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Abstract. The risks associated with cliffs instability can be of population character, causing injuries and mortal 

victims; environmental, causing significant impacts and / or permanent damage; and socioeconomic, leading to 

constraints on society and causing financial losses. As such, actions need to be taken. 

The present dissertation approaches the systems of prevention, mitigation and protection of risk, enumerating 

them and indicating the circumstances favourable to the adoption of each one.  

It follows the study of two real cases referring to the works on the beaches of S. Bernardo and Adraga, where 

there was a need for intervention and measures were taken to stabilize the cliffs. The works were followed 

throughout its execution, and in this dissertation, for each of these works, the geological characterization will be 

presented, as well as a description and critical analysis of the stabilization solutions adopted by the Portuguese 

Ambient Agency. 

In a next phase, an alternative solution to those already implemented is studied and the modelling performed with 

the aid of calculation software’s. To do this, the model was performed using the software of finite elements 

software Plaxis 2D, in the case of the analysis of a reinforced concrete wall, and the software RocFall 2D, for the 

case of analysis of the solution based on dynamic barriers. 

Finally, a comparative analysis of the real solutions with the alternatives suggested from the behavioral and 

economic point of view. 
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1. Introduction 

The Portuguese coast is developed in an extension 

of about 1230km in Continental Portugal, 667km in 

the Azores and around 250km in Madeira. These 

limits are expressed in the form of cliffs and / or areal. 

It is mandatory to mention the existence of inherent 

problems to each of these types of borders, however 

the present dissertation only addresses the 

instability of cliffs. 

According to Marques and Andrade (2009), the 

evolution of cliffs is an intrinsically complex and 

difficult to study phenomenon, since the nature of the 

processes inhibits their direct measurement and the 

spatio-temporal discontinuity that characterize them, 

making it difficult to acquire continuous series of 

observations representative and rigorous. Therefore, 

it is necessary that the measures to be taken are 

prevention, mitigation and protection of the risks. 

The importance of the coastline for Portuguese 

tourism, which represents a very significant sector of 
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the country's economy, has even been considered 

as the best destination in the world to travel to 

various international groups of magazine editions 

that have highlighted " the landscapes and beaches 

that reconcile us with Nature ". In this way, it will be 

essential that the stabilization techniques to be 

implemented are carefully analyzed to guarantee the 

required safety with the minimum possible visual 

impact. 

2. Cliffs Instabillization 

The term "cliff" refers to a raised slope that meets the 

coastline. The cliffs are geomorphological 

characteristics of first order significance, occurring in 

about 80% of the Earth's boundaries (Emery and 

Kuhn, 1982). Cliffs are continuously changing, being 

constantly shaped by a wide variety of processes, 

whether marine or lake-like, or terrestrial, that cause 

them to change their shape and location over the 

time. An important consequence is that the cliffs 

recede, and the adjacent coastal land is permanently 

removed as it happens. This retreat can be slow and 

persistent, but on some occasions, it is fast and 

episodic. Cliff is a general term that refers to steep 

slopes along the coasts of the oceans and lakes. 

Cliffs are typically originated from marine or lake 

erosive processes, particularly when the coastline 

transgresses toward the land with an increase in 

water level.   

The coastline retreat is fundamentally due to the 

intermittent and discontinuous occurrence of shifting 

mass movements of different types and on different 

scales (Sunamura, 1992). These retreat events are 

usually triggered by a set of factors that operate over 

time, such as the erosive action of sea waves, 

surface runoff, infiltration and circulation of 

groundwater or by imposing vibrations and 

overloads (external conditioning factors), this being 

aided by the progressive degradation of the 

resistance characteristics of materials, including the 

composition and level of weathering (Marques & 

Andrade, 2009). 

3. Prevention, Mitigation and Protection 

Techniques 

3.1 Land use Planning 

This is a large-scale assessment of the risks 

associated with coastal processes and helps to 

reduce the risks to people and to the environment. 

The strategy aims to manage risks through a 

sequence of procedures that consider national and 

local priorities with the purpose of reducing flood and 

erosion threats to people and their property and to 

benefit the environment, the society and the 

economy, in accordance with the principles of 

sustainable development of the Government. 

The most appropriate measures will depend on the 

problem and the technical, environmental, social and 

economic circumstances. Some of these 

approaches are not considered by coastline 

planning. However, in many situations, the response 

will involve several procedures, including, for 

example, working with local planning authorities to 

achieve the same objectives. 

3.2 Intervention Techniques 

Intervention techniques can be categorized as 

corrective intervention, minimization intervention and 

stabilization intervention. 

Corrective interventions, also called light 

interventions, include the techniques of surface 

geodrainage and blocks removal. 

Minimization interventions, also called intermediate 

interventions, include reprofiling techniques, 

vegetation, dynamic barriers, tensile networks, 

hexagonal mesh networks and geosynthetic 

reinforcement. 
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Stabilization interventions, also called heavy 

interventions, encompass nailing techniques, 

shotcrete lining, support walls and earth retaining 

structures. 

4. S.Bernardino Beach 

A study was carried out to verify the changes of the 

cliffs, thus being possible to evaluate over the course 

of time the variations occurred. The sections were 

then monitored by terrestrial photogrammetry and 

laser scanner, leading to the assessment of the 

critical situation.  

The cliffs subject to intervention were divided into 

three different sections, from North to South. Section 

A with a length of 180 m, section B with a length of 

140 m, both located on S. Bernardino Beach, and 

section C which already corresponds to the cliffs of 

the Alto dos Frades Beach with an approximate 

extension of 120 m.  

 

Figure 1 - Cliffs Location in S.Bernardino Beach 

 

Since the composition of these cliffs is 

heterogeneous, while some materials are softer, 

others are more resistant to abrasive agents. 

Because of this fact, the clayey lithologies, being 

more susceptible to the seasonal variation of 

humidity, drying and wetting cycles and by the salt 

weathering itself, change and disintegrate rapidly, 

being more exposed thus to the starting of particles 

by the impact of raindrops, surface runoff and 

corrosion by debris carried by the wind. 

4.1 Adopted Solutions 

The superficial geodrainage was constituted 

essentially by open ditch, throughout the entire area 

of intervention. 

 

Cliff A 

The protection and stabilization solutions can be 

synthesized in the following items: Slope re-profiling 

and application of high-strength metallic mesh nailed 

to the top of the cliff. Where the rock blocks were 

outstanding, the mesh was nailed for better 

adjustment to the slope; in the base of the cliffs a 

earth retaining was constructed. 

Cliff B 

The first procedure was to re-profile the cliff, 

reducing the surface inclination. On the top of the cliff 

was applied an organic blanket and a steel mesh, in 

the middle level was used a tensile network and in 

the bottom level was applied shotcrete with brown 

pigmentation.  

Cliff C 

Only the instable blocks were removed. 

4.2 Critical Analysis 

The procedure to stabilize sandstone cantilevers of 

big dimensions was the application of high-strength 

steel mesh nailed to the blocks. Given the size of the 

sandstones, this solution represents risk, since the 

supporting elements would not resist the forces 

caused by the blocks fall, one possible measure to 

take, would be the fulfillment of the sandstone 

cantilevers base at with mortar stone. 

N 

Cliff A 

Cliff B 

Cliff C 
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Figure 2 - Nailed Sandstone Cantilever 

 

At cliff A, the blocks and debris in a situation of risky 

equilibrium or likely to be mobilized by the water 

were not removed. 

 

Figure 3 - Blocks in a situation of risk of equilibrium 
lost 

 

At the base of the cliff where the shotcrete lining was 

applied, there is a geodrainage bench that was not 

improved. The running water is eroding the ground 

creating a vacuum at the base of the shotcrete wall. 

In addition, the geogeodrains used are yellow and 

contrast with the color of the shotcrete, the 

aesthetics in cliffs, since they are located in tourist 

and leisure areas, is imperative. 

 

 

Figure 4 - Shotcrete with yellow geodrains 

4.3  Alternative Solution 

Currently, the shotcrete at the base of the cliff B is 

already slightly cracked in some areas, probably due 

to the impulses of the water since the soil is 

composed with marls. It is proposed, as an 

alternative solution, for Cliff B, the filling with a 

reinforced concrete wall in the bottom layer, 

replacing the designed shotcrete used. 

 

Figure 5 - Cracked Shotcrete  

 

In order to evaluate the solution suggested it was 

performed a numerical analysis using the software 

Plaxis 2D, version 8.2. 

For the characterization of the soil parameters, the 

Mohr-Coulomb model was chosen. Since no tests 

were carried out, the soil parameters were not 

defined for any of the layers. Thus, in order to allow 

a realistic and consistent modeling, iteration was 

carried out based on the situation in 2008, in which 

a sandstone cantilever reached 2m before the 

collapse. The model was defined as shown onFigure 

6.  
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Figure 6 - Model Geometry 

 

Table 1 - Geotechnical Zones 

 ZG1 ZG2 ZG3 

 Clay Sandstone Hard 

sandstone 

c’ [kPa] 130 250 400 

ϕ' [ ˚ ] 1,00E-03 60 60 

γunsat 

[kN/m3] 

22 26 26 

 

Afterwards the soil parameters were updated, as well 

as the cantilever dimensions and then the 

calculations were conducted. Four phases were 

considered, being the first the situation with no 

intervention, the second the activation of the first 

level nailing, the third the activation of the second 

level nailing and the last one the execution of the 

reinforced concrete wall. 

In the final phase of the process it is observed that 

the maximum horizontal displacement was 19 mm 

and occurs in the back of the reinforced concrete 

wall, the maximum vertical displacement was 13 mm 

and was located at the top of the cliff. 

 

 

Figure 7 - Deformed Mesh 

4.4  Economic Analysis 

In order to assess which is the most advantageous 

solution to adopt, whether the one defined by the 

Portuguese Agency of the environment or the one 

suggested in this dissertation, an economic analysis 

has been carried out. 

Table 2 - Economic Analysis 

Solução Solução APA Solução 

Alternativa 

€/m2 30 260 

 

4.5  Main Conclusions 

The maximum horizontal displacement obtained was 

in the order of 20mm in the back of the nailing’s, 

which, for the geometry of the Cliff in study, can be 

considered as an insignificant value. 

Considering the values presented above, it is evident 

that the solution adopted by the APA has a 

considerably lower cost; however, it is necessary to 

consider that in the future, possibly, it could not be 

the ideal solution and will have additional 

maintenance costs. 

 

ZG3 

ZG1 

ZG1 

ZG1 

ZG1 

ZG2 

ZG2 

ZG2 
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5. Adraga Beach 

After the geological-geotechnical recognition of the 

cliff surface, there were detected several unstable 

blocks located on the north side of the cliffs, which 

involved masses of significant volumes, this, leading 

to several landslides. 

 

There were observed small stones that fell and rocky 

fragments in some areas 

It was perceived that, despite the nodular and 

compact limestones presented a much-fractured 

appearance, these were retained, and therefore  

 

5.1 Adopted Solutions 

The stabilization process was initiated by cleaning 

the soil, blocks and loose rock fragments existing on 

the cliffs face and on the small platforms on its 

surface, either on the north side or on the south side, 

without destroying the roots of the existing 

vegetation, since they were considered as important 

to the natural stability of the cliff. 

At the base of the south side cliffs, to protect the 

parking and the restaurant area, it was used a 

dynamic barrier. In the same cliff but between the 

restaurant area and the sea, it was used a steel 

mesh. 

Regarding the north side cliffs, where the rock 

fragments range from small to large blocks, with 

weak connections and that are likely to disaggregate 

over time due to atmospheric agent’s exposure, the 

solution was the application of a steel mesh that 

were nailed to the cliff. Since some blocks that 

represented a high risk of falling, showed very small 

dimensions, two overlapping nets were used in order 

to reduce the size of the mesh openings. 

 

5.2 Critical Analysis 

Since it was known that the limestones to intersect 

were much weathered and that when executing the 

holes for the nailing these could be disaggregated 

and collapse, the casing of these holes should have 

been a hypothesis to consider. 

 

Figure 8 -  Location of Adraga Beach 

 

Figure 9 - Rock fragments 

 

Figure 10 - Stell mesh 

N 

Adraga Beach 
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A cliff cannot be approached in the same way as a 

slope, since the aesthetic importance is imposed, it 

was identified that the necessary measures were not 

taken regarding the cleanliness and preservation of 

the place after the interventions. The base area of 

the cliff presented a lot of debris that not only 

represent an aesthetic impact as also poses a risk to 

the future users of the beach. 

Also, the use of two overlapping steel meshes, used 

to prevent the small rock blocks to fall between the 

openings, had a striking visual impact. 

 

 

Figure 11 - Debris at the base of the cliff 

 

5.3 Alternative Solution 

An alternative solution was presented, for the cliff 

located at north. Since the rock blocks were 

extremely fractured, would be the replacement of the 

steel meshs by dynamic barriers. The number of 

barriers, the height and inclination, are parameters 

that depend on various local factors. So, to carry out 

this design and to verify the viability of the suggested 

solution, it was modelled using the RocFall software. 

It was considered the concentrated mass method, 

the model assumes that the mass of the rocky block 

is concentrated in its gravitational center and only the 

sliding movement is considered. The disadvantage 

of this approach is that the rotational kinetic energy 

of the block is not properly considered and, 

therefore, the bearing is not realistically simulated 

(Vijayakumar and others, 2011). 

The cliff profile was defined, based on the previously 

developed in by the APA. The simulation was 

performed for the cut of the higher cliff so that the 

calculation was conservative, since the inclination is 

approximately constant as well as the rock mass. 

Three zones, limestones and limestones with 

vegetation were considered, since there were areas 

with and without vegetation, which cannot be defined 

accurately. At the base of the cliff was considered the 

presence of sands. 

 

 

Figure 12 - Cliff profile 

The software considers the moment of jumping or 

impact that is part of the movement of a rocky block 

from its detachment to its complete immobilization. It 

is between these periods that the concept of 

restitution coefficient is in. The restitution coefficient 

characterizes the amount of energy lost due to 

inelastic deformation during the collision of two 

objects or an object and a surface (Ashayer, 2007). 

In collisions of elastic bodies this coefficient is equal 

to 1, being null for collisions of plastic bodies. These 

parameters can be obtained from tests (Evans and 

Hungr, 1993; Chau and others., 2002; Giani and 

others., 2004; Saroglou and others, 2012), by 

spectra of occurred events by observing the course 

of the blocks and the starting and ending points of 
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the fall (Vijayakumar and others., 2011; Saroglou 

and others, 2012) and through numerical models 

(Stevens, 1998; Rocscience, 2002; Giani and others, 

2004; Volkwein and others, 2011). 

The values of the Normal (RN) and tangential 

restitution coefficient (RT) were established by 

making an approximation supported by the reference 

values defined in the software. 

Table 3 - Restitution Coefficient 

Material RN RT 

Limestone  0,5 ± 0,1 0,9 ± 0,1 

Limestone with 
vegetation 

0,33 ± 
0,05 

0,82 ± 
0,05 

Sand 0,4 ± 0 0,7 ± 0 

 

The value of the initial angular velocity is quite low 

and often gets to be null, since usually most of the 

rocks start the path with a reduced movement and it 

is in the course of the fall that the rolling movement 

originates high speeds. As such, the initial angular 

velocity assigned by the software was maintained, 

taking the value of 0 m/s. 

As earlier mentioned, the limestone was extremely 

fractured, so it was considered an average volume 

of the blocks equal to 0.1 m3. 

It was not considered the parameter of scale of RN, 

which reduces the coefficient due to the influence of 

the velocity of the impact or the mass of the block 

after the impact, being therefore conservative the 

analysis carried out. The roughness coefficient of the 

slope was considered to be 0, the friction angle is 

dependent on the value of RT. To conclude, the 

simulation was made considering a number of 50 

blocks falling. 

The first approach was to consider only one barrier 

at the base of the cliff and analyze the rocks 

trajectories. 

 

Figure 13 – RocFall software trajectory for one barrier 

 

Considering the results of the software it was 

established that only one barrier at the base of the 

cliff would not be an effective solution since, due to 

the rebound of the rocks and the height of the cliff, 

some rocks would jump over the barrier. 

The second approach considered two barriers. Since 

the height of the cliff rounds 70m, one should be 

placed at 17m and the other at 50m from the top of 

the cliff. 

 

Figure 14 - RocFall software trajectory for two barriers 

 

This approach was successful since the blocks were 

all catched in the first or in the second barrier. 

Since considering only the trajectory this model 

proved to be feasible, the analysis of its feasibility by 

observing the energy values, that would have to be 

supported by the barriers, was followed. The 

software RocFall when simulating, exports to Excel 

files information concerning the total kinetic energy, 

translational kinetic energy, rotational kinetic energy, 
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translational speed, rotational velocity, and impact 

location (Figure 15). 

 

Figure 15 - Total Kinetic Energy Envelope 

5.4 Economic Analysis 

In order to compare the cost of each solution it was 

necessary to take into account the area of influence 

of each one of them. The steel mesh will have to 

cover the entire area of the cliff. However, the 

dynamic barrier will only be installed in two 

longitudinal sections. 

Considering the height of the cliff being 80m and that 

two barriers were used, simplifying, it is noted that 

each one will cover 35m of height. Thus, the dynamic 

barrier will have an area of influence of 1mX35m/m. 

Therefore, the cost by meter will be distributed by the 

area of influence in order to verify the most 

economical solution. 

Table 4 - Economic Analysis 

Solution 
Metalic 
Mesh 

Dinamic 
Barrier 

€/m2 
(considering 

influence area) 
50 4,5 

 

5.5 Conclusions 

Considering the given economic analysis and taking 

into account the relevance of the budget in any 

Geotechnics project, it is considered that the 

alternative solution suggested in this dissertation 

would be more advantageous. It should be noticed 

that the cost of the solution performed by the APA 

would be higher since it requires more nailings than 

the solution using dynamic barriers. 

For the economic assessment it was not considered 

the situation of the meshes overlapping, this would 

increase the cost of both solutions, since the 

dynamic barriers mesh can also be reinforced with a 

second mesh, having the advantage of reducing the 

size of the openings. However, this would lead to a 

more frequent need of maintenance to remove the 

accumulated blocks. 

 

6. Final Remarks 

6.1 Main Conclusions 

Regarding S.Bernardino’s beach and considering 

the values described in the economic analysis, it is 

evident that the solution adopted by the APA has a 

considerably lower initial cost, however, considering 

that one year after the interventions the solution is 

already in poor condition, it would not have been the 

ideal solution and will have increased costs, being 

the alternative solution proposed in this dissertation 

the most adequate. 

Regarding Adraga’s beach, considering the 

economic analysis presented and considering the 

relevance of the budget in any geotechnical project, 

it is considered that the alternative solution 

suggested in this dissertation would be more 

advantageous. It should be noticed that the cost of 

the solution used by APA will increase as it requires 

more nailings than the solution using dynamic 

barriers. The situation of the overlapping steel 

meshes was not considered because it would 

increase the cost of both solutions, and the mesh of 

the dynamic barriers could also be reinforced with a 

second mesh, having the advantage, again, of 

reducing the openings areas, however it would 
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require more frequent maintenance to remove 

accumulated blocks. 

6.2 Further Developments 

The following suggestions are made for further 

investigations. 

Repeating the modeling for Adraga beach using the 

most up-to-date version of the software (v5.0), taking 

advantage of the new features, including the analysis 

of the size and geometry of the blocks at impact 

distances. 

Analysis of the durability of the stabilization solutions 

implemented to the date in the cliffs of Portuguese 

beaches, based on the aggressive environment of 

the coast. 
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