, focusing
especially on construction, monitoring, and repair
aspects. Shoreline change was analyzed using the
ArcGIS extension “Digital Shoreline Analysis Sys-
tem” (DSAS) to understand this important aspect of
coastal management. This work also emphasizes the
importance of geotechnical assessment of coastal
protection structures in diagnosing their degree of
damage and/or deterioration so that one can plan more
efficient maintenance works. Our results indicate a
general trend of erosion to the south and accretion to
the north of the Espinho coastal area. Geoengineering
characterization of the Paramos groin defines three
main zones for the armor block materials (i.e., Zones
I, II/III, and IV), which show, respectively, very low,
medium to high, and low deterioration levels.

INTRODUCTION

Coastal areas represent a dynamic environment of
vital importance to human society. Over 40 percent of
human settlements are located near the coast—a
proportion that is still increasing (Carter, 1988). The
sustainable management of coastal areas depends on
gathering proper knowledge and understanding of the
coastal development and combining it with relevant
information to develop effective tools with which to
aid the decision-making process. Coastal zone man-
agement and coastal defense are central fields of
interest all over the world, and effective management
of coastal zone dynamics is a key issue of research
(Taveira Pinto, 2003; MAOTDR, 2008). Carter
(1988) subdivides coastal management into the three
broad areas of policy, planning, and practice. Most
coastal management issues, he suggests, ‘‘raise
conflict between various coastal user and interest
groups.” These conflicts may include disputes be-
tween jurisdictions over access to key resources,
conflicts between sectors of society about the
allocation of these resources, conflicts between
human use of the coast and the ecological require-
ments of other components of the coastal system, and
conflicts arising through misunderstanding or under-
estimating the operational requirements of natural
coastal processes such as sediment movement, shore-
line erosion, etc. Nowadays, in recognition of the
many problems that have arisen in the past through
inappropriate use and management of the coast, a
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new, more “‘environmentally oriented” ethos of
coastal management is emerging, one that is based
on more holistic, transdisciplinary, and integrative
principles and that aims at sustainable management
of coastal resources. This new philosophy depends,
however, on a thorough understanding of the entities
and relationships at work in the coastal system, which
in turn demands a solid base of data and information
to be harnessed in support of decision making. Thus,
for these and many other reasons, coastal scientists,
engineers, and administrators are increasingly looking
for new developments in information technology,
tools, and methodologies that might assist them in
their work (Carter, 1988; McCleese, 2000).

One crucial part of any successful coastal mainte-
nance program is its monitoring (McCleese, 2000). The
complexity and scope of a monitoring effort can vary
widely, from simple periodic on-site visual inspections
at the low end of the scale to elaborate and expensive
long-term measurement programs at the other ex-
treme. The most important aspect of any monitoring
and inspection program is the careful determination of
the purpose of this issue. Without a clear definition of
the monitoring goals, resources and instruments will
not be used in the most beneficial manner, and it is
likely that the information gathered will be insufficient
to accurately evaluate the project and to recommend
appropriate maintenance programs.

One of the most important aspects of coastal
management and planning programs that requires
further investigation is shoreline dynamics. This term
includes not only the progression and erosion of
coastlines, but also protection against erosion. The
latter is a complex problem, for which different
methods and coastal structures may be used to
protect the shoreline, according to the specific
framework. Groins are among the most common
structures built for erosion control. These are
transverse coastal structures, the function of which
is to intersect the waves to minimize their erosive
power; they are also designed to regulate littoral
sediment transport in order to stabilize the beach
(Gomes, 1977; USACE, 2002). Normally groins are
built in groups designated as groin fields. These
coastal defense works may be integrated with
longitudinal constructions, and in some cases they
may be artificially nourished (LCPC, 1989; CIRIA/
CUR, 1991; USACE, 1995; and CIRIA et al., 2007).
As a result of their characteristics, these structures are
designed under the assumption that maintenance and
repair work will be needed during the life of the
structure (USACE, 1990; Silva, 1996; and Santos et
al., 2003). Geographical information systems (GIS)
provide ideal platforms for acquiring coastal infor-
mation and for analysis of this data with an eye

toward monitoring coastal zone progression and
defense. GIS are highly suitable for analyzing
geologic and geomorphological data, revealing trends
and interrelationships that would be more difficult to
discover in tabular format. Moreover, GIS allow
policy makers to easily visualize problems in relation
to coastal erosion and the condition of existing
protection structures for effective resource utilization.

In Portugal, the coastal zone of Espinho is situated
on the western Atlantic shoreline of the Iberian
Peninsula. In this area, the erosion phenomena are
usually intense and have been well known since the
19th century. To protect this part of the Portuguese
shoreline several structures have been constructed—
the majority during the past. In Portugal, several
public institutions share the responsibility for coastal
zone management, which sometimes gives rise to
overlapping or ineffective actions (MAOTDR, 2008).
Nevertheless, the prime legal authority can be
identified as being the Ministry for Towns, Territorial
Planning and Environment, especially through the
Portuguese Water Institute (INAG) and the Institute
for Nature Conservation and Biodiversity (ICNB). In
fact, INAG and ICNB together have jurisdiction over
all of the Portuguese coastal zones, except for the
areas under harbor jurisdiction.

The main goal of this work was the application of
GIS tools and concepts to the study of the Espinho
coastal zone. This involved the creation of a GIS-
based monitoring program to gather information on
all coastal works located along the Espinho shoreline,
focusing especially on construction, monitoring, and
repairing aspects. A long-term estimation of the
erosion and accretion rates in several different
locations was then performed using GIS extension
tools. This analysis allowed us to make predictions on
future displacements of the Espinho shoreline.
Finally, a geotechnical mapping evaluation of the
rock blocks used in groins from the Espinho shoreline
was carried out, based on lithology, weathering grade,
and stiffness of the rock materials.

STUDY AREA

Espinho is a municipality in the Aveiro district,
situated on the North Atlantic coast approximately
16 km south of Porto city, the second largest urban
area in Portugal (Figure 1). The town of Espinho has
a total area of 21.1 km? and a population of 33,701
inhabitants (census 2001; after PDM [2004]), includ-
ing five parishes (Espinho, Anta, Guetim, Silvalde,
and Paramos); about 20,000 of the inhabitants are
concentrated in the urban seafront of Espinho
(Veloso Gomes et al., 2002, 2006b; PDM, 2004).
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Figure 1. Espinho coastal study area.

Coastal erosion in Espinho has been popular news,
recorded since 1869 (Lima, 1979, 1982), as evidenced
by several historical documents (Figure 2). Indeed,
the first reported erosion dates back to 1860 (Ortigdo,
1876), and old maps show that the urban area of
Espinho was much larger, extending further seaward
to positions that have since been lost to the sea
(Bandeira de Melo, 1870, 1900, in Lopes [1995]). The
continuous retreat and advance of the Espinho
shoreline several meters landward and seaward led
to the construction of the first defenses, in 1909, but
by 1911, these had been naturally destroyed. Since

then several protection structures have successively
been put in place to protect the city (Perdigdo, 1931;
Mota Oliveira and Martins, 1991; Mota Oliveira et
al., 2000; and Trigo Teixeira, 2003). Figure 2
illustrates not only the occurrence of some disastrous
episodes of sea invasions in the Espinho region but
also some evidence of the construction of protection
works. This historical compilation of events demon-
strates the importance of coastal research in the area.

Presently, two large groins, one in the north and
another in the south, and two seawalls comprise the
main structures protecting the seafront of Espinho,
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(c. 1910)

Figure 2. Historical images of early 20th century from the Espinho shoreline (Espinho City Council Archives).

and the situation is considered to be stable. The main
erosion problems persisting in the downdrift area are
due to lack of sediment transport. The most
vulnerable area in terms of erosion is the urban
seafront of Paramos (Veloso Gomes et al., 2003),
located in between Espinho and Esmoriz. The main
problems identified in this narrow strip are due
mostly to sandy coastal areas that have no natural
rock protection, where continuous erosion results in
destruction of almost all sand dunes (Dias et al.,
2000). Table 1 summarizes the main characteristics
of the groins from the Espinho region and the
designations used for each coastal structure (see
Figure 1), along with the types of different ap-
proaches studied.

Geological and Geomorphological Overview

The regional geology of the Espinho area is related
to two different Iberian geotectonic domains: meta-
sedimentary and crystalline bedrock, belonging to the
Ossa-Morena Zone (Chaminé, 2000; Chaminé et al.,
2003), and the northern part of the Lusitanian
sedimentary cover, a tectonic basin developed like
an aulacogen during Meso-Cenozoic times (Araujo et
al., 2003; Gomes et al., 2006, 2007; and Gomes, 2008).

The shaping of coastal landforms has been
influenced by a range of morphogenic factors. While
some coastlines have changed little over the past 6,000
years, most have advanced or retreated, and some
have shown alternations of advance and retreat (Bird,
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Table 1. Summary of the main characteristics of groins in the Espinho region (compiled data from SOMAGUE [1980] and Veloso Gomes et

al. [2002]).
Protection Groins
Structure
Designation Type of Coastal Construction Length Geotechnical Evaluation DSAS
(present study) ID* Structures Location Date (m) Evaluation (SNIRLit, 2002) Study

1 Structure 1/1 Groin Espinho 1918/1981/1983 350 X X X
2 Structure 2/2 Groin Espinho 1981/1983 400 X X X
— — Seawall Espinho — 400 X
3 Structure 3/3 Groin Espinho 1981/1983 300 X X X
4 Structure 4/4 Groin Paramos 1981/1983 280 X X
— — Seawall Paramos — 100 X
5 —/5 Groin Paramos 1985 280 X X X

DSAS = Digital Shoreline Analysis System.

*Identification (ID) according to SOMAGUE (1980)/Veloso Gomes et al. (2002).

1997). The Portuguese coast between the city of
Espinho and Mondego cape is undergoing morpho-
logical changes (Dias et al., 2000). One of the most
common characteristics of this littoral stretch is the
so-called littoral platform (Araujo, 2002), encompass-
ing different altitudes and bordered from the inland
by a contrasting straight relief (Figure 3). The littoral
platform ranges from 75 m in elevation (on the north,
close to Ave River) to 130 m in elevation (at the
south) and drops down toward the sea like a staircase
(Brum Ferreira, 1983). This platform is bounded to
the east by a step relief (i.e., the marginal relief)
(Araujo, 1991) and is a regional fault scarp related to
the Porto-Coimbra-Tomar shear zone (Chaminé,
2000; Gomes, 2008). This planation surface is
generally covered with several outcrops of Plio-
Pleistocene deposits (Teixeira et al., 1962). This
platform has been considered a stable staircase of
old marine deposits, indicative of the -eustatic
fluctuations. However, recent studies bring new
insight that many of these deposits have a continental
origin (Granja et al., 1999; Araujo, 2002).

MATERIALS AND METHODS

Three different cartographic sources were used for
the study of the Espinho coastal zone: (i) the Pre-
project Planning for the execution of the coastal
protection structures in Espinho region presented by
SOMAGUE (1980); (ii) the Espinho City Council
cartographic base of 1993 (scale 1/5,000); and (iii) the
2002 ortophotomap of Espinho City Council. Two
other additional sources of information were used to
elaborate the GIS-based monitoring project: (a) the
monitoring data available at SNIRLi+—National
Information System of Littoral Resources (SNIR Lit,
2002)—and (b) the basic information on coastal
works from the Espinho region previously compiled
by Pires (2005, 2007) and Pires et al. (2006, 2007). The
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latest records on the Espinho coastal zone available in
SNIR Lit date back to 2002. The information on the
coastal works includes data related to the design
features of the structures (e.g., location, cost, length)
as well as their actual condition, eventual pathologies,
and needed repairs. These information sources were
georeferenced, and all the data were rectified before
vectorization using more than 20 control points. The
vectorization was used to represent beach areas,
protection structures, and bathymetric information
(0.0 and +5.0 m.s.1., mean sea level).

The study of the variation of the Espinho shoreline
focused on the analysis of the coastal dynamics and the
spatiotemporal changes of coastal morphology for the
period between 1993 and 2002 and took advantage of
the Digital Shoreline Analysis System (DSAS) exten-
sion. DSAS is the most user-friendly and powerful tool
currently available for measuring the shoreline dis-
placement. It was originally developed by Thieler and
Danforth (1994) using loosely coupled programming
techniques. The current versions use the ArcView
Avenue Macro language, which converted the tool into
an extension of ArcView 3.3. Within an ArcView
environment, DSAS can benefit from other GIS
capabilities of ArcView, such as importing of shape-
files, coverages, and grids, as well as editing and
changing projections. The latest version of DSAS can
be downloaded freely from the U.S. Geological Survey
web page (Thieler et al., 2005). DSAS is an extension
that enhances the normal functionality of ESRI
ArcGIS software and enables users to calculate
shoreline rate-of-change statistics from a time series
of multiple shoreline positions. The extension was
designed to aid in historic shoreline change analysis
(Bailey and Gatrell, 1995). DSAS is also useful for data
sets that use polylines as a representation of a feature’s
position at a specific point in time, such as the forward
limit of a glacier; river channel boundaries, and land
use and land cover maps. DSAS works by generating
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Figure 3. Geomorphological outline of Espinho region, South of Porto city, northwest Portugal (adapted from Gomes et al. [2006, 2007]
and Gomes [2008]). Shadowed image relief of the studied area, generated from digitization of elevation contour lines of the 1:25,000 scale.

Ground resolution is 10 m.

orthogonal transects at a user-defined separation and
then calculating rates of change and associated
statistics that are reported in an attribute table. The
DSAS tool requires user data to meet specific field
requirements: (i) the baseline is the starting point for all
transects and is therefore one of the most important

components of the shoreline change analysis process;
(i1) the baseline must be contained in a single shapefile
(and therefore is a single feature class once imported
into the geo-database); and (iii) the user should take
the time to manually edit and smooth the baseline
depending upon the particular study area.
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Several statistical methods are available to estimate
annual erosion rates and to forecast shoreline
positions, such as end point (EP), linear regression,
time-series analysis, and geostatistics. The EP rate
(EPR) was used in this work and was calculated by
dividing the distance of shoreline movement by the
time elapsed between the earliest and latest measure-
ments (i.e., the oldest and the most recent shoreline).
The major advantage of the EPR is its ease of
computation and minimal requirement for shoreline
data (two shorelines). The major disadvantage is that
in cases in which more than two shorelines are
available, the information about shoreline behavior
provided by additional shorelines is neglected. Thus,
changes in sign or magnitude of the shoreline
movement trend or cyclicity of behavior may be
missed. For the Espinho coastal area we determined
eight zones representing different beach areas, and we
also vectorized the lines to evaluate displacement of
the head zone of the groins. The DSAS extension was
then applied to assess the evolution of the shoreline
according to the parameters indicated in Figure 4.
The methodology applied in the present study
combines several field techniques and various types
of inputs/tools (Figure 4), establishing an interdisci-
plinary connection of geoengineering concepts and an
analysis of coastal dynamics for the planning of
maritime structures.

The geotechnical mapping evaluation of the groin
of Paramos (Espinho shoreline) was performed
according to a previously established methodology
(Pires et al., 2006, 2009; Pires and Chaminé, 2007,
2009). This methodology is based on the recommen-
dations and terminology of the Manual of the Use of
Rock in Coastal and Shoreline Engineering from
CIRIA/CUR (1991) and CIRIA et al. (2007) as well
as on the proposal of geologic and geotechnical
characterization of rock masses by ISRM (1978a,b,
1981) and the Geological Society Engineering Work-
ing Group (1995). A geotechnical datasheet was used
for the recognition and visual evaluation of the rock
material constituting the groin. A georeferenced GIS
database for this structure was then set up using the
data collected and aerial images of the area (Gon-
calves and Piqueiro, 2004; Cunha et al., 2006; and
Pires et al., 2009). A detailed mapping of the rock
blocks constituting the structure was then prepared
using the aerial photographic database. Afterwards,
more than 5,000 block materials on the groin’s
superficial section (armor layer) were vectorized into
a GIS base. Sampling along a scanline is an accurate
method for the systematic collection of geological
and/or geotechnical information (e.g., ISRM, 1981;
Dinis da Gama, 1983, 1995; and CIRIA et al., 2007).
Moreover, in several geologic-geotechnical situations

it is the easiest and fastest way to collect data. This
approach allowed us to obtain thematic maps of the
Paramos groin armor layer that were useful for
evaluating various geotechnical parameters (ISRM,
1978b, 1981; Pires and Chaminé, 2007, 2009 [and
references therein]). This assessment was also supple-
mented with walkover surveys carried out to record
(with the aid of photographs and high-accuracy GIS
data collection system Trimble Geoexplorer GPS) not
only the overall condition of the structure, including
any obvious rock movements, but also changes in the
groin profile, type of lithology, etc.

These visual evaluations were supported by the use
of the inspection datasheet, where the most important
aspects and parameters were registered, including
lithology, weathering grade, petrophysical character-
istics, and geomechanical features of block materials
(Fookes and Poole, 1981; Lienhart, 1998). For the
evaluation of the uniaxial compressive strength of
rocks and materials (concrete) in the groin, the
Schmidt Hammer technique was used (e.g., Katz et
al., 2000; Kahraman, 2001). This methodology was
further refined through the application of GIS tools
(e.g., Burke et al.,, 2001) and was used to create
thematic geotechnical zoning maps of the block
groins (e.g., Zuquette and Gandolfi, 2004; Pires et
al., 2009).

RESULTS AND DISCUSSION

Within the scope of the present work, an interactive
GIS-based monitoring project was created for the
coastal zone of Espinho. This information system
represents the actual condition of the Espinho
shoreline as well as the state of degradation of the
existing coastal protection structures (Figure 5). It
includes a spatial representation of all groins and
seawalls from Espinho, and it also stores all the
relevant elements, specifications, and photos obtained
during the process of information gathering. In brief,
it assembles specific data on the following issues: (i)
coastal protection structure identification; (ii) present
condition of the coastal protection structures with
hyperlinks to photos by SNIR Lit; (iii) a geotechnical
assessment of the coastal protection structures,
including observed pathologies and indications on
the eventual need of future repairs; and (iv) technical
specifications, such as the kind of structures, type,
location, year of construction, length, volume of
blocks used in the construction, and costs. The
information system developed in the GIS environ-
ment is useful for long-term accumulation of coastal
data, while allowing for easy and accurate measure-
ment and forecast of shoreline displacement.
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Figure 4. Conceptual flowchart for the dynamics of coastal geoengineering system assessment.

Estimation of the rates of erosion and accretion

along the study area was performed for the 9-year
period using the positions of the Espinho shoreline in
1993 and 2002. According to the results obtained,
zone 4 (south of Marinha groin) shows a general

252

trend of erosion. In agreement with this, the main
accretion area is located in the north (zones 1 to 3).
Figure 6 represents the beach areas that were studied
and the corresponding values of erosion or accretion,
as determined by the transect methods employed by
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Figure 5. GIS database: an example of the type of information recorded for the Paramos groin (groin 5).

DSAS. The results indicate a general trend of erosion
for the south of Espinho, with an average rate of
2.72 m/yr, whereas the mean rate of accretion
estimated for the north of the study area is 3.21 m/
yr. This figure shows very well the advance of the sea
in the Paramos region (south of Espinho), which is
one of the most affected sectors. These results are in
agreement with those estimated by Dias et al. (1994)
and Dias (2005) using other methodologies and for
different temporal periods. These authors report a
mean erosion rate of 3.8 m/yr for the period between
1870 and 1954, a value close to that obtained in the
present work for a temporal interval of just 9 years.
We also estimated the areas of land loss or gain for
each zone (Figure 7a). This estimation was based on
polygon vectorization for each section, with subse-
quent determination of the area of the polygons
(Moran, 2003).

Within the Espinho coastal zone, the area of
accretion has been estimated at about 60,000 m?*/yr
(Figure 7b), corresponding to 56 percent of the total
affected area. These results are in agreement with those
reported by other authors (e.g., Dias et al., 1994;
Veloso Gomes et al., 2006a; and MAOTDR, 2008),
who concluded that although the measures implement-
ed in the Espinho area efficiently protect the northern
part of the coast, they are ineffective in protecting its
southern part. The displacement/settlement of blocks
for the head zone of the groins is exemplified for groin
2, which shows movement or the destruction of this
zone in the period ranging from 1993 and 2002
(Figure 8). Of the five groins studied, only groin 1
did not present visible settlements. Groin 4 underwent
maximum change, with about 1,800 m? of settlement

during the study period, and groin 5 had the lowest
change, at 233 m% Groins 2 and 3 present values
showing approximately 900 m? of displacement.

The use of the method of transects from DSAS
extension offered a flexible way to analyze Espinho
coastal dynamics. Although based on just two
shorelines and a short elapsed time, the method
employed by the DSAS extension was powerful
enough to confirm the marked evolution of the
coastline during this period, clearly indicating the
areas showing considerable erosion and accretion
changes. Furthermore, ArcGIS embedded functions
were instrumental in estimating (i) the total area
affected by coastal advance and retreat and (ii) the
annual average erosion and accretion rates.

Geotechnical mapping and evaluation of the Para-
mos groin involved inspection and assessment of post-
construction works. Considering that the geologic
nature and engineering properties of the materials used
to construct coastal engineering structures are critically
important to the success and longevity of the structure
(e.g., Dupray, 2005; Latham et al.,, 2006a,b), a
lithological map of the armor layer of Paramos groin
was first prepared. More than 5,000 rock materials
were vectorized, and the different geomaterials were
identified (Table 2): for example, natural rocks (gran-
ite and gneiss) and artificial materials (concrete or a
mixed material [i.e., concrete + aggregates]).

The applied cartography provided an evaluation of
the current condition of the structure and of the
status of the revetment material. The Schmidt
Hammer rebound values provided an estimate of
the uniaxial compressive strength of block armor
materials along the crown wall of the structure,
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Figure 6. DSAS application on the beach zones studied in the Espinho area: EPR (end point rate) quantification.

according to ISRM (1981). The cross-check of all classify the Paramos armor block material in terms of
geotechnical and geomechanical parameters obtained, its degree of deterioration (Figure 9a). Zone 1 (ZI)
particularly petrophysical features, weathering grade, corresponds to the crown wall, which shows the
and uniaxial compressive strength, allowed us to maximum strength (ranging from 195 to 250 MPa).
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Figure 7. Estimated areas of land loss or gain. (a) Beach zones (1 to 8) area variation; (b) Espinho total area variation.
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Figure 8. GIS project and application of DSAS extension on Espinho coastal dynamics: example of the settlement studied for groin 2.

This zone is predominantly composed of medium- to
fine-grained reddish-rose granite. Zones II (ZII,
inner) and III (ZIII, head) have the same lithologic
characteristics, namely medium-grained grayish-blue
biotitic granite, with intermediate values of strength,
ranging from 150 to 195 MPa. Finally, zone IV (Z1V)
corresponds to the outer zone, with the lowest
strength values (ranging from 120 to 150 MPa). This
zone mainly comprises yellowish biotitic orthog-
neisses with feldspar mega-crystals. Based on the
described methodology, an example of the lithological
characterization obtained is presented for Paramos
groin (Sector 5) in Figure 9b.

Table 3 synthesizes the geotechnical features of the
armor block material classification and the present

deterioration level of Paramos groin. In this case, for
zones I, II/III, and 1V, the deterioration levels are,
respectively, very low, medium to high, and low.
The methodology used for the geotechnical mapping
and assessment of the block materials from Espinho
coastal protection structures proved to be an easy, fast,
and economical way to assess the status of coastal
protection structures (details in Pires and Chaminé
[2007, 2009]). Furthermore, this methodology provides
a geological-geotechnical characterization useful for
groin management. The main results of both the applied
cartography developed in a georeferenced GIS base and
the evaluation of the deterioration level of the groin
materials reinforce the need for careful planning in this
kind of work. Because the cost of production and

Table 2. Geomaterials recognized along the superficial layer and studied characteristics for the five sectors.

Geomaterial Characterization

Description Granite Granite Biotite-orthogneiss Concrete
Color Grayish-blue Reddish-rose Yellowish-brown Gray
Weathering grade (W) (GSE, Wi-W; Wi-W3 Wi-W3 4 —
1995; ISRM, 2007)
Degradation grade (D) n.a. n.a. n.a. D;-Dy
Texture/structure Medium grained Medium to fine grained  Coarse to medium grained n.a.

Observations (geological Granitic facies, essentially
units, from Chaminé biotitic, grayish-blue,
[2000]) medium grained (Canidelo

quarry, “Lavadores”
granite)

Granitic facies, reddish-
rose, medium to fine
grained (Canidelo
quarry, “Lavadores”
granite)

Biotite orthogneiss (quartz Blocks with concrete
and large feldspar and aggregates
megacrystals) has a strong
foliation and a strong shear
fabric (Malaposta quarry,
“Lourosa” Unit)

n.a. = not applicable.
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Table 3. Results of the field assays and the visual inspection.

Weathering Grade (W) Uniaxial Compressive Present Condition
Designation (ISRM, 1981; GSE, 1995) Strength (MPa) (ISRM, 1981) (deterioration level)
71 W, 195-250 [S] Very low
ZI1/Z111 Wi, 150-195 [S,] Medium/high
71V W3 120-150 [S5] Low

Z = zone; Z1 = crown wall; ZII = inner zone; ZIII = head; ZIV = outer zone.

256 Environmental & Engineering Geoscience, Vol. XV, No. 4, November 2009, pp. 245-260



GIS Analysis and Geomaterials Evaluation

transportation of the very large quantities of rock often
required for coastal and shoreline structures is an
essential consideration when selecting a particular
design solution, it is important to establish the
availability and quality control of rock materials at
their point of origin or location of extraction until the
project is completed. Further studies to provide more
detailed information on the geological materials and the
material properties in relation to the design require-
ments and to apply standard test procedures to assess
the quality and durability of these materials before and
during construction (Pizarro et al., 2005) are in progress.
At the same time, there is also a need to evaluate the
structure condition after the construction (i.e., for
monitoring and maintenance perspectives).

Several generations of Espinho residents have been
living under the threat of coastal hazards. They have
thus developed some feeling for coastal erosion, and
their general opinion on the coastal defenses of the city
of Espinho is that these structures are essential to
holding back the sea and enlarging beach dimensions
(Soares de Carvalho, 1995; EUrosion, 2004). The
Espinho shoreline is a very dynamic coastal stretch,
with historic and natural erosion events that may
possibly become aggravated in the future, necessitating
calls for careful and continued monitoring studies. Such
studies may help us to avoid the undesired consequences
of possible future aggravations of the erosion process.

CONCLUDING REMARKS

In conclusion, the approach adopted in this work
contributes to improving our knowledge of the
dynamics of the Espinho shoreline. It provides a
solid base from which to easily forecast and model
shoreline displacements over the years and to identify
main areas of erosion/accretion.

The approach used to propose a coastal evolution
for this area indicates that the recession of coastline is
occurring in the form of erosive wave propagation
from north to south. Along this coastal stretch there
are also several hydraulic works that influence the
coastal erosion process, and this can easily be shown
by considering the accretion that occurs in the
northern areas of obstacles (e.g., groins) and the
erosion that occurs in the southern areas.

The main erosion problems, which exist in the
southern area (downdrift), are due to lack of sediment
transport. The most vulnerable area in terms of
erosion is the urban seafront of Silvalde/Paramos
(zones 4 to 8). Several large groins protect the
downdrift of Paramos, and the Coastal Management
Plan considers the probable retreat of this urban
seafront as a future measure of managed realignment
predicted for the Portuguese west coast (Taveira

Pinto, 2003). Consequently, the main problems in this
stretch are due to (i) sandy coast with no natural rock
protection; (ii) extended erosion problems, with the
destruction of the dunes; (iii) large groins and sea
walls; and (iv) the erosion existing in the urban
seafront of Silvalde/Paramos (considering the retreat
of this urban seafront).

In addition, according to the results obtained, a
methodological characterization of the geomaterials is
crucial to determine the deterioration level and the
structures’ present condition. This approach uncovered
the need for repair/maintenance work in some parts of
the study area or for eventual changes in their design.
Moreover, the GIS tools provided an easy and very
useful way of handling large data sets and, most
importantly, of visualizing the results in a way that
facilitates the rapid perception of the status of the
structures and, thus, the decision-making processes. In
the present case, according to the evaluations per-
formed, replacement of the primary armor layer of the
head of the structures would increase the effectiveness
and modification of the longevity of the structures. The
results also indicate that for some of the sectors,
alterations to the design of the structures would help
minimize deterioration of the structures due to erosion.
Figure 9a revealed that the head and inner zones have
high and medium deterioration levels, respectively, and
that they are significantly susceptible to waves and
current events. These two zones comprise geomaterials
that do not possess high compressive strength and are
also subject to the currents and wave propagations,
mainly from north to south, that facilitate the overall
damage to the structures. For the five groins studied it
was clear that the head zone has the highest level of
deterioration and is the most susceptible component of
the hydraulic structures, and it was also evident that
during the construction and design of these structures,
material selection was not based on the type of rock,
quality, durability, and other characteristics, which the
contractor should have taken into consideration. As a
result, the methodology developed provides a geotech-
nical characterization that is useful in the planning of
maritime repair works. Moreover, this methodology
gives further support to the importance of establishing
the availability and the geotechnical quality and
durability of geomaterials to be used at a particular
site at the time of extraction from quarries when one is
considering geoengineering design options (e.g., Lien-
hart, 1998; Latham et al., 2006a,b; and Manoliu and
Radulescu, 2008). On the other hand, there is also a
concern for evaluating the structural condition of
protection work after the construction for monitoring
and maintenance.

The study also provides information valuable in
extending the average lifetime of Espinho coastal
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protection structures. The costs of such structures,
their expected behavior, as well as the consequences
of their failure do justify on-site geotechnical inves-
tigations designed to help in decision making.

This research is still in progress to provide more
detailed information on the most appropriate geoma-
terials (namely with regard to the rock mechanic
properties required in relation to the design) and
standard test procedures that are usually applied to
assess quality and durability of these materials before
and during construction. In this area, the illegal
occupation/use of the maritime public domain is
common, and there is no cartographic record of the
areas of the public shoreline domain, which makes the
management of these areas very complicated. To
achieve results for the proposed actions or measures,
it is essential to study and adequately program the
interventions in the littoral region. Thus, there are
three essential objectives: (1) to encourage technical
scientific studies on the littoral; (2) to identify the
areas at risk and take preventive measures; and (3) to
protect the areas at risk.

Some proposed solutions can be accomplished
through the following processes: recuperation of the
dune systems; collaboration with other institutions
with littoral jurisdiction; identification and definition
of the areas that are more vulnerable to erosion and
implementation of preventive measures; implementa-
tion of the coastal defense programs; intervention in
priority areas (e.g., Espinho); and additional studies to
find adequate interventions. The so-called hard coastal
defenses are indispensable, and at the moment, there is
not any plan to remove the existing groins, seawalls,
and other hydraulic structures. Hence, maintenance
works, or even rearrangement of the original design of
the structures, is likely to continue. In addition,
artificial sand nourishment operations might also be
included as possible solutions to the erosion problem
affecting this coastal stretch.
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