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1. Introduction 

This technical report addresses the progress concerning the identification of the study areas, the selection 

of the specific case studies and the first analysis results. The study areas were designated according to 

their history of seismic activity. The case studies were chosen when considering the seismic resistance 

applied elements, the existent typological characteristics, the vernacular morphology and the current 

preservation of these strategies.  

 

The coordinated team established that the regular use of at least three or more techniques defined a 

building with a seismic resistant strategy. If in a region, there were more than three buildings with seismic 

resistant strategies, than ‘Local Seismic Culture’ was consistently recognised in the region.  

 

This phase of the research also exposed the diversity of approaches and solutions, considering the most 

frequent and important seismic occurrences and the location of the buildings. Thus, the selected 

settlements emerged as objects of analysis to the reaction of earthquakes, which can be preventive and/or 

reactive. The identification of the regions and case studies will contribute to the production of an Atlas of 

the Local Seismic Culture in Portugal, which is one of the outcomes of the research.  

2. Research methodology  

The research methodology addressing the first phase of the research project aims to: 

 

1. Identify data source based on factual entries, such as, the selection of the earthquake sample 

related with: date of the earthquake; location impact; the evaluation of damage. 

2. Collect data from reliable sources archives, such as, the National Geographic Institute, the Military 

database, the National Library and LNEC. It is also important to collect data from local 

Municipalities, Libraries and the Order of the Architects archives and library (to define local 

characteristics of damaged structures)—as experiences of frequent earthquakes might not be 

reported by national agencies. 

3. Address the literature review of historical and local data, with the following criteria: a time limit 

framework, following the 1755 earthquake, as vernacular architecture would have a time spam 

related to its renovation and maintenance 

4. Define preliminary regions to study and prepare local missions. 

5. Address the field missions and collect local data, through techniques as: assessment forms; 

building’s observation; drawing survey; interviews; local literature, etc. 
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6. Analyse qualitative and quantitative data, considering the crossing of data between the study of 

the seismic resistant architectural features and strategies applied the revision of the literature and 

the analysed archives data. 

7. To consider further missions to address new collected data of regions not preliminarily 

contemplated. 

8. To analyse the overall data and to correlate the findings with the literature review to produce 

preliminary findings. 

3. Seismic activity in Portugal 

 

 

Figure 1. Map isoseismic lines, based in a map produced by Portuguese National Institute of Meteorology. (Credits: CI-ESG, 2014) 

Principais falhas em Portugal  Major faults on the mainland

Falha da Seia-Lousã
Fault of Seia-Lousã
Falha do Vale Inferior do Tejo (VIT)
Fault of Tagus Lower Valley (VIT)
Falha de Messejana - Região do Alentejo
Fault of Messejana - The Alentejo Region
Falha de Loulé - Região do Algarve
Fault of Loulé - The Algarve region
Falha da Régua
Fault of Régua
Falha da Vilariça  
Fault of Vilariça
Falha da Nazaré
Fault of Nazaré 

IGEO
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Figure 2. Macro seismic intensity in Portugal, based in a ma by Portuguese National Institute of Meteorology. (Credits: CI-ESG, 2014) 

3.1 Continental Portugal  
 

Table 1.  The most important earthquakes that occurred in Continental Portugal (LNEC, 1986). 

 

Year  Intensity  

1531 IX 

1755 IX 

1858 IX 

1909 IX 

1969 VIII 

Intensidade macro sísmica em Portugal  Macro seismic intensity in Portugal

V

VI

VII

VIII

IX

X

METEO
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In the last 500 years of Portuguese seismic history, the most remarkable earthquakes occurred in 1531, 1755, 

1858, 1909, and 1969 (LNEC, 1986). Presented below is a summary of the earthquake damages indicated in 

Table 1:  

• 1531 - Severe damage is caused in the central mainland of Portugal; particularly in the region of 

Lisbon. The epicentre was probably located in the region of Benavente (Senos et al., 1994); 

 

• 1755 – The earthquake was one the biggest and most catastrophic in the historical memory. The 

earthquake caused widespread destruction in the region of Lisbon and Algarve. The islands of the 

Azores and Madeira suffered significant dam-age. Shockwaves from the earthquake were felt 

throughout Europe (Senos et al., 1994); 

 

• 1858 - A major earthquake that affected Portugal, causing damage in the Setúbal area and de-

stroying villages, as Melides (Senos et al., 1994); 

 

• 1909 - This was the largest earthquake to in-tensely affect the Portuguese mainland, during the 

20th century. It was registered in various seismographic observatories, severely damaging and 

destroying villages, including the villages of Benavente, where the epicentre was traced (Senos et 

al., 1994), Samora Correia and Salvaterra de Magos; 

 

• 1969 - The epicentre was located 200 km south-west of São Vicente Coast (Portugal). The 

earthquake was considered to have a high seismic intensity, mostly in Algarve (VIII). Local damage 

in buildings was moderated (Senos et al., 1994). 

 

The map of macro seismic intensity in Portugal, lines (Fig.1-2) is based on historical and current intensities 

of earthquakes and presents the major faults that result in seismic events. Some of the areas of higher 

seismic intensities correspond to the lower ‘Falha Inferior do Tejo (VIT)’ in the Region of Setúbal and 

Santarém (intensity IX-VIII). The order of the higher seismic intensities zones observed, corresponded to the 

area of the Algarve Coast and the City of Lisbon (Intensity X), the Coast of Alentejo and the general area of 

Lisbon (intensity IX), as well as the interior of the Alentejo (intensity VII-VIII). 
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3.1  Azores Islands 
 

The Azores have a high seismicity, seismic crises with prolonged and significant volcanic activity due to its 

geographical location, near the triple point associated with the junction of the Eurasian, African and North 

American plates. Since the discovery of the islands in the 15th century, there are reports of destructive 

earthquakes and volcanic eruptions in the eastern and central groups. This archipelago also presents an 

important historical seismicity, with noted earthquakes affecting São Miguel in 1522, 1852, Terceira in 1547, 

1614, 1800, 1801 and 1841 and São Jorge and Pico in 1757. 

 

In the 20th century, there are crises produced by the earthquakes of 1973 in Pico and Faial islands; 1980 in 

Terceira, São Jorge and Graciosa; and, very recently, 1998, which affected the islands of Faial, Pico and São 

Jorge (Nunes et al., 2004).  

 

Table 2.  The most important earthquakes that occurred in the Azores Islands - based in Nunes et al. (2004). 

Year  Intensity  

1522 X 

1614 IX 

1757 X 

1852 IX 

1980 VIII-IX 

1998 VIII-IX 

 

4. Location of vulnerable areas 

 

The outline of the critical areas in continental Portugal is mostly related with the direct influence of the 

Atlantic seismic activity of the Vale do Tejo tectonic fault and the Gorringe sea bank. Aside from exceptional 

episodes, the historic indicators confirm that the southwest and the south littoral coast are the most 

vulnerable areas, decreasing the intensity towards the interior of the country. 

 

Considering the territorial approach, within the aforementioned areas, the hazard impact seems to have 

affected more regions with accentuated topography and along the main river basins. This feature seems to 

aggravate the impact intensity, especially in locations with softer soil. 
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Regarding the earthquake impact, the existing historic data refers mostly to the damage and repair of 

monumental buildings such as churches or fortresses. The impact on civil architecture is only implicit in the 

population displacement and the overall description of the settlement’s destruction. The rural areas of 

isolated and scattered buildings - the major typical context of the vernacular main typologies of this 

Portuguese region - are absent from the historical records due to its lack of economical relevance (LNEC, 

1982).  

 

5. Definition of the regions  

 

 
 

Figure 3. Map of the select regions for the Atlas (Credits: CI-ESG, 2014) 
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Throughout the revision of the historical seismic data, it was possible to identify in continental Portugal, 

five different regions susceptible to have Local Seismic Culture, and one 6th region in the Azores 

Archipelago, due to its strong volcanic activity. Field missions were then addressed to the six identified 

regions to document the architectural heritage seismic resistant features. Architectonic survey and 

characterization of the building traditional typologies were already developed, with special emphasis on the 

applied construction systems and the identified structural reinforcement features, without neglecting their 

urban structure properties. 

 

The following phase of the project will consist of using representative buildings, from each region, to 

develop experimental characterisation (in situ), numerical modelling and parametric studies, which will be 

developed through testing. The main objective is the proper identification and description of the most 

efficient seismic resistant strengthening solutions, in Vernacular Architecture. 

According to Ferrigni (1990b) the architecture can express the risk assimilation of the local building culture 

in two different basic natures:  Reactive or Preventive. 

 

The first one is characterized by reinforcement solutions implement after the disaster. The actions are 

intended to repair, correct or constrain damages already existent. They present very specific oriented 

measures towards the architectonic components that were affected. It is usually a practical reinforcement 

action incorporated into the local construction sys-tem, determined at a detailed scale. 

The preventive approached has the aim to minimize the eventual future damage. The measures are more 

generic and involve mostly, the relation be-tween the components. These measures define a general 

strategy of systematic application that can be transferred to a larger scale.  

 

In the most vulnerable areas, where the inhabit-ants still demonstrate a conscience of the risk, it is possible 

to identify the combination of the two approaches. The case of Benavente and Samora Correia, in the Tejo 

valley area, are a good example of the difficult compatibility of these two approaches (Gomes, 2014: 4). 

Throughout the field missions, it was possible to perceive that there was not a clear tendency of reactive or 

preventive approaches, with-in the researched regions, as they can diverge in very nearby settlements. On 

the other hand, inside a specific settlement, the approach seems to be very coherent, only diverging on very 

punctual situations, usually detached from the local building culture.  

 

 

 

 



 

 

Task 1: Characterization of the risk areas and its main housing typologies     Page 9 of 31 

5.1 Region 1 (R1) – Santarém  
 

Table 3.  The most important earthquakes that occurred in Santarém (credits: LNEC, 1986) 

Year  Intensity  

1531 IX 

1755 VIII 

1909 X 

1914 IX 

1969 VIII-IX 

 

Region 1 has Santarém as the capital of the district and is situated in a high intensity seismic area (Fig. 2). 

The region is also characterised by the occurrence of relevant earthquakes and is located near the fault line 

of ‘Vale Inferior do Tejo (VIT)’.   

 

The village of Benavente was selected as a case study, especially due to the fact that there has been three 

major earthquakes, 1531, 1909 and 1914 in which the epicentres were located near this village. The 

earthquake of 1909 had important consequences in Benavente. According to local bibliographic data, the 

earthquake left destruction, or in partial ruin, a significant part of the village buildings (Vieira, 2009).  

 

Some years later, the village of Benavente, was reconstructed, but in general, there was new housing. 

However, some of the reconstructed houses integrated seismic resistant techniques, such as, the 

Pombalino system, as well as symmetrical patterns (Vieira, 2009). Horizontal reinforcement on the houses 

was also observed.  

 

In regards to the preventive and reactive seismic reaction, Benavente is based on the use of the two 

approaches: a) The reactive reaction, because there was no previous concern, before the 1909 earthquake; b) 

The preventive reaction, as elements of seismic resistance were incorporated in some of the new 

construction.  
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5.2 Region 2 (R2) – Setúbal 
 
 

Table 4.  The most important earthquakes that occurred in Setúbal (credits: LNEC, 1986) 

Year  Intensity  

1755 VIII-IX 

1858 VIII-IX 

1903 VI-VII 

1969 VII 

 

 

The Region of Setúbal is a high intensity seismic area, as can be observed in Figure 2. After some 

investigation and fieldwork, Alcácer do Sal was selected as a case study. The village is characterised of 

being in an area of high intensity and regular seismic activity. In the region, old buildings have been found 

with pombalino walls, (Correia & Merten, 2001). Horizontal reinforcement of the houses, and the use of 

buttresses and tie-rods were also observed. The earthquake of 1858 was one of the most important ones, 

to have affected the Portuguese mainland. Its epicentre was situated in the Setúbal region, probably at sea. 

The area was severely affected and the village of Melides was partially destroyed.  

 

Following field missions, the village of Melides was also selected as a case study, due to historic and regular 

seismic activity, but also building observed with seismic reinforcement. A constructive culture is based on 

the improvement of material properties of the constructive systems. As a reaction to the effects of 

earthquake, the population presented reactive solutions trough the use of structural seismic resistant 

features, such as horizontal reinforced walls, but-tresses, tie-rods and reinforced foundation-walls. 
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5.3 Region 3 (R3) – Évora 
 
 

Table 5.  The most important earthquakes that occurred in Évora (credits: LNEC, 1986) 
 

Year  Intensity  

1755 VII 

1858 VII 

1917 VII 

1926 VII 

1969 VII 

 

The region of Évora never suffered the consequences of a severe earthquake, as can be observed in Table 5, 

however the region has been subject to numerous earthquakes of medium intensity that can produce minor 

damage to buildings, and create memories of fear or panic in the population. 

 

During the initial fieldwork it was possible to identify evidence of seismic prevention, through the 

placement of seismic resistant elements, such as, counter arches in specific buildings. Therefore, Évora was 

also selected as a case study due to several evidences, especially, the use of seismic resistant features, as a 

reaction to various events. The historical centre has implicit evidence of strengthened buildings, through 

the use of counter arches, but-tresses and wall reinforcements.  

 

5.4 Region 4 (R4)  – Beja  
 
 

Table 6.  The most important earthquakes that occurred in Beja (credits: LNEC, 1986) 
 

Year  Intensity  

1755 VII 

1858 VII 

1917 VII 

1926 VII 

1969 VII 
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The historical seismicity of the Alentejo though fre- quent presents a medium intensity (VI-VII MCS). Along 

the Lower Alentejo, and throughout the many fieldwork missions, was possible to verify the appli- cation of 

structural reinforcement elements in several buildings, which used rammed earth as a construction 

technique. 

 

The early twentieth century is marked by the near occurrence of two earthquakes of medium intensity 

(seismic frequency), which reported minor damage to the built structure in the region. The fear generated 

by these events is reflected in the method of the popula- tion in the construction/rehabilitation of their 

houses, being noted a common concern in improving the con- structive systems/techniques, and the 

introduction of reinforcing elements (earthquake-resistant). 

 

At that time is possible to identify a local seis- mic culture, materialised in the typologies that host 

earthquake-resistant elements, such as buttresses, tie rods, reinforced plinth course, stone bench, and a 

structural reinforcement of rammed-earth. After an extensive literature review and data collection, 

corroborated by the fieldwork missions, São Brissos, Trindade, Baleiza ̃o, and Serpa were selected as a case 

studies.  

 

5.5 Region 5 (R5)  – Algarve 
 
 

Table 5.  The most important earthquakes that occurred in Algarve (credits: LNEC, 1986) 
 

Year  Intensity  

1755 X 

1856 IX-X 

1858 VIII 

1969 VIII 

 

 

The Algarve is illustrated by a strong historical seismicity with earthquakes that caused major dam-age. 

The 1719 earthquake in the Portimão area had a maximum intensity of IX; the 1722 earthquake on the coast 

of Tavira had a maximum intensity of X; and the 1856 earthquake in Loulé had a maximum intensity of VIII. 

In the survey missions carried out in the Algarve region, several reinforcement techniques were identified 

on the vernacular architecture, such as buttresses, tie-rods and pombalino walls.  

 



 

 

Task 1: Characterization of the risk areas and its main housing typologies     Page 13 of 31 

Moreover, Lagos emerged as a relevant case study to select due to consistent architectural evidence, but 

also extensive local data collected by the town hall.  

5.6 Region 6 (R6)  – Azores 
 
Based on the literature review (historic seismic occurrences and damages) and a mission to the Azores 

Islands, the island of Terceira emerged as a case study. The island is located in the Central Group, in a 

complex area near the boundary of 3 tectonic plates referred to as the Azores triple junction (Nunes et al. 

2004). Terceira is in a high intensity seismic area with numerous earthquakes (Table 2). The 1980 

earthquake, according to the collected data, had extensive destructive consequences to com-munities 

throughout the island, but particularly in Angra do Heroismo. 

5.7 Preliminary conclusions: Regions 
 

The selected regions for analysis were based on the following criteria: 1) The impact per region, of the 

earthquakes of higher intensity, though less frequent; and 2) The frequency of the earthquakes of low and 

moderate intensity. Criteria of the case study selection were an important issue to deter-mine, as it 

contributed to the methodology of analysis during the identification of the case studies. 

 

It was also possible to observe in the six selected areas, the use of the following seismic resistant features: 

symmetric plans, horizontal reinforcement, pombalino walls, buttresses, tie-rods, reinforced foundation-

walls, counter arches, and wall reinforcement. The buildings that had three or more identified reinforced 

techniques were considered, as having reactive measures applied. When a group of a minimum of three 

buildings shared common features, then Local Seismic Culture was identified in the region.  

 

Through extensive literature review and survey missions, several areas of study were selected and case 

studies were identified. Based on the materials and the techniques to repair and to retrofit damage of in-

use vernacular buildings, related to local population reactive or preventive efforts to earthquake occurrence, 

specific case studies were selected for deeper research. 
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6. Main reinforcement and retrofitting elements found in the Portuguese 

vernacular architecture  

 

 

 
 

Figure 4. Main reinforcement (credits: CI-ESG, 2014). 
 

 

 

Reinforcement elements in the constructive system 

These are elements applied to guarantee a better cohesion of the walls elements and/ or its structural 

capacity. e.g.  horizontal reinforcement in-between rammed earth layers / adobe masonry / stone masonry; 

wood connectors used in the interior of walls, Pombalino structural system. 

 

Perimetral reinforcement elements 

These are used for the locking of the whole building, thus defining a unique behaviour among the different 

structural components/ elements, such as walls, floors and roofs, and thus providing the linkage and the 

structural stability of the façades. E.g. buttresses, tie-rods, poial (stone bench); corners reinforcement, and 

the general improvement of the masonry quality. 

 

Amarração horizontal  horizontal reinforcementArco de descarga  Relieving archArco / Abóbada  Arch / Vault Contra-arco   Counter-archSistema “gaioleiro”  ‘Cage’ system
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Figure 5. Main reinforcement (credits: CI-ESG, 2014). 
 

Arch-structures 

Arches and vaults are common in traditional buildings, as they ensure an efficient distribution of the loads. 

These are usually found at the ground-floor level, and are developed in elevation, either in urban or in 

periurban contexts. E.g. Ground floor arches and vaults; low arches at the top of the openings; and 

discharging arches in the walls. 

 

Combined reinforcement elements 

These are structural elements applied between contiguous buildings or row buildings, aiming at strengthen 

the structural unity of the volume and reduce the ‘pounding’ effect. E.g. continuous cornice, counter-arches 

and reinforced plinth course. 

 

7. Typological characterisation  

7.1 Region 1 (R1) – Santarém  
 

Benavente  

The village of Benavente is typologically marked by the buildings created after the earthquake of 1909, with 

the ground floor, a rectangular plant, gable roof and a uniform facade. The buildings arise conformed by 

Reforço de guarnições  Reinforced jambs Tirante  Tie-rodPoial  Stone bench Reforço de cunhal   Reinforced  cornerContraforte  Buttress
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uniform blocks with terrace houses aggregated in symmetrical bands, in two parallel alignments, only 

separated by an interior street. They present, mostly, a street front and a backyard (Fig. 6–7). 

The integration of earthquake-resistant principles applied by the population after the earthquake of 1909 

arises as a reactive and preventive approach. 

 

The reactive approach was evident in the buildings that suffered superficial damage, where contingent 

solutions were applied, such as the use of tie rods.  

 

                
 

Figure 6-7. Scheme of the Municipal Residential area: Benavente . A reinterpretation of ‘gaiola pombalina’ applied in the typology 
after 1909’s  seism (credits: CI-ESG).  

 

 

Coruche 

 The vernacular typology identified in Coruche is mostly integrated in agricultural holdings. The typology is 

characterised by single storey buildings, of small dimensions, with a regular rectangular plant and a gable 

roof. They are generally aggregated in terrace houses, added by the tops, in orthogonal alignments. They 

present two street fronts, both with direct access to the outside. Its partitioning results from the 

subdivision of a single space, dominated by the space of the main entrance, whose positions are fixed and 

set up the matrix of the whole (Fig. 8).  

 

The exterior walls, in stone masonry, are structural, supporting the simple truss of the roof. The voids are 

scarce and small. The interior wattle and daub walls do not play any structural function, having the 

particularity of not reaching the ceiling, taking advantage of the resulting interstitial space for storage.  
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The inclusion of seismic-resistant principles by the local population emerges as a preventive approach. The 

studied typology shows the introduction of principles, such as the aggregation system (available in terrace 

houses), and elements, such as buttresses and tie rods.  

 

 
Figure 8. Scheme of the housing typology in Coruche. (credits: CI-ESG).  

 

7.2 Region 2 (R2) – Setúbal 

 

Alcácer do Sal 

The vernacular typology identified in Alcácer do Sal presents a rectangular houseplant, with a ground floor 

of small dimensions, and a gable roof. These constructions are in a continuous row, generally with a 

significant extension. The houses are connected by the tops, in orthogonal configurations. Both longitudinal 

façades have openings, with access to the outside. The façades are constructed by a mixed technique, using 

or mortared joint stone masonry or rammed earth walls, usually reinforced with solid brick rows. 

 

The use of earthquake-resistant elements, applied by the local population, emerges through the application 

of two approaches: a) a preventive reaction, observed after the 1755’s earthquake, with the integration of 

earthquake-resistant elements, such as a simplifying ‘Pombalino cage’ in new constructions (Fig. 4); b); and 

a reactive approach, characterised by incorporating reinforcing elements (tie rods) in the stabilisation of 

several buildings of vernacular character. These actions are also, possibly, associated with the occurrence of 

subsequent seismic events (earthquakes 1858, 1903, 1969) (Correia et al., 2014).  

 

The following earthquake-resistant elements were identified: Reinforcement of the openings, using thick 

columns of massive brick and arched lintel in the same material; the stone benches between the housing 

units; walls reinforcement, by the interpretation of the “gaioleiro” system, and thus combining wood 

skeletons and cloths (or fills) of massive brick masonry, generally tied with metallic tie-rods placed in the 

upper edge, and therefore reinforcing the interlocking of the longitudinal façades.  
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Figure 9. House-plant and main elevation of the Casa dos romeiros in Alcácer do Sal (credits: CI-ESG based in Correia & Merten, 

2000).  

 

Melides 

In the region of Melides, 12 vernacular buildings of the late nineteenth century and early twentieth century 

were identified, all contemplating earthquake-resistant elements. 

 

The identified buildings arise, in the territory, isolated, or aggregated, lengthwise and in continuous row 

arrangements. The buildings present a ground floor of small dimensions, with a rectangular houseplant, 

and a gable roof. The chimney locates on the main façade. It is also in the main façade that the scarce and 

reduced building openings are found.  

 

These buildings do not define any particular or complementary outer space. The inner subdivision, if any, is 

defined by the subsequent placement of wattle-and- daub walls. The exterior walls are built with rammed 

earth, forming a monolithic structural perimeter.   

 

The earthquake-resistant characteristics in-use in Melides region are based on the application of 2 to 3 

buttresses on the same façade; the application of tie rods in the interior walls; and in the application of four 

tie rods around the four façades of the building. Also to consider is the existence of the reinforced plinth 

course in some of the façades. It is also to high- light the poial, a stone bench in the main façade, with a 

boost function. This was identified in a significant number of dwellings.   

 

A deeper analysis to the constructive systems makes noticeable that all counters were added to the original 

wall after its original construction. The observation is due to the identification of whitewashed plaster 
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beneath the damaged buttresses. The same happens in the reinforced plinth. As for the tie-rods, these are 

rein- forcing elements obviously introduced at a later stage. All elements addressed are clearly elements of 

a reactive approach by the population of Melides.  

 

 
 

Figure 10. Representative typology of Melides (credits: CI-ESG). 

 

 

7.3 Region 3 (R3) – Évora 

 

Historical Centre of Évora 

According to the municipal inventory of typological classification, the traditional dwellings of the Historic 

Centre of Évora can be divided into four traditional categories: bourgeois residential architecture; noble 

residential architecture; royal residential architecture, and architecture of regional nature. The Bourgeois 

residential building is divided into three sub-categories: housing, wealthy home and palace. The noble 

residential architecture can take the form of Palace or Solar. The royal residential architecture takes the 

form of the Royal Palace. The forms mentioned previously have a significant architectonic formalism, which 

is translated into a more erudite technology component, possible by the high resources of the owners. The 

architecture designated as regional type is, of course, the closer to the local vernacular building culture, 

whether in formal terms or in terms of technology. The subtypes identified were: a courtyard home; the 

house with a chimney at the front; and the arcade building. Of the latter, the house with a chimney at the 

front; and the arcade building, correspond to the majority, presumably by further optimisation area that 

characterizes the urban context.  

 



 

 

Task 1: Characterization of the risk areas and its main housing typologies     Page 20 of 31 

 
 

Figure 10. Counter arches in historical centre, Évora  (credits: CI-ESG). 

 

The arcade buildings are of urban character, between 3 and 4 floors, corresponding to the type with further 

developments in height in the Historical Centre. They present a narrow and elongated rectangular shape, 

arranged transversely to the lot, with gable roof. They make a clear distinction between the ground floor 

and the others. The main facades have a regular vertical alignment in the placement of the spans, ranging 

from balcony or sill openings, and significantly ripping the facade plan. On the other facades the spans are 

smaller and of scarce and irregular application. The inner partitioning is varied and irregular, and the larger 

compartments are generally adjacent to the main facade. The main feature of these buildings is the 

integration of circulation galleries on the basis of their main facades. Although it does not match the same 

technology solution and their configuration is not identical, the arcades arise usually articulated between 

several buildings. The arcades are executed in granite stone masonry with roofs supported by pointed 

arches or vaults edges.  
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Figure 11-12. Two-storey house with a chimney at the front (credits: CI-ESG). 

 

The house with a chimney at the front comes as a variant, developed in height, of a typology slightly 

present throughout the Alentejo region, with higher expression in smaller compact settlements. In terms of 

construction these end up expressing the same technological characteristics of the region, with the 

exception made to the use of stony materials, which are gradually imposed as they approach the highest 

concentration areas, where this raw material is more available (SNA, 1961). Although rammed-earth 

constitutes the constructive vernacular system of greater multitude in the wider Alentejo territory, it is 

important to note that shale, marble, and particularly in Évora, granite, are also of great expression. In the 

particular case of Évora, and despite its large amount, this typology comes in a dispersed manner in the city, 

farther from the core, usually taking smaller portions. Some examples of the use of interior roofing systems 

supported by arches, domes and vaults, executed in brick ‘lambaz’ were identified (Ribeiro, 2013). These 

elements are usually applied in single-storey houses, directly on the garret of the attic, usually a gable roof. 

The development in height, occurred in more compact areas, this solution comes only associated with the 

ground floor, and not always taking its entire area. 
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7.4 Region 4 (R4) – Beja 
 

Trindade, Baleizão and Serpa 

Trindade, Baleizão and Serpa appear as case studies by the identified enhancing solutions, by the typology 

presented, the materials and the construction techniques. The identified case studies are related to the 

typology of the Alentejo Montes, as they present a dispersed occupation of the territory: the isolated rural 

housing. 

 

 

 

Figure 13. Vernacular typology in Serpa, Beja (credits: CI-ESG, based in Correia, 2007).  

 

They emerge spontaneously in the territory, isolated or in small semi-detached rows. The ground floor and 

the rectangular plant, with bearing exterior walls of whitewashed mud, and the gable roof of wood 

structure and straw tile are the main features of these constructions. The interiors are of solid brick, half-

timbered or adobe, and the floor is of screed. The inner partitioning is simple and regular, distinguishing the 

agricultural and residential spaces. The most common construction technique is the rammed-earth, mostly 

marked by the reinforcement in-between the different rows.  
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The exterior walls are usually reinforced with several giants/buttresses of considerable size, built of stone 

masonry or massive brick. Their placement along the facades varies, but at least two are placed to reinforce 

opposed walls.  

 

Another common element is the tether or tensioning rod, a connecting element and structural 

reinforcement that prevents the collapse and deformation of the outer walls. The linear elements are 

responsible for the traction, by bars or steel wires fixed to two parallel walls by anchorage elements, 

interconnecting the structural elements. In the Alentejo region it is usual that the same housing presents 

both longitudinal and cross rods, and two anchors in the corners. 

  

7.5 Region 5 (R5) – Algarve 
 

The architectural diversity of the Algarve coast 

Although experiencing an improved variety through- out the region, the geology of the Algarve also turns 

out to condition the structural weakness of traditional nature buildings. The settlements implanted in 

sandy soils, of great erosive vulnerability and low density, generally have a high degree of destruction, as 

documented, more than once, in Sagres, Vila do Bispo or Bensafrim. In these cases it was frequent the use 

of rock bases, in sandstone, of dark reddish colour, usually called ‘Silves stoneware’. These foundations 

were built in massive socos, existent in smaller buildings and of a single storey, generally clustered in row.  

 

Constructively, the western end and the base of the mountain area are characterised by the use of non-

specified stone walls, punctuated by the use of reddish sandstone and limestone masonry (with significant 

expression also in the floors and in the trim of the openings), with greater presence in urban areas. The 

composition of limestone and clay soils also determined broad application of lime as the main binder, and 

the profusion of ceramic materials such as tile and solid brick (SNA, 1961). These elements thus compensate 

the structural weakness of the crude masonry cloths, as well as the development of specific components in 

lambaz (solid) brick for use in openings reinforcement or discharging arches. 

 

In structural terms, it should be further emphasised their combined application in the development of dome 

and vaulted roofing systems, which spread across the territory, and although considered generally, as it is 

the roof terrace, it is also often associated with specific locations given the observed systematic (for 

example in the case of Fuseta in Olhão). As in the neighbouring Alentejo regions using rammed-earth 

constituted, for many years, the traditional benchmark system for most of the rural areas, particularly in 

isolated buildings. The analysed architectural typologies are also analogous to that region, dominating the 
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but- tresses and the masonry vaulted structures placed at the base of the buildings as the main 

earthquake-resistant elements. As in the above-mentioned vaulted systems, the use of rammed-earth 

corresponds currently to a less observable construction technique, due to its pronounced disappearance or 

the significant altering of the existing examples (Caldas, 2010). 

 

From the referenced seismic occurrences, this text will address the direct consequences of the earthquake 

of 1755, the depth of the physical and cultural impact that it left the region. However, it should be noted the 

occurrence of 1969 as part of a recent memory in the locations of the western area, although without 

explicit implications for their constructive cultures (Vasques, 2002). 

 

Tavira encompasses the cases of high impact with moderate destruction, whose recovery of the building 

takes place almost immediately after to the occurrence. Within this condition can be classified, for example, 

the cases of Loulé and Castro Marim. At the other extreme, are found the cases of cities like Silves, Faro and 

Lagos, whose cities were severely destroyed, and the reaction of the population more time consuming and 

complex. Moreover, Lagos represents a situation of total abandonment, whose reconstruction occurs after a 

significant gap, and subject to distinct chronological phases (Victor Mendes, 2006). Finally, Vila Real de 

Santo António will be characterised as a unique case, representing a strategic paradigm at the national 

level, aimed at the implementation of the Pombal reconstruction system, both in urban and technological 

terms (Mascarenhas, 2009). 

 

Lagos 

Despite the massive destruction of the buildings in the historical centre of Lagos and its resulting 

abandonment, the research carried out allowed the identification of buildings prior to 1755. Some of these 

buildings, slightly raised in relation to the streets and generally aggregated in row, show significant slope 

facades produced by gradually reducing the wall section height to its top trim.  

 

As for the buildings constructed post-earthquake, reinforced plinth course, buttresses, bearing arches and 

‘gaioleira’ walls were identified. However, despite its high number identified, the location of these elements 

is scattered and punctual, revealing no direct linkage with any constructive technique or architectural 

typology.  

 

The analysis to some ruins also enabled the testing of a correlation between the construction method and 

its time of construction, allowing a better identification and understanding of the buildings of the same era. 

Some ruins presented the use of ’gaiola’ systems on the walls of moiety. These systems were extremely 
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simplified, generally without the presence of diagonal elements, and composed only by the vertical wooden 

elements (plumbs) and the horizontal elements (win-dowsill), sometimes reinforced with the inclusion of 

some metal elements.  

 

The application tethers, transversely to the main façades, are also a frequent presence.  Inside of some 

buildings it was also possible to identify additional locking elements, such as transverse walls with wooden 

skeleton and brick filler, cross half-timbered walls and crossed floors.  

 

Tavira 

From the buildings of the central core of Tavira, despite its proximity to the River Gilão waters, there are no 

known specific characteristics of implementation of its foundations. Yet, there is a clear tendency to enjoy 

the rocky integrations, of Jurassic limestone, for the start of buildings, and thus avoiding the vicinity of the 

alluvia marginal of the river. The exterior walls use a constructive system of stone masonry, of rough 

apparatus, determining a section of significant thickness. They present also, however, a more elaborate 

treatment in stone elements at the wedges of the buildings. They have structural interior walls, using the 

same building system, arranged transversely to the building, and lined with the inner beams of the 

covering. The peculiar system covers of "treasure", clearly a response to optimise the dimensioning of the 

spans woodwork, allows a more efficient distribution of its own load, as well as the increase of general 

fastening of the building. The spans of the main facades have stonework fittings; sometimes with slightly 

arched lintel. Independent structural reinforcement elements or transverse to the construction systems 

applied are not observed. 

 

 

 

Figure 14. The peculiar system covers of "treasure" in Historical Centre, Tavira , (credits: CI-ESG). 
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Vila Real de Santo António 

Without the size and the resources of the capital city, the income building of ‘Pombalino’ downtown was 

too ambitious for the context of the Algarve village. Not only would it be needed to adjust the investment 

from the point of view of the real estate value, as it would also be appropriated to correct the functional 

program, as the occupational density was not justified, given the amount of available land. The buildings 

that acquiesce the urban front of the most important streets, near the dominant longitudinal axis or 

Central Square, follow more closely the application of the ‘Pombalino’ modular systematic, albeit with 

substantial reduction in the maximum number of floors.  

 

 
Figure 15. Plant of ‘Pombalino’ downtown, Vila Real de Santo António (credits: CI-ESG). 

 

 

They are usually of two levels, with a significant improvement of the coverage, which can vary between 4 

and 6 water solutions. They present orthogonal rectangular plans of great symmetry and geometric 

systematization, which is expressed especially in the configuration of the facades. The plans, significantly 

narrower than the original model, vary between 1 and 2 subdivision levels, according to the parallel 

alignment to the main facade. The vertical difference between levels is evident, reflecting the typology 

used for the solution of the openings. Unlikely, in the horizontal level there is uniformity of treatment, both 

in the internal organisation and between different housing units. The side streets, especially the most 

remote of the central area, admit a typological variety, and may contain smaller residential buildings, or 

they may also integrate functional additions to the main building, which would be located on the opposite 
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street. These streets lose therefore their block façade uniform character, assuming a large formal 

dynamism.  

 

The buildings, built according to the ‘Pombalino’ model, turn naturally to the cage system, with a significant 

reduction of the wooden skeletons sections and the corresponding stone masonry. The wedges and the 

spans are fully implemented with limestone fit- tings. The ground floor, only built in stone masonry, takes 

back the structural soco, using a covering sys- tem sustained by arches. The upper floor refers to the 

combined ‘Pombalino’ system (with the caveats already mentioned), integrating in several cases, the 

systematic application of metal tethers on the facade, especially in the anchorage of the upper floors 

pavements. The remaining buildings or their wall-backing supplements are of great constructive simplicity. 

These resort to ordinary masonry stone or brick systems. In these buildings, the application tethers across 

the main facade, is still often, though not carried out systematically.  

7.6 Region 6 (R6) – Azores 
 

 
Figure 16. Typical Typology of the Terceira Island. Plant and facade of the linear Housing (credits: CI-ESG). 

 

The traditional architecture of the Terceira and Faial islands is mostly defined by two different dwelling 

typologies: the linear house and the integrated house. The linear house presents a rectangular or in L 

house- plant, arranged perpendicularly to the street, and combining the dwelling and the agricultural 

adjoining. The integrated house appears like a massive block, developed in height, generally with two floors. 

The buildings are generally of volcanic stone masonry, and of elementary configuration. The roofing, either 

gable or a hip roof, is supported by wooden trusses  
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Considering the selected and analysed buildings, seism-resistant evidences were found, like the ‘wooden 

box’, that in spite of not constituting a regular and generalised use, it was noticed after the seism of 1980 

and 1998 in rural dwellings. It is supported by a system of revetment covering of the dwellings, which 

detained behaviour towards the seismic happenings. In some cases, internal structures were perceived, 

executed in wooden panels, which are totally detached of their support, and thus surviving to partial 

downfall of the walls and covering. These structures form autonomous structural boxes, of great flexibility 

level, to minimize the risks of collapsing of structures of larger mass. 

The prominent foundation constitutes one of the most expressive solutions, sometimes enfolding some- 

times the whole perimeter of the constructions, though it is only promptly observed in the analysed 

villages. 
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1. Work developed by the University of Aveiro 

Seismic V project tasks to be developed by the research group of the University of Aveiro: 

“Task 2: In this task, in-use vernacular buildings will be selected as case-studies, 

to analyze different situations in terms of construction materials (adobe, 

masonry, timber), structural solutions (type of connections between wall-floor, 

wall-roof, ...), building configurations and dimensions. The selection of case 

studies will also take into account the location and period of construction. In this 

way, the case studies will be representative of the existing vernacular 

construction in different regions of Portugal. 

Non-destructive tests will be performed in-situ, on the structures selected 

aiming in particular their dynamic properties characterization. To this end, 

natural frequencies will be measured and modal shapes will be identified. 

The collected data will be analyzed and comparisons will be established between 

the results obtained for the different case studies, concluding about the 

influence of the type of construction material and structural solutions adopted in 

the dynamic behaviour of the structures. In particular, the results analysis will 

allow taking preliminary conclusions about the construction solutions in 

vernacular constructions that may improve their seismic performance. The results 

obtained within this task will also contribute for a better definition and 

understating of the structural fragilities of the case studies assessed. Moreover, 

the results will provide valuable information for the calibration of the numerical 

models and parametric studies to be subsequently developed within Task 3.” 

“Task 3: In this task, it is planned to use finite element modeling (FEM) for the 

global seismic analysis (walls, floors, spandrels, connections), by following the 

common macro-modeling approach and considering masonry as an isotropic and 

homogeneous media. The mechanical nonlinear behavior of masonry will be 

based on advanced plastic constitutive models. The numerical simulation intends 

to: (1) calibrate the numerical models based on the in-situ experimental testing 

(task 2); (2) understand in a more detailed way the resisting mechanisms of the 

different structural elements of the masonry buildings under seismic loading; (3) 

assessment of the influence of distinct factors on the seismic behavior of 



  

2 
 

masonry buildings based on a parametric study; (4) evaluation of distinct 

retrofitting techniques of ancient masonry buildings. 

Given the large expertise in the numerical analysis of masonry structures, this 

task will be led by ISISE (UMinho). The role of UA and ESG is also important as 

this task receives directly output results from Task 1 and Task 2, regarding the in-

situ experimental data and housing typologies. A detailed technical report will be 

provided.” 

 
Figure 1.1 – Case studies defined in the project Seismic V. 
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Table 1.1 – Case Study 1. 
Case Study 1 
Localiztion Representative most common characteristics: 

- Implantation and dimensions 
- Type of use 
- Materials of the structural elements 
- Conservation status 
- Presence of components/earthquake-resistant concerns 

A Redondo, Évora - Isolated buildings 
- Geometry  regular in plant (symmetric) 
-1 floor 
- Residential use 

- Rammed earth 
- wood cover 

Building in Study 
Selected building  Specific features of the 

building: 
- Implantation and 
dimensions 
- Type of use 
- Materials of the 
structural elements  
- Conservation status 
- Presence of 
components/earthquake-
resistant concerns 

Objectives/tasks 
Numeric (Analysis of 
the influence of each 
variable under study 
on the 
vulnerability/seismic 
capacity of buildings)  
 

Experimental: 
- To 
characterize the 
studied 
buildings for 
calibration of 
numerical 
models 

 

 

- Isolated buildings 
- Geometry  regular in 
plant  
-1 floor 

- Geometry 
- Resilient elements 
- Material properties 
- Anomalies 
- Solutions for 
behavior improvement 
and strengthening 

- Measurement 
of frequencies 
 

 

 

 

 

 

 

Table 1.2 – Case Study 2. 
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Case Study 2 
Localization Representative most common characteristics: 

- Implantation and dimensions 
- Type of use 
- Materials of the structural elements 
- Conservation status 
- Presence of components/earthquake-resistant concerns 

R2.A Rua Bom Jesus 
de Mártires, 
Alcácer do Sal, 
Setúbal 

- Row building 
- Geometry  regular in plant (symmetric) 
-1 floor 
- Residential use 

- Rammed earth 
- wood cover 

Building in Study 
Selected building Specific features of the 

building: 
- Implantation and 
dimensions 
- Type of use 
- Materials of the 
structural elements  
- Conservation status 
- Presence of 
components/earthquake-
resistant concerns 

Objectives/tasks 
Numeric (Analysis of 
the influence of each 
variable under study 
on the 
vulnerability/seismic 
capacity of buildings)  
 

Experimental: 
- To 
characterize the 
studied 
buildings for 
calibration of 
numerical 
models 

 

- Row building 
- Geometry  regular in 
plant  
-1 floor 

- Geometry 
- Resilient elements 
- Material properties 
- Anomalies 
- Solutions for 
behavior improvement 
and strengthening 

- Measurement 
of frequencies 
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2. Fieldwork - Frequency Survey 

In order to know accurately the vibration modes of rammed earth vernacular constructions, in-

situ tests were carried where the vibration frequencies of some representative rammed earth 

vernacular constructions were obtained. The frequencies obtained allowed the calibration of 

numerical models. Below are presented the buildings where the in-situ tests were conducted. 

  
Figure 2.1 – Row Building at Alcácer do Sal. 

 

 
N 38°22'21.5", W 8°31'12.5" 

Figure 2.2 – Localization of the row building at Alcácer do Sal. 
 

Table 2.1 – Row Building at Alcácer do Sal. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 09:53am 09:57am 20 240 

200 70 Induced 
vibrations 

09:59am 10:03am 20 240 

 

  
Figure 2.3 – House at Redondo. 
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N 38°30'14.5", W 7°34'02.3" 

Figure 2.4 – Localization of the house at Redondo. 

 

Table 2.2 – Casa em Redondo. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 11:55am 11:59am 20 240 

300 25 Induced 
vibrations 

12:01pm 12:05pm 20 240 

 

  
Figure 2.5 – House at Serpa. 

 

 
N 38°30'14.5", W 7°34'02.3" 

Figure 2.6 – Localization of the house at Serpa. 
 

Table 2.3 – House at Serpa. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 04:24pm 04:26pm 20 240 

200 50 Induced 
vibrations 

04:29pm 04:33pm 20 240 
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Figure 2.7 – House at Salvador. 

 

 
N 37°9'22.098", W 7°50'67.74" 

Figure 2.8 – Localization of the house at Salvador. 
 

Table 2.4 – House at Salvador. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 01:31pm 01:35pm 20 240 

200 50 Induced 
vibrations 

01:36pm 01:40pm 20 240 

 

  
Figure 2.9 – House at São Teotónio. 
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N 37°31'0.246", W 8°36'59.6916" 
Figure 2.10 – Localization of the house at São Teotónio. 

 

Table 2.5 – House at São Teotónio. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 02:56pm 03:00pm 20 240 

90 33 Induced 
vibrations 

03:01pm 03:05pm 20 240 

 

 

 

  
Figure 2.11 – House at São Teotónio. 

 

 
N 37°32'10.3488", W 8°38'12.2352" 

Figure 2.12 – Localization of the house at São Teotónio. 
 

Table 2.6 – House at São Teotónio. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 04:58pm 04:02pm 20 240 

200 50 Induced 
vibrations 

04h03pm 04:07pm 20 240 
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Figure 2.13 – House at Santiago do Cacém. 
 

 
N 37°58'43.0716", W 8°41'42.216" 

Figure 2.14 – Localization of the house at Santiago do Cacém. 
 

Table 2.7 – house at Santiago do Cacém. 
 

Beginning  Final Pre-time (s) Post-time (s) Height (cm) 
Thickness 

(cm) 
Natural state 09:57am 10:01am 20 240 

200 50 Induced 
vibrations 

10:02am 10:06am 20 240 
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Figure 2.15 - Identified but inaccessible buildings for frequencies survey. 
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3. Case studies  

Vernacular constructions exist all around the world. Many of these constructions, besides 

their cultural and architectural heritage value, in many cases, present a pronounced level of 

degradation, urging for the need of conservation and strengthening actions. 

Portugal may suffer with moderate seismic events, as evidenced in historical past events. The 

past seismic activity, particularly in the south of the country, have drove the implementation 

of some retrofitting measures in the built vernacular heritage, including the insertion of 

strengthening elements like ties, reinforcing rings, buttresses and other reinforcement 

elements. The insertion of these elements contribute to enhance the connection between 

structural elements, and to the improvement of the structural behaviour and performance of 

the buildings. 

This report presents the main results of a numerical analysis of the influence of the geometry 

and structural elements, and the effectiveness of common seismic improvement measures 

typically found in the vernacular constructions of the Alentejo Region. 

The analysis of the numerical results gives a first insight on the behaviour of these type of 

vernacular constructions, and point out which retrofitting solutions may be more efficient in 

their seismic performance enhancement. The numerical results may also contribute for a 

better understating of the structural fragilities of these constructions, namely in terms of 

demands distribution in the structural elements and structural damage distribution, for 

seimic demands (Vicente et al., 2011). 

For the selection of the buildings studied were taken into account the objectives of the 

numerical study developed under the SEISMIC-V project. The 1st case study is located in 

Redondo, district of Evora, in Portugal. It is a building with two spaces and the vertical 

structural elements are principally rammed earth walls, with just one wall in brick masonry. 

The walls are 3.0m high in average and have a thickness of 0.50m. The building has a regular 

plan (see Figure 3.1 and Figure 3.2). The roof is gabled and possesses a wooden structure coated 

with ceramic tiles (Correia, 2007). 
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Figure 3.1 – Bulding studied on the 1st Case study (Correia, 2007). 

 
Figure 3.2 – Plan and elevation of the 1st case study (Correia, 2007). 

 

The 2nd case study is located in Alcácer do Sal, district of Setúbal, in Portugal. It is a building 

with eight spaces and the vertical structural elements are principally rammed earth walls, 

with some elements in stone/brick masonry. The walls are 3.0m high in average and have a 

thickness of 0.50m. The building has a regular plan (see Figure 3.3). As the 1st case study the 

roof is gabled and possesses a wooden structure coated with ceramic tiles (Correia, 2007). 
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Figure 3.3 – Building, plan and elevation of the 2st case study (Correia, 2007). 

 

3.1. Finite element model 

To understand the structural behaviour of this traditional building typology, the selected 

building was modelled with a finite element tool. With the results of the analyses with the 

numerical models it aims to better understand the vulnerability evaluation on the 

identification of fragile parts of these buildings, and in the efficiency assessment of different 

retrofitting measures. 

The finite element program MIDAS FEA was used to perform the numerical analyses. With the 

available information on the selected building case study a simplified model was developed. 

The building model is symmetric in both direction, and has an regular geometry in plan 

defined by one interior partition wall, as represented in Figure 3.4. The walls have 3.0m height 

and 0.5m of thickness, as indicated in the case study presented in the previous section. 

   

a) b) c) 

Figure 3.4 – Case studies; a) Real model of the case study 1; b) Base model Case study 1; c) Base model Case study 
2. 

 

 

 

In the model, all walls were considered as made of rammed earth. To define the material 

properties, it was made a literature survey to obtain reference values (see Table 3.2). Based on 
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the survey, the properties of the rammed earth adopted in the numerical models developed in 

this study are presented in Table 3.3.  

 

Table 3.1 – Formulations to determining values for numerical calculation (Miccoli et al., 2014). 

E (N/mm2) 
ft 

(N/mm2) 
Gt (Nmm/mm2) fc (N/mm2) 

Gc 
(Nmm/mm2) 

ѵ 

* 
(0,08-
0,12)fc 

(0,10-0,50)ft  * * * 

* Obtained experimental values 
 

Table 3.2 - Values adopted by other authors. 
 E 

(N/mm2) 
ft 

(N/mm2) 
Gt 

(Nmm/mm2) 
fc 

(N/mm2) 
Gc 

(Nmm/mm2) 
ѵ 

Limón et al. (1998)** 922 0,29 --- 2,45 --- 0,30 

Gomes et al.(2011)** 200 0,13 --- 0,67 --- 0,35 

Silva (2013)** 300 0,1 0,1 1,0 1,6 0,3 
Gallego and Arto (2015)** 250 0,29 --- 2,0 --- --- 
Miccoli et al. (2014)* 4207 0,37 0,109 3,7 5,98 0,27 
Valores determinados* --- 0,04 0,016 --- --- --- 
* Obtained numerical values ** Obtained experimental values 

 

Table 3.3 – Adopted values for the mechanical properties of the rammed earth in the numerical model.  
Material Properties 

Γ 
(N/m3) 

E 
(N/mm2) 

ft 
(N/mm2) 

Gt 
(Nmm/mm2) 

H 
(mm) 

fc 
(N/mm2) 

Gc 
(Nmm/mm2) 

ѵ 

Rammed 
earth 

20000 300 0,05 0,02 300 1,0 1,6 0,1 

Brick 14000 20000 0,30 10 300 20,8 --- 0,15 
Steel  78600 210000 --- --- --- --- --- 0,3 

 

The model of the first case study has a regular plant with two compartments separated by a 

rammed earth wall (see Figure 3.4.b)). The model of the second case study also features a 

regular plant with but with four partitions (see Figure 3.4.c)). In both models the walls have 3-

meter height and 0.5 meters thick.  

For the two cases of study were prepared different numeric models varying the material and 

geometric properties and structural characteristics. Were also prepared numerical models with 

earthquake-resistant elements. The following tables present the analyzed models for each 

case study. 
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Table 3.4 – Case study 1 models. 

 Models 

 
Real 

 
Base 

D
im

en
si

on
s 

an
d 

Ge
om

et
ry

 

 
With openings 

 
L geometry 

M
at

er
ia

ls
 a

nd
 S

tr
uc

tu
ra

l E
le

m
en

ts
 

 
With tympani 

 
With interior wall not 

centered 

 
Without interior wall 

 
Without cover 

 
Without foundations 

 
Confined in the smaller face 

 
Confined on the larger face 

 
Confined in two faces 

 
10xE 

 
0,5xE 

 

 
Without a wall 

St
re

ng
th

en
in

g 
El

em
en

ts
 

 
10 buttresses 

 
8 buttresses 

 
With the buttresses in the 

smaller face 

 
With the buttresses in the 

larger face 

 
With buttresses in the two 

smaller faces 

 
With buttresses in the two 

larger faces 
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With buttresses in the two faces 

 
With buttresses and roads 

 

 
 

Table 3.5 – Case study 2 models. 
 Models 
 

 
Base 

D
im

en
si

on
s 

an
d 

Ge
om

et
ry

 

 
With openings 

 
With a slope 

 
L geometry 

M
at

er
ia

ls
 a

nd
 S

tr
uc

tu
ra

l E
le

m
en

ts
 

 
Without cover 

 
Without foundations 

 
Confined in the smaller face 

 
With the buttresses in the larger 

face 

 
Confined in two faces 

 
10xE 

 
0,5xE 

 

 
Without a wall 

St
re

ng
th

en
in

g 
El

em
en

ts
 

 
14 buttresses 

 
8 buttresses 

 
With the buttresses in the 

smaller face 

 
With the buttresses in the larger 

 
With buttresses in the two 

 
With buttresses in the two 
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face smaller faces larger faces 

 
With buttresses in two faces 

 
With rods 

 

For the finite element model, it was considered solid elements and a mesh with elements 

dimensions of 300mm approximately, having the walls two solid elements in their thickness 

(see Figure 3.5). As boundary conditions, were restricted the horizontal translational 

displacements of all nodes at the base of the model, simulating the foundations. In the 

model was not considered the roof structure, due to its weakness, but their weight was 

simulated with an equivalent distributed load of 0.001N/mm2 (benchmark for roofs with 

wooden structure and ceramic tiles as cover - Reis et al., 2005) applied on the top of the walls. 

 

  
a) b) 

Figure 3.5 – Model developed on the software MIDAS FEA; a) Case study 1; b) Case study 2.  

 

It was intended to analyze the influence of the most common strengthening measures 

applied in the typical vernacular buildings of Alentejo region. Therefore, two seismic 

reinforcement strategies were studied, several different configurations of buttresses 

distributions and one solution based on the use of tie rods. For the buttresses, idealized with 

a composition similar to the rammed earth walls, the same material properties were 

considered in the numerical analyses. 

The demands are applied in two phases, first the vertical dead load, and then the lateral 

demand simulating the seismic loading. The seismic loading is imposed as an equivalent 

horizontal distributed load, proportional to the element mass, for increasing seismic levels 

(0.2g to 1.0g), applied in two independent directions (X and Y). 
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To simulate the rammed earth walls, the total strain crack model was adopted in the non-

linear analyses. For the material behavior in tension was considered the Hordijk function, and 

the parabolic law for compression (Figure 3.7). 

   

a) b) c) 

Figure 3.6 – Behaviour laws for the rammed earth; a) Hordijk function in tension; b) Parabolic function in 
compression; c) Thorenfeldt function in compression (MIDAS FEA).  
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4. Case study 1 

4.1. Base model 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.060Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.1 – Results: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.1 – Maximum values obtained in the base model. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0.001 0.001 0.000 0.060 

 

Table 4.2 – Frequencies obtained in the base model. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5.850 5,995 6.006 6,124 7.821 7.941 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10.9mm (Figure 9 and 10). The maximum strain and damage develops at the base of the walls 

perpendicular to the direction of the applied force, as well as in the connection between walls. 
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Figure 4.2 – Strains and deformations of the base model. 

 

Table 4.3 – Maximum values obtained in the base model. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strains 
(MPa) 

10.968 1.053 1.291 0.528 

 

 
Figure 4.3 – Behaviour under horizontal load in X direction. 

For the seismic demands in the X direction, the damage start in the base and central areas of 

the longitudinal walls. Then, the damage evolves towards the perpendicular walls, until the 

collapse of the region connecting perpendicular walls 

  

a) b) 
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c) d) 

 

e) 

Figure 4.4 – Damage distribution evolution for seismic demands on X Direction: a) 0,2g; b) 0,4g; c) 0,6g ; d) 0,8g; e) 
1,0g.   

 

When imposing the horizontal load (1g) in the Y direction, a maximum displacement in this 

direction of 10.3mm is reached. For the seismic demand in Y direction, the maximum strain 

and damages develops also in the base of the walls perpendicular to the direction of the 

applied force, and also in corners and in the regions of connection between walls. 

 
Figure 4.5 – Strains and deformations of the base model. 
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Table 4.4– Maximum values obtained in the base model. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strains 
(MPa) 

1.165 10.274 0.876 0.541 
 
 
 

 
Figure 4.6 – Behaviour under horizontal load in Y direction. 

 

For the demands in the Y direction, it was observed that damage start in the connection 

between the inner and outer walls. With the increasing of the seismic demand, the damages 

develop towards the interior walls until the collapse of the walls perpendicular to the seismic 

loading imposed 

 

  

a) b) 

  

c) d) 
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e) 

Figure 4.7 – Damage distribution evolution for seismic demands on Y Direction: a) 0,2g; b) 0,4g; c) 0,6g; d) 0,8g; e) 
1,0g.   

 

4.2. Analysis of variations in the dimensions and geometry 

4.2.1. Model with openings  

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.066Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 4.8 – Results from the model with openings: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.5 – Maximum values obtained in the model with openings. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,028 0,034 0,000 0,066 
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Table 4.6 – Frequencies obtained in the model with openings. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,475 5,613 5,942 6,083 7,655 7,901 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10.6mm. The maximum strain and damage develops at the base of the walls perpendicular to 

the direction of the applied force, as well as in the connection between walls. 

When imposing the horizontal load (1g) in the Y direction, a maximum displacement in this 

direction of 4.9mm is reached. For the seismic demand in Y direction, the maximum strain 

and damages develops also in the base of the walls perpendicular to the direction of the 

applied force, and also in corners and in the regions of connection between walls. 

 

  

a) b) 

Figure 4.9 – Strains and deformations of the model with openings; a) X Direction; b) Y Direction.  

 

 

Table 4.7 – Damage distribution evolution for seismic demands on the model with openings.  
 X Direction  Y Direction 

0,2g 
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0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

4.2.2. Model with L geometry  

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.064Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 
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a) b) 

Figure 4.10 – Results from the model with L geometry: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 
 

Table 4.8 – Maximum values obtained in the model with L geometry. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strains 
(MPa) 

0,025 0,025 0,000 0,064 

 

Table 4.9 – Frequencies obtained in the model with L geometry. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,894 5,984 6,063 6,119 6,154 7,470 

 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

12,992mm and 0,924Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 6,435mm is reached and 

0,955Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.11 – Strains and deformations of the model with L geometry; a) X Direction; b) Y Direction.  
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Table 4.10 – Damage distribution evolution for seismic demands on the model with L geometry.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 
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4.3. Analysis of variations in the materials and structural elements 

4.3.1. Model with tympani  

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.078Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

   

  

a) b) 

Figure 4.12 – Results from the model with tympani: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.11 – Maximum values obtained in the model with tympani. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strains 
(MPa) 

0,049 0,146 0,000 0,078 

 

Table 4.12 – Frequencies obtained in the model with tympani. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 4,284 4,324 5,847 5,999 6,056 6,224 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10,178mm and 0,628Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 84,281mm is reached and 

1,404Mpa for the maximum strain.  

 



  

29 
 

  

a) b) 

Figure 4.13 – Strains and deformations of the model with tympani; a) X Direction; b) Y Direction.  

 

 

Table 4.13 – Damage distribution evolution for seismic demands on the model with tympani.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

4.3.2. Model with interior wall not centered 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.063Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 4.14 – Results from the model with interior wall not centered: a) response for the vertical loads; b) 1st mode 
of the structure. 

 
 

Table 4.14 – Maximum values obtained in the model with interior wall not centered. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,022 0,025 0,000 0,063 

 

Table 4.15 – Frequencies obtained in the model with interior wall not centered. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,319 5,497 7,005 7,383 7,435 7,820 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 
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14,753mm and 0,692Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 4,933mm is reached and 

0,274Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.15 – Strains and deformations of the model with interior wall not centered; a) X Direction; b) Y Direction.  

 

Table 4.16 – Damage distribution evolution for seismic demands on the model with interior wall not centered.  
 Direção x  Direção y 

0,2g 

  

0,4g 

  

0,6g 
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0,8g 

  

1,0g 

  

   

4.3.3. Model without interior wall 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.635Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.16 – Results from the model without interior wall: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 4.17 – Maximum values obtained in the model without interior wall. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,022 0,025 0,000 0,635 

 

Table 4.18 – Frequencies obtained in the model without interior wall. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 4,738 5,041 5,689 6,105 7,077 7,536 
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From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

30,191mm and 0,894Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 5,001mm is reached and 

0,263Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.17 – Strains and deformations of the model without interior wall; a) X Direction; b) Y Direction.  

 

Table 4.19 – Damage distribution evolution for seismic demands on the model without interior wall.  
 X Direction  Y Directioon 

0,2g 

  

0,4g 

  

0,6g 
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0,8g 

  

1,0g 

  

   

4.3.4. Model without cover 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.062Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 4.18 – Results from the model without cover: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.20 – Maximum values obtained in the model without cover. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,021 0,020 0,000 0,062 
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Table 4.21 – Frequencies obtained in the model without cover. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,759 5,911 5,991 6,126 7,775 7,921 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

12,090mm and 0,922Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 4,949mm is reached and 

0,297Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.19 – Strains and deformations of the model without cover; a) X Direction; b) Y Direction.  

 

Table 4.22 – Damage distribution evolution for seismic demands on the model without cover.  
 X Direction  Y Direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

   

 

4.3.5. Model without foundations 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.059Mpa). From the modal analysis, it was observed that the first mode 

presents transversal displacements of all the building.   

  

a) b) 

Figure 4.20 – Results from the model without foundations: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 



  

37 
 

Table 4.23 – Maximum values obtained in the model without foundations. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,043 0,031 0,000 0,059 

 

Table 4.24 – Frequencies obtained in the model without foundations. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 0,000 0,000 0,000 0,769 0,881 1,492 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed high displacements till reach the full collapse of 

the building. A maximum strain of 345,106MPa was registered. When imposing the horizontal 

load (1g) in the Y direction, it is also observed high displacements till reach the full collapse of 

the building. A maximum strain of 269,179MPa was registered. 

 

  

a) b) 

Figure 4.21 – Strains and deformations of the model without foundations; a) X Direction; b) Y Direction.  

 

 

Table 4.25 – Damage distribution evolution for seismic demands on the model without foundations.  
 X Direction  Y Direction 

0,2g 
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0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.6. Model confined in the smaller face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.063Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 



  

39 
 

  

a) b) 

Figure 4.22 – Results from the model confined in the smaller face: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 

Table 4.26 – Maximum values obtained in the model confined in the smaller face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,021 0,005 0,000 0,063 

 

Table 4.27 – Frequencies obtained in the model confined in the smaller face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,810 6,002 6,059 6,251 7,825 8,280 

 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10,897mm and 0,850Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,957mm is reached and 

0,244Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.23 – Strains and deformations of the model confined in the smaller face; a) X Direction; b) Y Direction.  
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Table 4.28 – Damage distribution evolution for seismic demands on the model confined in the smaller face.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.7. Model confined on the larger face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches higher values than the base 

model (approximately 1,362Mpa). From the modal analysis, it was observed that the first 
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mode presents dominantly transversal displacements of the long external walls, highlighting 

the potential for the development of out-of-plane mechanisms of the façade walls. 

 
 

a) b) 

Figure 4.24 – Results from the model confined on the larger face: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 
 

Table 4.29 – Maximum values obtained in the model confined on the larger face 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

13,232 1,168 1,412 1,362 
 
 

Table 4.30 – Frequencies obtained in the model confined on the larger face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 6,017 6,165 8,307 8,405 8,700 10,104 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10,747mm and 0,811Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 4,200mm is reached and 

0,252Mpa for the maximum strain.  

 

  

a) b) 

 
Figure 4.25 – Strains and deformations of the model confined on the larger face; a) X Direction; b) Y Direction.  
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Table 4.31 – Damage distribution evolution for seismic demands on model confined on the larger face.  
 
 

 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.8. Model confined in two faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 
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(approximately 0.058Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.26 – Results from the model confined in two faces: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 4.32 – Maximum values obtained in the model confined in two faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,019 0,009 0,000 0,058 

 

Table 4.33 – Frequencies obtained in the model confined in two faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,922 6,094 6,118 6,290 8,249 9,891 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

9,380mm and 0,569Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,809mm is reached and 

0,243Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.27 – Strains and deformations of the model confined in two faces; a) X Direction; b) Y Direction.  
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Table 4.34 – Damage distribution evolution for seismic demands on the model confined in two faces.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.9. Model with 10xE 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches approximately 10 times the 

values of the base model (approximately 0.588Mpa). From the modal analysis, it was 
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observed that the first mode presents dominantly transversal displacements of the long 

external walls, highlighting the potential for the development of out-of-plane mechanisms of 

the façade walls. 

 

 
 

a) b) 

Figure 4.28 – Results from the model with 10xE: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.35 – Maximum values obtained in the model with 10xE. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,00007 0,0001 0,000 0,0588 

 

Table 4.36 – Frequencies obtained in the model with 10xE. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 18,948 19,403 19,439 19,818 25,398 25,753 

 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

0,762mm and 0,340Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 0,399mm is reached and 

0,247Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.29 – Strains and deformations of the model with 10xE; a) X Direction; b) Y Direction.  
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Table 4.37 – Damage distribution evolution for seismic demands on the model with 10xE.  

 X Direction Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.10. Model with 0,5xE 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 
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(approximately 0.059Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.30 – Results from the model with 0,5xE: a) response for the vertical loads; b) 1st mode of the structure. 
 

Table 4.38 – Maximum values obtained in the model with 0,5xE. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,001 0,003 0,000 0,059 

 

Table 4.39 – Frequencies obtained in the model with 0,5xE. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 4,237 4,338 4,347 4,431 5,679 5,758 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

34,034mm and 1,040Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 11,934mm is reached and 

0,314Mpa for the maximum strain.  

  

a) b) 

Figure 4.31 – Strains and deformations of the model with 0,5xE; a) X Direction; b) Y Direction.  
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Table 4.40 – Damage distribution evolution for seismic demands on the model with 0,5xE.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

   

4.3.11. Model without a wall 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.063Mpa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.32 – Results from the model without a wall: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 4.41 – Maximum values obtained in the model without a wall. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,021 0,028 0,000 0,063 

 

Table 4.42 – Frequencies obtained in the model without a wall. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 4,735 4,880 5,842 6,038 6,961 7,200 

 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

30,590mm and 0,880Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,922mm is reached and 

0,249Mpa for the maximum strain.  

  

a) b) 

Figure 4.33 – Strains and deformations of the model without a wall; a) X Direction; b) Y Direction.  
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Table 4.43 – Damage distribution evolution for seismic demands on the model without a wall.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

 
 

0,6g 

  

0,8g 

  

1,0g 
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4.4. Analysis of variations of strengthening elements 

4.4.1. Model with 10 buttresses 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.058Mpa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

 
 

a) b) 

Figure 4.34 – Results from the model with 10 buttresses: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 4.44 – Maximum values obtained in the model with 10 buttresses. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,156 0,181 0,000 0,058 

 

Table 4.45 – Frequencies obtained in the model with 10 buttresses. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 6,718 6,783 6,877 6,936 8,624 11,937 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

6,629mm and 0,410Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,643mm is reached and 

0,236Mpa for the maximum strain.  
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a) b) 

Figure 4.35 – Strains and deformations of the model with 10 buttresses; a) X Direction; b) Y Direction.  

 

Table 4.46 – Damage distribution evolution for seismic demands on the model with 10 buttresses.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

 

4.4.2. Model with 8 buttresses 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,058MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.36 – Results from the model with 8 buttresses: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 4.47 – Maximum values obtained in the model with 8 buttresses. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,153 0,180 0,000 0,058 

 

Table 4.48 – Frequencies obtained in the model with 8 buttresses. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 6,433 6,550 6,730 6,790 8,442 11,402 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

7,805mm and 0,594Mpa for the maximum strain. When imposing the horizontal load (1g) in 
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the Y direction, a maximum displacement in this direction of 3,790mm is reached and 

0,326Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.37 – Strains and deformations of the model with 8 buttresses; a) X Direction; b) Y Direction.  

 

Table 4.49 – Damage distribution evolution for seismic demands on the model with 8 buttresses.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

4.4.3. Model with the buttresses in the smaller face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,063MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.38 – Results from the model with the buttresses in the smaller face: a) response for the vertical loads; b) 
1st mode of the structure. 

 
 

Table 4.50 – Maximum values obtained in the model with the buttresses in the smaller face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,070 0,198 0,000 0,063 

 

Table 4.51 – Frequencies obtained in the model with the buttresses in the smaller face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,799 5,957 5,972 6,133 7,832 8,271 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

0,856mm and 11,444Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 5,110mm is reached and 

0,284Mpa for the maximum strain.  
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a) b) 

Figure 4.39 – Strains and deformations of the model with the buttresses in the smaller face; a) X Direction; b) Y 
Direction.  

 

 

Table 4.52 – Damage distribution evolution for seismic demands on the model with the buttresses in the smaller 
face.  

 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 
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0,8g 

  

1,0g 

  

   

4.4.4. Model with the buttresses in the larger face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,064MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 4.40 – Results from the model with the buttresses in the larger face: a) response for the vertical loads; b) 1st 
mode of the structure. 

 
 
 

Table 4.53 – Maximum values obtained in the model with the buttresses in the larger face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,175 0,069 0,000 0,064 
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Table 4.54 – Frequencies obtained in the model with the buttresses in the larger face 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,973 6,124 6,729 6,879 7,978 8,046 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

10,905mm and 0,581Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 5,152mm is reached and 

0,278Mpa for the maximum strain.  

  

a) b) 

Figure 4.41 – Strains and deformations of the model with the buttresses in the larger face; a) X Direction; b) Y 
Direction.  

 

Table 4.55 – Damage distribution evolution for seismic demands on the model with the buttresses in the larger 
face.  

 X Direction  Y Direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

  

 

4.4.5. Model with buttresses in the two smaller faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,061MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 4.42 – Results from the model with buttresses in the two smaller faces: a) response for the vertical loads; b) 
1st mode of the structure. 
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Table 4.56 – Maximum values obtained in the model with buttresses in the two smaller faces. 

Dx 
(mm) 

Dy 
(mm) 

Dz 
(mm) 

Strain 
(MPa) 

0,072 0,198 0,000 0,061 

 

Table 4.57 – Frequencies obtained in the model with buttresses in the two smaller faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,835 5,990 6,006 6,158 8,184 9,544 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

12,583mm and 0,733Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,884mm is reached and 

0,281Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.43 – Strains and deformations of the model with buttresses in the two smaller faces; a) X Direction; b) Y 
Direction.  

 

Table 4.58 – Damage distribution evolution for seismic demands on the model with buttresses in the two smaller 
faces.  

 X Direction  Y Direction 

0,2g 
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0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

 

4.4.6. Model with buttresses in the two larger faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,061MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   



  

62 
 

  

a) b) 

Figure 4.44 – Results from the model with buttresses in the two larger faces: a) response for the vertical loads; b) 
1st mode of the structure. 

 
 

Table 4.59 – Maximum values obtained in the model with buttresses in the two larger faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,176 0,088 0,000 0,061 

 

Table 4.60 – Frequencies obtained in the model with buttresses in the two larger faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 6,720 6,785 6,878 6,938 8,224 8,254 

 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

5,950mm and 0,372Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 4,248mm is reached and 

0,273Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.45 – Strains and deformations of the model with buttresses in the two larger faces; a) X Direction; b) Y 
Direction.  
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Table 4.61 – Damage distribution evolution for seismic demands on the model with buttresses in the two larger 
faces.  

 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

4.4.7. Model with buttresses in the two faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 
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(approximately 0,064MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 4.46 – Results from the model with buttresses in the two faces: a) response for the vertical loads; b) 1st 
mode of the structure. 

 
 

Table 4.62 – Maximum values obtained in the model with buttresses in the two faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Tensão Máxima 

(MPa) 
0,018 0,191 0,000 0,064 

 

Table 4.63 – Frequencies obtained in the model with buttresses in the two faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 5,815 5,966 6,776 6,935 7,988 8,422 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

8,750mm and 0,511Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 0,613mm is reached and 

0,276Mpa for the maximum strain.  

 

  

a) b) 

Figure 4.47 – Strains and deformations of the model with buttresses in the two faces; a) X Direction; b) Y Direction.  
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Table 4.64 – Damage distribution evolution for seismic demands on the model with buttresses in the two faces.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

  

4.4.8. Model with buttresses and roads 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 0,058MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 4.48 – Results from the model with buttresses and roads: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 

Table 4.65 – Maximum values obtained in the model with buttresses and roads. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,088 0,182 0,000 0,058 

 

Table 4.66 – Frequencies obtained in the model with buttresses and roads. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 8,747 10,805 10,810 10,883 11,624 15,056 

 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

2,415mm and 0,187Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 3,596mm is reached and 

0,234Mpa for the maximum strain.  

 

 

  

a) b) 

Figure 4.49 – Strains and deformations of the model with buttresses and roads; a) X Direction; b) Y Direction.  
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Table 4.67 – Damage distribution evolution for seismic demands on the model with buttresses and roads.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

  

4.5. Modelo Real 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed that the maximum vertical strain reaches reduced values 

(approximately 4,071MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 4.50 – Results from the real model: a) response for the vertical loads; b) 1st mode of the structure. 
 

 
Table 4.68 – Maximum values obtained in the real model. 

Dx 
(mm) 

Dy 
(mm) 

Dz 
(mm) 

Strain 
(MPa) 

0,269 0,037 0,000 4,071 

 
 

Table 4.69 – Frequencies obtained in the real model. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,561 3.123 3.152 4.212 4.571 5,526 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

2518,87mm and 4070,90Mpa for the maximum strain. When imposing the horizontal load (1g) 

in the Y direction were observed very high tensions with the full collapse of the building. 

  

a) b) 

Figure 4.51 – Strains and deformations of the real model; a) X Direction; b) Y Direction  
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Table 4.70 – Damage distribution evolution for seismic demands on the real model.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

4.6. Outcome analysis 

In the next table a summary of the maximum values obtained in the numerical analyze for the 

first case study it's presented. From this analysis it can be concluded that when rods are 

applied the structural behaviour of vernacular construction subjected to a seismic action it's 
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improved. The poor behavior of structural elements or the variation in the material properties 

influence the structural behavior of rammed earth vernacular constructions. 

 

 

Table 4.71 – Summary table of maximum values. 
   Seismic force applied 

in the X direction 
Seismic force applied 

in the Y direction 
 Strain 

(MPa) 
Frequency 

(Hz) 
Drift  
(mm) 

Strain 
 (MPa) 

 Strain 
(MPa) 

Real model 4,071 5,526 2518,87 4070,90 --- --- 
Base model 0.060 7.941 10,900 0,528 10,300 0,541 
With openings 0,066 7,901 10,580 0,568 4,990 0,278 
L geometry 0,064 7,470 12,992 0,924 6,435 0,955 
With tympani 0,078 6,224 10,178 0,628 84,281 1,404 
With interior wall not centered 0,063 7,820 14,753 0,692 4,933 0,274 
Without interior wall 0,635 7,536 30.191 0,894 5,001 0,263 
Without cover 0,062 7,921 12,090 0,922 4,949 0,297 
Without foundations 0,059 1,492 --- 345,106 --- 269,179 
Confined in the smaller face 0,063 8,280 10,897 0,850 3,957 0,244 
Confined on the larger face 1,362 10,104 10,747 0,811 4,200 0,252 
Confined in two faces 0,058 9,891 9,380 0,569 3,809 0,243 
10xE 0,0588 25,753 0,762 0,340 0,399 0,247 
0,5xE 0,059 5,758 34,034 1,040 11,934 0,314 
Without a wall 0,063 7,200 30,590 0,880 3,922 0,249 
10 buttresses 0,058 11,937 6,629 0,410 3,643 0,236 
8 buttresses 0,058 11,402 7,805 0,594 3,790 0,326 
With the buttresses in the smaller 
face 

0,063 8,271 11,444 0,856 5,110 0,284 

With the buttresses in the larger 
face 

0,064 8,046 10,905 0,581 5,152 0,278 

With buttresses in the two smaller 
faces 

0,061 9,544 12,583 0,733 3,884 0,281 

With buttresses in the two larger 
faces 

0,061 8,254 5,950 0,372 4,248 0,273 

With buttresses in the two faces 0,064 8,422 8,750 0,511 0,613 0,276 
With buttresses and roads 0,058 15,056 2,415 0,187 3,596 0,234 

 

 

The real model, due to the behaviour of the arches together with the distribution of stiffness 

caused by the brick wall integrated in the rammed earth structure, obtained low strain values 

and high displacements leading to the collapse of the structure. 

Based on this prior analyses, it is clear that for the building studied, the out-of-plane collapse 

mechanism of the longer walls is one of the major vulnerabilities of the studied buildings. 

Thus, the geometry and structural variations, and the strengthening solutions studied, 

correspond to the scenario of the seismic action in the X direction. 
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With the openings (O), for the horizontal seismic demand in X direction, an decreasing in the 

maximum displacement in this direction is observed. The openings on vernacular buildings 

leads to a maximum displacement of 10.6mm, while for the non-retrofitted model a 

maximum displacement of 10.9mm was observed, for 1g seismic demand. 

When we have geometry in L shape (L), the out-of-plane displacements increases to 12.9mm, 

and the displacement in these points is reduced to 10.2mm in the model with tympani (T). In 

terms of maximum stress, for the O model and the T model a maximum stress of 0.6MPa is 

observed, while for the L model the maximum stress increases to 0.9MPa. 

In Figure 15 and Figure 16 are presented the curves with the evolution of horizontal 

displacement with the seismic demand, for three critical points, at the top of the walls, 

representative of the building response Analyzing the response of the walls' midpoint, it is 

observed that the O and T models had a better performance of these walls. At the building 

corners, only the T model improved the behavior for the seismic demand in X direction. It is 

observed that the model with tympani, even if it had same damage distribution as the case 

study it had less damages at 0,6g. 

 

a) 
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b) 

Figure 4.52 – Evolutions of the horizontal displacement for increasing seismic load; a) Central point; b) Middle 
point. 

 

 

a) 

 

b) 

Figure 4.53 – Evolutions of the horizontal displacement for increasing seismic load; a) Corner X direction; b) Corner 
Y direction. 
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The presence of an not centered partition wall increases the strain and the displacements in 

the x direction and decreases the strains and the displacements in the y direction. When 

removing this same wall there has been a significant increase of the displacements in the x 

direction (out of the plane) considerably increasing the damages on the longer walls. With the 

absence of a wall the displacement significantly increases and consequently the damage. 

When confined the walls, the most significant variations occur in the longer walls, were its 

verified the reduction out of the plane displacements. With regard to the damage, these walls 

do not have significant damage due to the increased stiffness caused by the confinement.  

By increasing 10 times the elastic modulus the frequency is increased to 25Hz matching the 

values for the frequency obtained in the in-situ survey. As expected the structural behavior is 

significantly improved with the increase of the elastic modulus and worsens with decreasing 

of the elastic modulus.  

When analyzed the model without cover (NC), for the horizontal seismic demand in X 

direction, an increase in the maximum displacement in this direction is observed. This The 

lack of this structural element leads to a maximum displacement of 12.1mm, while for the 

non-retrofitted model a maximum displacement of 10.9mm was observed, for 1g seismic 

demand. When the foundations are taken (NF), as expected, the out-of-plane collapse is 

reached. The displacement increase to 30.6mm in the model without a wall (NW). 

In terms of maximum stress, for the NC model a maximum stress of 0.9MPa is observed, 

while for the NF model the maximum stress increases to 345.1MPa, and for the NW model to 

30.6MPa. 

Analyzing the response of the walls' midpoint (see Figure 18), it is observed that the NC and 

NW models had a better performance of these walls. At the building corners, the NW model 

had a worst behavior for the seismic demand in the Y direction. The walls of the NF model 

collapsed so, it was not possible to compare is behaviour with the the behaviour of the case 

study. As it was expected, the model without foundations, present several damages reaching 

the collapse of the walls. The model without a wall had severe damages in the connection 

with the internal walls and on the base of the walls at 0,6g. 
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a) 

 

b) 

Figure 4.54 – Evolutions of the horizontal displacement for increasing seismic load; a) Central point; b) Middle 
point. 

 

 

a) 
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b) 

Figure 4.55 – Evolutions of the horizontal displacement for increasing seismic load; a) Corner X direction; b) Corner 
Y direction. 

With the implementation of buttresses (B), for the horizontal seismic demand in X direction, 

an increase in the maximum displacement in this direction is observed. In fact, the local 

stiffening of the building corners with buttresses, deformation demands tend to concentrate 

in the walls in the central part of the building. This retrofitting solution leads to a maximum 

displacement of 7.8mm, while for the non-retrofitted model a maximum displacement of 

10.9mm was observed, for 1g seismic demand. 

With the solution corresponding to the use of buttresses in the longest walls (BLW), the out-

of-plane displacements decreases to 5.9mm, and the displacement in these points is reduced 

to 2.4mm in the model simulating the retrofitting with ties (R). 

In terms of maximum stress, for the B model a maximum stress of 0.6MPa is observed, while 

for the BLW model the maximum stress decreases to 0.5MPa, and for the R model to 0.2MPa. 

In Figure 21 and Figure 22 are presented the curves with the evolution of horizontal 

displacement with the seismic demand were it is observed that the BLW and R solutions 

improves largely the performance of these walls. At the building corners, all the reinforcement 

solutions improved the behavior, either for the seismic demand in X and Y direction. Model R 

represent the solution that more reduces the damage up to an equivalent seismic demand of 

0.6g. A retrofitting solution commonly adopted in the rammed earth constructions in the 

south of Portugal was the installation of buttresses (model B). 
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a) 

 

b) 

Figure 4.56 – Evolutions of the horizontal displacement for increasing seismic load; a) Central point; b) Middle 
point. 

 

 

a) 

 

b) 

Figure 4.57 – Evolutions of the horizontal displacement for increasing seismic load; a) Corner X direction; b) Corner 
Y direction. 
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5. Case study 2 

5.1. Base model 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.115MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.1 – Results from the base model: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 5.1 – Maximum values obtained in the base model. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
 (MPa) 

0,046 0,083 0,000 0,115 

 

Table 5.2 – Frequencies obtained in the base model. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,467 2,481 3,783 3,896 3,928 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

73.1mm. The maximum strain (11,213 Mpa) and damage develops at the base of the walls 

perpendicular to the direction of the applied force, as well as in the connection between walls. 

When imposing the horizontal load (1g) in the Y direction, a maximum displacement in this 

direction of 304.3mm is reached. For the seismic demand in Y direction, the maximum strain 

(5,426MPa) and damages develops also in the base of the walls perpendicular to the direction 

of the applied force, and also in corners and in the regions of connection between walls. 
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a) b) 

Figure 5.2 – Response in terms of maximum strain distribution for the seismic demand (1g): a) X direction; b) Y 
direction.  

 
 

For the seismic demands in the X direction, the damage start in the base and central areas of 

the longitudinal walls. Then, the damage evolves towards the perpendicular walls, until the 

collapse of the region connecting perpendicular walls. For the demands in the Y direction, it 

was observed that damage start in the connection between the inner and outer walls. With 

the increasing of the seismic demand, the damages develop towards the interior walls until 

the collapse of the walls perpendicular to the seismic loading impose. 

 

Table 5.3 – Damage distribution evolution for seismic demands.  
 X direction  Y direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

 

5.2. Analysis of variations in the dimensions and geometry 

5.2.1. Model with openings 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.171MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   
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a) b) 

Figure 5.3 – Results from the model with openings: a) response for the vertical loads; b) 1st mode of the structure. 
 

Table 5.4 – Maximum values obtained in the model with openings. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,088 0,085 0,000 0,170 

 

Table 5.5 – Frequencies obtained in the model with openings. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,430 2,434 2,446 3,738 3,777 3,811 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

80,552mm and 8,718Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 394,682mm is reached and 

5,621Mpa for the maximum strain. 

  

a) b) 

Figure 5.4 – Strains and deformations of the model with openings; a) X Direction; b) Y Direction.  
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Table 5.6 – Damage distribution evolution for seismic demands on the model with openings.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.2.2. Model with a slope 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.147MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

 
Figure 5.5 – Results from the model with a slope: a) response for the vertical loads; b) 1st mode of the structure. 

 
 

Table 5.7 – Maximum values obtained in the model with a slope. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,070 0,469 0,000 0,147 

 

 

Table 5.8 – Frequencies obtained in the model with a slope. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,467 2,837 2,841 3,796 3,970 3,984 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,801mm and 10,876Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 18,068mm is reached and 

4,838Mpa for the maximum strain. 

 

 

  

a) b) 

Figure 5.6 – Strains and deformations of the model with a slope; a) X Direction; b) Y Direction.  
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Table 5.9 – Damage distribution evolution for seismic demands on the model with a slope.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.2.3. Model with L geometry 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.151MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.7 – Results from the model with L geometry: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 5.10 – Maximum values obtained in the model with L geometry. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,048 0,095 0,000 0,151 

 

Table 5.11 – Frequencies obtained in the model with L geometry. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,477 2,481 3,611 3,744 3,895 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,943mm and 14,086Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 304,815mm is reached and 

22,272Mpa for the maximum strain. 

  

a) b) 

Figure 5.8 – Strains and deformations of the model with L geometry; a) X Direction; b) Y Direction.  
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Table 5.12 – Damage distribution evolution for seismic demands on the model with L geometry.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 
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5.3. Analysis of variations in the materials and structural elements 

5.3.1. Model without cover 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.113MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.9 – Results from the model without cover: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 5.13 – Maximum values obtained in the model without cover. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,044 0,083 0,000 0,113 

 

Table 5.14 – Frequencies obtained in the model without cover. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,467 2,481 3,783 3,896 3,928 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,833mm and 10,084Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 312,492mm is reached and 

6,058Mpa for the maximum strain. 
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a) b) 

Figure 5.10 – Strains and deformations of the model without cover; a) X Direction; b) Y Direction.  

 

Table 5.15 – Damage distribution evolution for seismic demands on the model without cover.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

5.3.2. Model without foundations 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, that the maximum vertical strain reaches reduced values 

(approximately 0.126Mpa). From the modal analysis, it was observed that the first mode 

presents transversal displacements of all the building.  

  

a) b) 

Figure 5.11 – Results from the model without foundations: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 5.16 – Maximum values obtained in the model without foundations. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

----- ----- 0,000 0,126 

 

Table 5.17 – Frequencies obtained in the model without foundations. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 0,023 0,008 0,000 0,000 0,022 0,023 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed high displacements till reach the full collapse of 

the building. A maximum strain of 1845,459MPa was registered. When imposing the 

horizontal load (1g) in the Y direction, it is also observed high displacements till reach the full 

collapse of the building. A maximum strain of 1257,426MPa was registered. 
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a) b) 

Figure 5.12 – Strains and deformations of the model without foundations; a) X Direction; b) Y Direction.  

 

Table 5.18 – Damage distribution evolution for seismic demands on the model without foundations.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

5.3.3. Model confined in the smaller face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.115MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 5.13 – Results from the model confined in the smaller face: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 
 

Table 5.19 – Maximum values obtained in the model confined in the smaller face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,046 0,083 0,000 0,115 

 

Table 5.20 – Frequencies obtained in the model confined in the smaller face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,466 2,481 3,783 3,928 3,965 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

73,095mm and 11,206Mpa for the maximum strain. When imposing the horizontal load (1g) in 
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the Y direction, a maximum displacement in this direction of 20,384mm is reached and 

5,427Mpa for the maximum strain. 

  

a) b) 

Figure 5.14 – Strains and deformations of the model confined in the smaller face; a) X Direction; b) Y Direction.  

 

 

Table 5.21 – Damage distribution evolution for seismic demands on the model confined in the smaller face.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 
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0,8g 

  

1,0g 

  

 

5.3.4. Model confined in the larger face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.114MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.15 – Results from the model confined in the larger face: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 

Table 5.22 – Maximum values obtained in the model confined on the larger face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,041 0,067 0,000 0,114 
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Table 5.23 – Frequencies obtained in the model confined on the larger face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,502 2,503 2,510 3,948 4,005 4,165 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

36,533mm and 1,164Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 114,973mm is reached and 

1,864Mpa for the maximum strain. 

  

a) b) 

Figure 5.16 – Strains and deformations of the model confined on the larger face; a) X Direction; b) Y Direction.  
 

 

Table 5.24 – Damage distribution evolution for seismic demands on model confined on the larger face.  
 X Direction  Y Direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

 

5.3.5. Model confined in two faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.114MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.17 – Results from the model confined in two faces: a) response for the vertical loads; b) 1st mode of the 
structure. 
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Table 5.25 – Maximum values obtained in the model confined in two faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,040 0,067 0,000 0,114 

 

Table 5.26 – Frequencies obtained in the model confined in two faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,502 2,503 2,510 3,948 4,005 4,247 

 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

36,533mm and 1,164Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 112,097mm is reached and 

1,864Mpa for the maximum strain. 

Regista-se apenas uma diminuição dos danos na parede confinada quando comparada com o 

modelo base. 

  

a) b) 

Figure 5.18 – Strains and deformations of the model confined in two faces; a) X Direction; b) Y Direction.  

 

Table 5.27 – Damage distribution evolution for seismic demands on the model confined in two faces.  
 X Direction  Y Direction 

0,2g 
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0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.3.6. Modelo with 10xE 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.115MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   
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a) b) 

Figure 5.19 – Results from the modelo with 10xE: a) response for the vertical loads; b) 1st mode of the structure a. 
 
 

Table 5.28 – Maximum values obtained in the model with 10xE. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,005 0,008 0,000 0,115 

 

Table 5.29 – Frequencies obtained in the model with 10xE. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 7,795 7,801 7,845 11,963 12,320 12,421 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

2,922mm and 1,880Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 9,548mm is reached and 

1,945Mpa for the maximum strain. 

  

a) b) 

Figure 5.20 – Strains and deformations of the model with 10xE; a) X Direction; b) Y Direction.  
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Table 5.30 – Damage distribution evolution for seismic demands on the model with 10xE.  
 X Direction Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.3.7. Model with 0,5xE 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.115MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   

  

a) b) 

Figure 5.21 – Results from the model with 0,5xE: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Tabele 5.31 – Maximum values obtained in the model with 0,5xE. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,093 0,166 0,000 0,115 

 

Table 5.32 – Frequencies obtained in the model with 0,5xE. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 1,743 1,744 1,754 2,675 2,755 2,778 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

1128,587mm and 64,973Mpa for the maximum strain. When imposing the horizontal load (1g) 

in the Y direction, a maximum displacement in this direction of 912,066mm is reached and 

5,979Mpa for the maximum strain. 

  

a) b) 

Figure 5.22 – Strains and deformations of the model with 0,5xE; a) X Direction; b) Y Direction.  

 

Table 5.33 – Damage distribution evolution for seismic demands on the model with 0,5xE.  
 X Direction  Y Direction 
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0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.3.8. Model without a wall 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.130MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 
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a) b) 

Figure 5.23 – Results from the model without a wall: a) response for the vertical loads; b) 1st mode of the structure. 
 
 

Table 5.34 – Maximum values obtained in the model without a wall. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,047 0,028 0,000 0,130 

 

Table 5.35 – Frequencies obtained in the model without a wall. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,467 2,481 3,548 3,551 3,889 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

176,657mm and 22,123Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 304,492mm is reached and 

3,301Mpa for the maximum strain. 

  

a) b) 

Figure 5.24 – Strains and deformations of the model without a wall; a) X Direction; b) Y Direction.  

 

Table 5.36 – Damage distribution evolution for seismic demands on the model without a wall.  
 X Direction  Y Direction 
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0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 
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5.4. Analysis of variations of strengthening elements 

5.4.1. Model with 14 buttresses 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.436MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.25– Results from the model with 14 buttresses: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 5.37 – Maximum values obtained in the model with 14 buttresses. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,572 0,461 0,000 0,436 

 

Table 5.38 – Frequencies obtained in the model with 14 buttresses. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,277 2,480 2,491 3,266 4,198 4,823 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

20,713mm and 1,228Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 257,524mm is reached and 

2,811Mpa for the maximum strain. 
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a) b) 

Figure 5.26 – Strains and deformations of the model with 14 buttresses; a) X Direction; b) Y Direction.  

 

Table 5.39 – Damage distribution evolution for seismic demands on the model with 14 buttresses.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

5.4.2. Model with 8 buttresses 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.077MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.27 – Results from the model with 8 buttresses: a) response for the vertical loads; b) 1st mode of the 
structure. 

 
 

Table 5.40 – Maximum values obtained in the model with 8 buttresses. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,159 0,465 0,000 0,077 

 

Table 5.41 – Frequencies obtained in the model with 8 buttresses. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,467 2,468 2,484 3,928 3,973 4,199 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

90,593mm and 13,720Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 290,532mm is reached and 

3,232Mpa for the maximum strain. 
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a) b) 

Figure 5.28 – Strains and deformations of the model with 8 buttresses; a) X Direction; b) Y Direction.  

 

Table 5.42 – Damage distribution evolution for seismic demands on the model with 8 buttresses.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 
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1,0g 

  

 

5.4.3. Model with the buttresses in the smaller face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.079MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

  

a) b) 

Figure 5.29 – Results from the model with the buttresses in the smaller face: a) response for the vertical loads; b) 
1st mode of the structure. 

 
 

Table 5.43 – Maximum values obtained in the model with the buttresses in the smaller face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,113 0,551 0,000 0,079 

 

Table 5.44 – Frequencies obtained in the model with the buttresses in the smaller face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,465 2,466 2,481 3,787 3,927 3,964 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

72,143mm and 10,942Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 291,898mm is reached and 

6,078Mpa for the maximum strain. 
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a) b) 

Figure 5.30 – Strains and deformations of the model with the buttresses in the smaller face; a) X Direction; b) Y 
Direction.  

 

 

Table 5.45 – Damage distribution evolution for seismic demands on the model with the buttresses in the smaller 
face.  

 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 
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0,8g 

  

1,0g 

  

 

5.4.4. Model with the buttresses in the larger face 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.126MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.31 – Results from the model with the buttresses in the larger face: a) response for the vertical loads; b) 1st 
mode of the structure. 

 
 
 

Table 5.46 – Maximum values obtained in the model with the buttresses in the larger face. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,213 0,168 0,000 0,126 
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Table 5.47 – Frequencies obtained in the model with the buttresses in the larger face. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,472 2,478 2,488 3,894 3,954 3,986 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,580mm and 13,420Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 275,129mm is reached and 

6,250Mpa for the maximum strain. 

  

a) b) 

Figure 5.32 – Strains and deformations of the model with the buttresses in the larger face; a) X Direction; b) Y 
Direction.  

 
 

Table 5.48 – Damage distribution evolution for seismic demands on the model with the buttresses in the larger 
face.  

 X Direction  Y Direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

 

5.4.5. Model with buttresses in the two smaller faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.078MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.33 – Results from the model with buttresses in the two smaller faces: a) response for the vertical loads; b) 
1st mode of the structure. 
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Table 5.49 – Maximum values obtained in the model with buttresses in the two smaller faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,125 0,547 0,000 0,078 

 

Table 5.50 – Frequencies obtained in the model with buttresses in the two smaller faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,466 2,467 2,481 3,924 3,966 4,098 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,997mm and 11,109Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 291,651mm is reached and 

3,238Mpa for the maximum strain. 

 

  

a) b) 

Figure 5.34 – Strains and deformations of the model with buttresses in the two smaller faces; a) X Direction; b) Y 
Direction.  

Table 5.51 – Damage distribution evolution for seismic demands on the model with buttresses in the two smaller 
faces.  

 X Direction  Y Direction 

0,2g 

  

0,4g 
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0,6g 

  

0,8g 

  

1,0g 

  

 

5.4.6. Model with buttresses in the two larger faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.125MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.35 – Results from the model with buttresses in the two larger faces: a) response for the vertical loads; b) 
1st mode of the structure. 

 



  

114 
 

Table 5.52 – Maximum values obtained in the model with buttresses in the two larger faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,213 0,266 0,000 0,125 

 

Table 5.53 – Frequencies obtained in the model with buttresses in the two larger faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,478 2,492 2,498 4,098 4,100 4,197 
 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

21,069mm and 1,486Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 253,079mm is reached and 

3,067Mpa for the maximum strain. 

 

  

a) b) 

Figure 5.36 – Strains and deformations of the model with buttresses in the two larger faces; a) X Direction; b) Y 
Direction.  

 

Table 5.54 – Damage distribution evolution for seismic demands on the model with buttresses in the two larger 
faces.  

 X Direction  Y Direction 

0,2g 

  



  

115 
 

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.4.7. Model with buttresses in two faces 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.081MPa). From the modal analysis, it was observed that the first mode 

presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls.   
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a) b) 

Figure 5.37 – Results from the model with buttresses in two faces: a) response for the vertical loads; b) 1st mode of 
the structure. 

 
 

Table 5.55 – Maximum values obtained in the model with buttresses in the two faces. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,213 0,504 0,000 0,081 

 

Table 5.56 – Frequencies obtained in the model with buttresses in the two faces. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,473 2,479 2,489 3,891 3,954 4,161 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

71,164mm and 13,400Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 263,314mm is reached and 

6,040Mpa for the maximum strain. 

  

a) b) 

Figure 5.38 – Strains and deformations of the model with buttresses in the two faces; a) X Direction; b) Y Direction.  
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Table 5.57 – Damage distribution evolution for seismic demands on the model with buttresses in the two faces.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.4.8. Model with rods 

From the analysis of the results obtained with the non-linear model for the vertical static 

loads it was observed, as expected, that the maximum vertical strain reaches reduced values 

(approximately 0.115MPa). From the modal analysis, it was observed that the first mode 
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presents dominantly transversal displacements of the long external walls, highlighting the 

potential for the development of out-of-plane mechanisms of the façade walls. 

 

  

a) b) 

Figure 5.39 – Results from the model with rods: a) response for the vertical loads; b) 1st mode of the structure. 
 
 
 

Table 5.58 – Maximum values obtained in the model with roads. 
Dx 

(mm) 
Dy 

(mm) 
Dz 

(mm) 
Strain 
(MPa) 

0,047 0,085 0,000 0,115 

 

Tabela 5.59 – Frequencies obtained in the model with roads. 
Frequencies 1º mode 2º mode 3º mode 4º mode 5º mode 6º mode 
f (Hz) 2,486 2,494 2,498 3,965 4,020 4,262 
 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 

1g imposed in the X direction, it is observed a maximum displacement in this direction of 

7,325mm and 0,424Mpa for the maximum strain. When imposing the horizontal load (1g) in 

the Y direction, a maximum displacement in this direction of 205,457mm is reached and 

5,465Mpa for the maximum strain. 

 

  

a) b) 

Figure 5.40 – Strains and deformations of the model with roads; a) X Direction; b) Y Direction.  
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Table 5.60 – Damage distribution evolution for seismic demands on the model with roads.  
 X Direction  Y Direction 

0,2g 

  

0,4g 

  

0,6g 

  

0,8g 

  

1,0g 

  

 

5.5. Outcome analysis 

In the next table a summary of the maximum values obtained in the numerical analyze for the 

second case study it's presented. From this analysis it can be concluded that when rods are 

applied the structural behaviour of vernacular construction subjected to a seismic action it's 
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improved. The poor behavior of structural elements or the variation in the material properties 

influence the structural behavior of rammed earth vernacular constructions. 

Table 5.61 – Summary table of maximum values. 
   Seismic force applied in 

the X direction 
Seismic force applied 

in the Y direction 
 Strain 

(MPa) 
Frequency 

(Hz) 
Drift  
(mm) 

Strain 
 (MPa) 

Drift  
(mm) 

Strain 
 (MPa) 

Base model 0,115 3,928 71,100 11,213 304,202 5,426 
With openings 0,170 3,811 80,552 8,718 394,682 5,621 
With a slope 0,147 3,984 71,801 10,876 18,068 4,838 
L geometry 0,151 3,895 71,943 14,086 304,815 22,272 
Without cover 0,113 3,928 71,833 10,084 312,492 6,058 
Without foundations 0,126 0,023 --- 1845,459 --- 1257,426 
Confined in the smaller face 0,115 3,965 73,095 11,206 20,384 5,427 
With the buttresses in the larger 
face 

0,114 4,165 36,533 1,164 114,973 1,864 

Confined in two faces 0,114 4,247 36,533 1,164 112,097 1,864 
10xE 0,115 12,421 2,922 1,880 9,548 1,945 
0,5xE 0,115 2,778 1128,587 64,973 912,066 5,979 
Without a wall 0,130 3,889 176,657 22,123 304,492 3,301 
14 buttresses 0,436 4,823 20,713 1,228 257,524 2,811 
8 buttresses 0,077 4,119 90,593 13,720 290,532 3,232 
With the buttresses in the smaller 
face 

0,079 3,964 72,143 10,942 291,898 6,078 

With the buttresses in the larger 
face 

0,126 3,986 71,580 13,420 275,129 6,250 

With buttresses in the two 
smaller faces  

0,078 4,098 71,997 11,109 291,651 3,238 

With buttresses in the two larger 
faces 

0,125 4,197 21,069 1,486 253,079 3,067 

With buttresses in two faces 0,081 4,161 71,164 13,400 263,314 6,040 
With rods 0,115 4,262 7,325 0,424 205,457 5,465 

The presence of openings increases the displacements in both directions and reduces the 

tension in the x direction. The L geometry led to an increase of the maximum tension in both 

directions, however, no significant variation in displacements. On the other hand, the 

existence of a slope substantially reduces the displacement and resistance in the y direction. 

Regarding the damage, there is a reduction in damage on the walls with shorter height of the 

slope model. 

When analyzing the absence or malfunction of structural elements it appears that the 

absence of the cover led to a slight increase in the displacements and stresses with the 

exception of the strain in the x direction which decreases slightly. As expected, the lack of 

foundations originated the total collapse of the structure. The absence of a wall significantly 

increases the displacements and consequently the damage.  

When confined the walls, the most significant variations occur in the longer walls, were its 

verified the reduction out of the plane displacements. With regard to the damage, these walls 

do not have significant damage due to the increased stiffness caused by the confinement.  
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By increasing 10 times the elastic modulus the frequency is increased to 25Hz matching the 

values for the frequency obtained in the in-situ survey. As expected the structural behavior is 

significantly improved with the increase of the elastic modulus and worsens with decreasing 

of the elastic modulus.  

Based on this prior analyses, it is clear that for the building studied, the out-of-plane collapse 

mechanism of the longer walls is one of the major vulnerabilities of the studied buildings. 

Thus, the strengthening solutions analyzed next correspond to the scenario of the seismic 

action in the Y direction. 

With the implementation of buttresses (B), for the horizontal seismic demand in Y direction, 

an increase in the maximum displacement in this direction is observed. In fact, the local 

stiffening of the building corners with buttresses, deformation demands tend to concentrate 

in the walls in the central part of the building. This retrofitting solution leads to a maximum 

displacement of 90.6mm, while for the non-retrofitted model a maximum displacement of 

73.1mm was observed, for 1g seismic demand. 

With the solution corresponding to the use of buttresses in the longest walls (BLW), the out-

of-plane displacements decreases to 21.1mm, and the displacement in these points is reduced 

to 7.3mm in the model simulating the retrofitting with ties (R). 

In terms of maximum stress, for the B model a maximum stress of 13.7MPa is observed, while 

for the BLW model the maximum stress decreases to 1.5MPa, and for the R model to 0.4MPa. 

In the next figures are presented the curves with the evolution of horizontal displacement 

with the seismic demand, for three critical points, at the top of the walls, representative of 

the building response, that allow comparing the efficiency of the studied retrofitting 

solutions. Analyzing the response of the walls' midpoint, it is observed that the BLW and R 

solutions improves largely the performance of these walls. At the building corners, all the 

reinforcement solutions improved the behavior, either for the seismic demand in X and Y 

direction. Model R represent the solution that more reduces the damage up to an equivalent 

seismic demand of 0.6g. A retrofitting solution commonly adopted in the rammed earth 

constructions in the south of Portugal was the installation of buttresses (model B).  
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a) 

 

b) 

 
Figure 5.41 – Evolutions of the horizontal displacement for increasing seismic load; a) Central point; b) Middle point 

 

 

a) 
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b) 

Figure 5.42 – Evolutions of the horizontal displacement for increasing seismic load; a) Corner X direction; b) Corner 
Y direction. 
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6. Final Comments 

The south of Portugal, and in particular the Alentejo region, is a region with potential 

moderate seismic activity (Barros et al, 2015). Through the results obtained in this study, it 

was possible to observe that the rammed earth vernacular existing constructions commonly 

found in the south of Portugal can suffer substantial damages when subjected to 

earthquakes with accelerations up to 0.4g. For seismic demand with larger peak accelerations, 

the collapse of principal structural elements may occurs, especially associated to out-of-plane 

collapses of the outer walls. 

The geometry related factors of the construction have influence on the structural behavior of 

the construction especially when eccentricities are induced. The absence or malfunction of 

structural elements affects the mechanical behavior of rammed earth vernacular buildings 

when subjected to seismic events. 

Analisadas a ausência ou mau funcionamento de elementos estruturais verifica-se que a falta 

da cobertura originou o aumento dos deslocamentos e tensões na direção x. Como se 

esperava, a falta de fundações originou o colapso total da estrutura. A ausência de uma 

parede aumenta significativamente os deslocamentos e consequentemente os danos.  

A common strengthening solution founded in vernacular constructions in the South of 

Portugal, the use of buttresses in the building corners, may not reduce significantly the 

seismic vulnerability of these buildings. In fact, for buildings with long walls, the out-of-plane 

mechanism may control their seismic performance. 

In these buildings, the adoption of buttresses or ties on the walls in mid-points of the long 

walls may improve the seismic behavior and safety. These structural strengthening solutions, 

if located in the points where maximum displacements tends to develop, and if properly 

connected to the building structure can significantly reduce the displacement demand and 

damage. 
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1. Introduction 

The main goal of this task was the experimental analysis of vernacular buildings and materials located in south of 

Portugal, namely Alentejo and Algarve, where the seismic hazard presents higher values and where it is feasible to 

found signs of local seismic culture.  

 

The experimental work carried out by University of Minho included an experimental work carried out at laboratory on 

the characterization of materials that can be found in vernacular buildings, namely granites and rammed earth. For the 

granite freeze-thaw cycles were carried out to evaluate the variations on the physical behavior to this environment 

action. The characterization of rammed earth included the characterization of soils for the masonry walls, 

characterization of rammed earth under flexural and diagonal compression tests. Additionally, strengthening of the 

rammed earth walls was also carried out and its effectiveness evaluated based on diagonal compression tests.   

2. Experimental charcaterization of granites 

Taking into account that the freeze-thaw cycles have some importance on the northeastern region of Portugal, where 

great part of the vernacular construction is made of granitic stone, it is important to assess the vulnerability of this 

construction material to this type of actions. Therefore, the present paper presents and experimental campaign of 

freeze-thaw cycles on two distinct types of granites, which are characteristics of vernacular construction and discusses 

that main results analyzing the main damage indexes associated to the weathering process of the granites. 

Additionally, an analysis of the physical properties and the variation of the ultrasonic pulse velocity for increasing 

cycles of freeze-thaw is also provided.   

2.1 Geometry and shape of specimens 

The  granites  adopted  in  the  present  work  were  collected  from  the Northern  region  of  Portugal. Tests were 

performed in three groups corresponding to two kinds of granite (see Table 1): (1) the granite designated MDB that is 

medium-grained two-mica granite. Two directions were considered for this granite, namely the direction parallel to the 

foliation plan and the direction perpendicular to the foliation plane.  

 

Table 1.   Brief petrologic description of the granites 

Granite 
Designation Description 

Mean length 
(mm) 

Grain size 
range (mm) Loading Directions 

MDB 

 
Medium-grained two- mica 

granite 0.7-0.9 0.3-14.5 
Parallel and 

perpendicular to the 
foliation plane 

PTM 
Fine to medium-grained two-

mica granite 0.7-0.8 0.3-12.0 
Parallel and 

perpendicular to the 
foliation and rift plane 
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The foliation is given by the orientation of the biotite minerals; (2) the granite designated by PTM that is a fine to 

medium-grained granite two-mica granite. Cubic specimens (70x70x70 cm) were adopted according to the 

recommendations   about   the   geometry   and dimensions of the specimens are described in the European Standard 

EN 12371-10 (2010). A total of 12 specimens, 4 for granite PTM and 8 for granite MDB were tested to the action of 

freeze-thaw cycles. 

2.2 Equipment and test procedure 

The freeze-thaw tests on the specimens were carried out according to the EN 12371-10 [15] standard. As the civil 

engineering laboratory of the University of Minho does not have a camera to perform automated testing, it was 

decided to use equipment composed of an adapted freezer. The freezer was altered so that the freeze and thawing 

cycles could be made in an automatic sequence. Besides the freezer, an electric resistance, a water agitator and a  

ventilator were adapted to the freezer so that the thawing cycles could be possible. The electric resistance enables to 

increase the temperature until a value that is compatible with the standard, the water agitator enables to make the 

water where the specimens are immersed uniform and the ventilator enable to make the internal environment 

uniform and the renovation of air, see Figure 1.Two temperature sensors were considered to measure the internal 

temperature and the outside environment of the freeze. Additionally, a control temperature sensor was installed in 

the center of a specimen, considered as the control specimen to measure the temperature inside the specimen. This 

sensor enable to continuous monitoring in terms of internal temperature. Additionally, a lab view software application 

was developed to control the temperature in the freeze and make the sequence of the freeze-thawing cycles possible 

and additionally to record the temperatures in the temperature sensors (Figure 1(d)) According to the standard EN 

12371-10 [15], the freeze and thawing of the specimens should have a duration of 6 hours each, see Table 2. The 

software application addresses the computational cycles automatically.  

 

 

Figure 1.   Equipment for testing the freeze-thaw: (a) setup tests; (b) ventilator on the chamber lid; (c) automatic 

programme and (d) detail inside the chamber 

 

Its programming commands cycles of icing and thawing of the 6 hours (21600 seconds) each, having been accounted 

also the time to empty the chamber (beginning the cycle of ice) and the filling of the recipient where the specimens 

are placed with water (start the defrost cycle), whose value is 150 seconds. In this application it is recorded the 

temperature inside the freeze, the temperature inside the control specimen and the outside environment 

temperature. The interior of the freezer (see Figure 1d) is equipped with an agitator to promote uniform temperature 

(a) (c) (d) (b) 
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distribution in all samples, a pump to empty and fill the chamber with water and a heater for heating the water in the 

defrost phase. 

 

In accordance EN 12371-10 [15] standard the samples were maintained in the chamber for a period of 6 hours subjected 

to temperatures between 0ºC and -12°C (the freezing phase) followed by a further period of 6 hours fully immersed in 

water at a temperature of +5°C to +20ºC (thawing phase). The Table 2 indicates the temperature values required by 

the standard to which the control specimen should be subjected. In preliminary trials to the equipment was necessary 

to make some adjustments to obtain temperature readings within the required values. 

 

Table 2.   Temperature values in the control sample required by the EN 12371-10 standard for the testing of freeze-thaw 

 Temperature in center of the specimen motorized Time 

Cycle start ≥ + 5 ºC ≤ + 20 ºC T0 

Phase 1 ≤ 0 ºC ≥ - 8 ºC T0 + 2h 

Phase 2 ≤ - 8 ºC ≥ - 12 ºC T0 + 6h 

Phase 3 Full immersion T0 + 6,5h 

Phase 4 ≥ + 5 ºC ≤ + 20 ºC T0 + 9h 

Phase 5 ≥ + 5 ºC ≤ + 20 ºC T0 + 12h 

 

2.3 Testing methods 

In accordance to the EN 12371-10 (2010) standard the assessment of the damage progress of the specimens submitted 

to freeze-thawing cycles should be made by: (1) visual inspection; (2) variation of the dynamic modulus of elasticity; 

and (3) variation of the apparent volume. The determination of changes in the apparent volume during cycles of 

freezing-thawing allows calculating the losses of material due to the deterioration suffered by the samples. It is 

considered that occurred deterioration when the reduction in apparent volume reaches 1% of the original apparent 

volume. 

 

It was decided to measure the evaluation of the progress of the ultrasonic pulse velocity from which the determination 

of dynamic modulus of elasticity can be calculated. Through the determination of this modulus during cycles of 

freezing-thawing is possible to detect some deterioration, such as micro cracks.  A sample is considered deteriorated 

when a reduction in the dynamic elastic modulus reaches 30%. The dynamic modulus of elasticity (Ed) was determined 

according to the Expression 1 suggested by ISRM suggested methods (1977): 

Ed = ρxCp
2x10-9 (GPa) (1)            .  

Where ρ is the stone density in kg/m3 and Cp is the pulse propagation velocity (P-waves) in m/s. 
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The ultrasonic pulse velocity method is useful to provide information about uniformity of the stones, cavities, cracks. 

According to Vasconcelos et al. (2008), the damage progress of granites, inducing alteration of the internal structure 

of the material can be reasonably evaluated by the ultrasonic pulse velocity. Thus, besides the calculation of the 

dynamic modulus of elasticity it was decided to evaluate the variation of the UPV. The ultrasonic testing was carried 

out in accordance with EN 14579-04 (2004). 

 

Visual inspection of the specimens is a fast, economical and easy method. After the freeze- thawing cycles all the 

faces of the specimens are examined and classified according to the following scale: (0) intact specimen; (1) very little 

damage (small rounding of corners and edges) that do not compromise the integrity of the specimen; (2) one or 

several cracks (<0,1mm wide) or detachment of small fragments (≤10mm2 by fragment); (3) one or several cracks, 

holes or detachment of small fragments superior to those defined for classification “2”, or alteration of the material 

contained in veins; (4) specimen broken in two or with large cracks; (5) specimen broken into several pieces or 

disintegrated. A sample is considered deteriorated when reaches classification “3”.  

 

Additionally, it was determined the water absorption by immersion at atmospheric pressure and the water absorption 

by capillary action in natural stones (calculation of the water absorption coefficient). Capillary water absorption is one 

of the most significant physical properties of natural stone. Capillarity occurs due to a process of suction water 

through the rock. The appearing of water is obtained through the contact the stone with the soil, checking for a 

penetration of water through the capillaries. A larger pore diameter implies a higher suction capacity and subsequent 

penetration of water and chemical substances. The  negative  influences of water in many physical and mechanical 

properties of stone are well know (Almeida, 2000; Costa 2009). Water softens the material and results in the strength 

decrease, as well as, its rost resistance. The speed and quantity of capillary water absorption and its retention in the 

pores has a significant impact on the durability  of  individual  varieties  of  natural  stone.  If  the absorbed capillary 

water is retained for a longer period of time at temperatures lower than 0ºC, ice crystallizes. With the growth of ice 

crystals and the increased volume of the ice, the durability can be significantly reduced. For these reasons physical 

properties was calculated before and after each cycle. The coefficient of water absorption was determined based on 

the European Standard method EN 13755-08 (2000) and capillary absorption of water at atmospheric pressure was 

determined in accordance of EN 1925 (1999). 

 

2.4 Experimental results 

The analysis of the damage progress resulting from the freeze-thawing cycles is made based on the standard damage 

indexes mentioned in the tests standard and the variation of the ultrasonic pulse velocity and physical properties.  The 

damage control due the freeze thaw cycles was performed at 0, 34, 74.5, 104, 136, 178, 224 and 258 freeze-thaw cycles.  
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2.4.1 Assessment of the standard damage indexes 

The standard damage indexes are composed by the variation of mass, variation of the dynamic modulus of elasticity 

and visual inspection. The Figure 2(a) presents the weight loss during freeze thawing cycles and the Figure 2(b) analyses 

the variation of the apparent volume along the control cycles. From 0 to 74.5 cycles the weight loss in specimens PTM-

L ranges between 0.4-1.1g (reduction of approximately 0.15% in apparent volume). For the granite MDB-L the weight 

loss was about 1.2g (reduction of approximately 0.20% in apparent volume). In relation of the granite MDB-P the 

weight loss was 0.8g (reduction in apparent volume of 0.07%). After 74.5 cycle up to 224 cycle the loss in all 

specimens is higher reaching values in order of 2 up to 3 g (reduction in apparent volume between 0.60% up to 

0.95%). From the 224 cycle the mass loss was further accentuated in the last cycle of control (258). In cycle number 

258 all specimens showed a reduction of the apparent volume higher than 1% (weight loss between 2.5 up to 4.2g). 

These values indicate that the samples reached a considerable degree of damage in approaching the criteria of 

damaged specimens if the EN 14579-04 standard [18] is taken into account. In the last cycle the granite MDB-L 

showed a decrease in apparent volume of 2.25%, following by the granite MDB-P with 2.09% and 1.97% for granite 

PTM-L. 

 

 

(a)  (b) 

Figure 2. Mass evolution during freeze-thawing cycles: (a) dry weight and (b) variation of the apparent volume 

 

The decreasing found in the dynamic elastic modulus for the granites under study is presented in Figure 3. The 

reduction of the dynamic modulus of elasticity appears to be coherent with the increase on the variation of the mass. 

In fact, apart from specimen from granite PTM, all specimens present very reduced decreasing up to 34 cycles of 

freeze-thawing. On the other hand, the specimens show a significant drop in dynamic elastic modulus after 74.5 

freeze-thaw cycles, being in the range between 10-15% when 136 of freeze-thawing cycles are completed, reaching 

values higher than 20% in the last cycle.  

 

In fact, according to the criteria described in the EN 14579 (2004) standard relatively to the dynamic modulus of 

elasticity none of the specimens can be considered degraded, since they did not reach a reduction over 30% in value of 
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the dynamic modulus of elasticity. However, it is noteworthy that samples which showed large values of apparent 

volume reduction, corresponding to a surface degradation visible in the corners, achieving a reduction in the value of 

the dynamic modulus of elasticity between 25% up to 28% in the last cycle number 258. Table 3 sets out the results 

obtained for each sample after the visual inspection in the control points of each cycle. This inspection revealed some 

degree of wear surface, particularly in granites MDB-L. In the last cycle the specimens presented significant changes 

with detachment of small fragments of the corners, which according to the established in EN 14579 (2004) standard 

can be considered degraded (equal or higher than 3 rating). In Figure 4 it is possible to observe the wear surface 

identified with the visual inspection. 

  
Figure 3.   Relative dynamic modulus of elasticity vs. number of freeze–thaw cycles  

Table 3.   Results of the visual inspection in specimens after each freeze-thawing cycle 

 Cycles 

 0 34 74.5 104 136 178 224 258 

PTM-L/5 0 0 0 1  1  1  1  1  

PTM-L/6 0 0 1  1  1  1  2  3 

PTM-L/7 0 0 1  1  1  1  1  1  

PTM-L/8 0 0 0 1  2  2 2 3 

MDB-L/4 0 0 1  1  2  2 2 3 

MDB-L/5 0 0 1  2  2 2 2 3 

MDB-L/6 0 0 1  1  1  1  2  3 

MDB-L/7 0 0 1  2  2 2 2 2 

MDB-P/1 0 0 0 1  1  1  2  2 

MDB-P/2 0 0 1  1  2  2 2 3 

MDB-P/3 0 0 1  1  2  2 2 3 

MDB-P/4 0 0 1  1  1  1  2  2 
 

(0) intact specimen; (1) very little damage (small rounding of corners and edges); (2) one or several cracks (<0,1mm wide) or detachment of small fragments (≤10mm2 

by fragment); (3) one or several cracks, holes or detachment of small fragments superior to those defined for classification “2”, or alteration of the material contained in veins; 

(4) specimen broken in two or with large cracks; (5) specimen broken into several pieces or disintegrated. 
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(a) (b)  (c) 

Figure 4.   (a) Wear along the edge of the sample MDB-L; (b) detachment of a corner portion of the sample PTM-L and (c) Wear 

along the edge of the sample MDB-P 

2.4.2 Assessment of the variation of the physical properties 

In this section, an analysis of the variation of the physical properties with increasing number of freeze-thaw cycles is 

made, namely (1) variation of the porosity; (2) variation of the water absorption by immersion; (3) variation of the 

water absorption by capillary; (4) variation of the ultrasonic pulse velocity. The variation of the physical properties can 

give an indication about the changes on the internal structure induced by the damage associated to the freeze-thaw 

cycles. The variation on the porosity takes a central role, because its increase is directly related to the development of 

voids and internal micro cracks due to the freeze thaw damage. The increase on the porosity should result also in 

changes in the behavior of granites to water, which is related to several pathologies seen in the granites, namely 

formation of fungi, and higher vulnerability to the salt attack. 

 

The results for the porosity are shown in Figure 5. It is seen that only slight alterations on the porosity were found for 

34 freeze-thaw cycles. However, the porosity after 74.5 of freeze-thaw cycles is consistently higher in all specimens 

and progressively increases for increasing freeze-thaw cycles up to 178 cycle. From this cycle until the last control point 

(258 cycle) this increase is less pronounced. The increase on the porosity was about 0.84% for the PTM-L specimens, 

1.08% for the MDB-L granite and 0.94% for the MDB-P samples. The mass loss referred to above is related to the 

degradation of the samples. This means that the imposition of freeze-thaw cycles to the stones reduced the dry mass 

and consequently increased the porosity. It is possible to underline that granites from Mondim Bastos (MDB), in 

particular the granite MDB-L, are those with greater percentage of porosity, which indicates its greater absorption 

capacity due to the presence of pores.  
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Figure 5.   Porosity vs. number of freeze–thaw cycles 

As expected, the increase on the porosity is directly associated with the higher values of water absorption by 

immersion and capillary. As shown in Figure 6a the water absorption by immersion of the granites increased over the 

course of the cycles in average from to 1.47% up to 2% for the PTM-L samples, 0.79% up to 2.33% for the MDB-L 

specimens and 1.22% up to 2.11% for the MDB-P granite. With respect to the absorption coefficients of water by 

capillarity the values were increased during the freeze-thaw cycles, in accordance with Figure 6b. In Figure 7 it is 

possible to compare the curves of water absorption by capillarity before and after the completion of freeze-thaw 

cycles. It can be seen that the maximum absorption capacity coefficient obtained after the last cycle of freeze-thawing 

is approximately 0.240 g/cm2h1/2 reached by granite MDB–L, followed by granite MDB-P with 0.219 g/cm2h1/2 and 

finally the granite PTM-L with 0.168 g/cm2h1/2. Before the cycles these granites exhibited an initial value for the 

absorption coefficient of 0.174 g/cm2h1/2 (MDB-L), 0.156 g/cm2h1/2 (MDB-P) and 0.127 g/cm2h1/2 (PTM-L). It should be 

noted that previously demonstrated that samples which showed a larger increase in porosity at the end of cycles was 

the granite MDB-L, which was reflected therefore in obtaining a higher absorption coefficient of water for this kind of 

granite. 

  

 (a)  (b) 

Figure 6.   Behavior of granites to water during the freeze-thawing cycles; (a) water absorption by immersion and (b) capillary 

absorption 
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(a)  (b) 

Figure 7.   Behaviour of granites to water absorption by capillary: (a) before the freeze-thaw cycles and (b) after freeze-thaw cycles 

(last cycle number 258) 

The results presented in Figure 8, regarding the evolution of the ultrasonic pulse velocity with increasing freeze-thaw 

cycles, show that damage induced by the freeze-thaw cycles has a significant effect on the ultrasonic pulse velocity. 

There is a significant drop in ultrasonic pulse velocity after 34 freeze-thaw cycles. These results are in accordance with 

those obtained by Matsuoka (1990), who also presented results of decreasing ultrasonic pulse velocity (p waves) due 

to freeze-thaw cycle on rocks. The decrease on the ultrasonic pulse velocity, which reflects the decrease on the 

dynamic modulus of elasticity, is associated to the micro-structure of the granites due to weathering resulting from 

the freeze-thaw cycles. The loss of surface grains, formation of cracks and fissures (void formation) leads to the 

increased time of propagation of the wave, with a consequent reduction in its speed of propagation.  In the work 

carried out by Iliev (1966) a decrease of more than three times was found in the ultrasonic pulse velocity in very 

weathered rocks comparatively with healthy rocks.  

 

Figure 8.   Ultrasonic pulse velocity in granite specimens during the freeze-thaw cycles 
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3. Experimental analysis on unstabilised rammed earth walls 

 

Regarding the study of unstabilised rammed earth walls, four soils (here termed as S1, S2, S3 and S4) were collected 

from Alentejo and their properties were assessed, namely with respect to their performance as unstabilised rammed 

earth. The soils S1, S2 and S3 were collected from Serpa, Odemira and S. Luís, respectively. S4 is a soil with corrected 

particle size distribution (PSD) by addition of coarse aggregates, and was used in the construction of a new rammed 

earth house in Odemira. 

 

The suitability of the soils for unstabilised rammed earth was first assessed with basis on their properties. Then the 

performance of the unstabilised rammed earth manufactured with each soil was assessed by means of compression 

and the Geelong’s tests (water resistance).  

 

The properties of soils were first assessed by means of expeditious tests, which included the sedimentation, ribbon 

(Australia, 2002) and dry strength tests (Houben and Guillaud, 2008). These tests are typically found in the literature 

on earth construction and allow concluding on the suitability of a soil for earth construction. The results of the 

sedimentation test are presented in  

Figure 9. Soils S2 and S3 are those presenting the highest percentages of clay plus silt. According to Houben and 

Guillaud (Houben and Guillaud, 2008) the clay plus silt percentage is recommended to be between 21% and 37%, 

whereby the percentages of soil S2 and S3 are considered to be excessive. Soil S1 complies with this requirement, while 

the clay plus silt percentage of soil S4 is slightly below the minimum value. 

 
Figure 9. Results from the sedimentation test. 

 

The ribbon test also allows assessing qualitatively the proportions between the different size-fractions composing the 

soil. The ribbon length of each soil is given in Table 4, where all soils seem to be adequate for rammed earth 

construction, according to Standards Australia (2002). Moreover, the soil S1 and S3 seem to be those presenting higher 

clay content due to their higher ribbon length. 

 

The dry strength test was carried out on dry soil pats (fraction below 0.425 mm) with 4 cm diameter and 1 cm 

thickness. The test was carried out by breaking the specimens and crushing them between the thumb and forefinger, 
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and the results were interpreted according to Houben and Guillaud (2008). Soils S2 and S3 have moderate dry 

strength, while soils S1 and S4 have high dry strength. 

Then, the soils were analysed by means of geotechnical tests, namely PSD analysis (E196, 1966), Atterberg limits 

(NP143, ASTM D 4943, 1995) and Proctor test (E197, 1967). The PSD of the soils was obtained by means of sieving and 

sedimentation analyses. Figure 10 compares the PSD curves of the soils with the envelope recommended by Houben 

and Guillaud (2008) for unstabilised rammed earth. 

 

Table 4 – Results of the ribbon tests. 

Soil Length (mm) Interpretation 

S1 55 Suitable for unstabilised rammed earth 

S2 41 Suitable for unstabilised rammed earth 

S3 65 Suitable for unstabilised rammed earth 

S4 37 Probably suitable for rammed earth 
 

 

 

 
Figure 10. PSD curves of the soils compared against the envelope recommended by Houben and Guillaud (2008) 

 

Soils S1, S2 and S4 have very similar PSD curves and follow the lower limit of the envelope, within or slightly below it. 

On the other hand, the PSD curve of soil S3 is within or slightly above the envelope. Soils S2 and S3 are those 

presenting higher percentages of clay content, which goes against the results obtained for the dry strength, but 

agrees with the results from the sedimentation test, from a comparative perspective. This unexpected result can be 

explained by the type of clay minerals composing the clay fraction of each soil and by its respective submicron PSD. By 

comparison with the results from the sedimentation test, it is shown that this expeditious test fails in giving the exact 

proportion between the size fractions composing each soil. However, it constitutes a simple and fast method to 

compare qualitatively the fine fraction percentage among the soils. 
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The liquid limit (LL), plastic limit (PL) and shrinkage limit (SL) are presented in Table 5, as well as the respective 

plasticity index (PI) and shrinkage index (SI). Houben and Guillaud (2008) suggest an envelope of recommended values 

for PI (plasticity index) and LL given in 

Figure 11, where these parameters are plotted for each soil. Soil S1, S2 and S3 fit within the envelope, while soil S4 is 

outside, because of its low PI and LL. In practical terms, this means that rammed earth prepared with soil S4 may have 

durability or/and strength problems, whose uncertainty can only be clarified by testing the performance of rammed 

earth specimens. The low values obtained for the shrinkage index (SI) of the soils indicates that these have low 

shrinkage/swelling characteristics, which constitutes a good feature when addressing rammed earth construction. 

Table 5. Atterberg’s limits of the soils. 

Soil 
LL 

(%) 
PL 
(%) 

PI 
(%) 

SL 
(%) 

SI 
(%) 

S1 30 17 13 20 10 
S2 27 16 11 18 9 
S3 32 18 14 24 8 
S4 21 15 6 15 6 
 

The results of the Proctor test (standard) are summarised in  

 

 

Table 6, in terms of maximum dry density (rdmax) and optimum water content (OWC). In addition, the water content 

obtained from the drop test (DTWC) is also presented. The drop test is used on site to determine if the soil presents 

adequate moisture in order to be compacted. This test is shown to provide a good estimation of the OWC. Soils S1, S2 

and S4 are those presenting higher maximum dry densities, with similar values among them. On the other hand, soil 

S3 presents a substantially lower value for this parameter. According to Doat et al. (1991)  soils S1, S2 and S3 are 

expected to result in earthen materials with very satisfactory performance (1.76 g/cm3 <rdmax< 2.10 g/cm3), while soil 

S4 is expected to result in a material with excellent performance (2.10 g/cm3 <rdmax< 2.20 g/cm3). The lowest OWC 

of soil S4 means that it is less prone to suffer from shrinkage problems. Another important observation is with respect 

to DTWC, which is very similar to the OWC of each soil, and whose difference varies between 0.3% and 1.2%. 

Therefore, the drop test seems to be an adequate method to obtain compaction water content similar to OWC, at 

least for the case of these four soils. 
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Figure 11. Comparison of the consistency parameters of the soils against the envelope of recommended values by Houben and 

Guillaud (2008) for unstabilised rammed earth. 

 

 

 

Table 6. Compaction properties of the soils. 

Soil rdmax 

(g/cm3) 
OWC 
(%) 

DTWC 
(%) 

S1 2.06 10.6 11.7 
S2 2.07 9.8 9.5 
S3 1.84 16.4 17.7 
S4 2.12 8.7 7.5 

 

The compression tests performed aimed at assessing the performance of the rammed earth manufactured with the 

soils, as well as the influence of the compaction conditions on the compression behaviour. A set of six specimens per 

soil was prepared, representing each a point of the respective compaction curve (standard Proctor), in terms of dry 

density and water content. The specimens consisted of three-layered cylinders with dimensions of 100 mm diameter 

and 200 mm height. The tests were carried out after the specimens achieving the equilibrium water content at 20ºC of 

temperature and 57.5% of relative humidity (drying period between 27 and 35 days). The vertical deformations at the 

middle third of each specimen were measured by means of three LVDTs radially disposed. The tests were carried out 

under displacement control at a rate of 3 mm/s.  

 

Figure 12 presents the stress-strain curves of the specimens manufactured with soil S1, as an example (Silva, 2013). In 

general, the different compaction conditions resulted in substantial differences in terms of compressive strength and 

deformability. The difference between the minimum and maximum values of the compressive strength obtained 

among the specimens of each soil varied between 19% and 59%. 

 

Regarding the maximum compressive strength, soil S4 presents the highest value (1.02 N/mm2), which seems to 

result from its higher maximum dry density. In opposition, soil S3 presents the lowest maximum compressive strength 

(0.43 N/mm2), despite its higher clay content. Nevertheless, none of the soils deem with the minimum requirements 
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of documents regulating rammed earth construction (eg: NZS 4298, 1998; Standards Australia, 2002). For example, 

the less demanding standard NZS 4298 [43] requires a minimum compressive strength of about 1.14 N/mm2. This fact 

deems the soils as unsuitable for URE. 

 

 

Figure 12. Stress-strain curves of the specimens manufactured with soil S1 (the compaction water content increases from CURES1_1 

to CURES1_6). 

 

The Geelong test was carried out on cubic specimens (one per soil), with dimensions 150x150x150 mm3, compacted in 

three layers with the maximum dry density and OWC. The specimens dried in a room with controlled temperature 

(20ºC) and relative humidity (57.5%) and were tested with 21 days of age. The pitting depth and depth of moisture 

penetration were measured in each test and are presented in  

 

Table 7, as well as the respective erodibility index according to NZS 4298 (1998). The moisture penetration depth of all 

soils is less than 120 mm, as is required by the standard. All soils have similar results in terms of pitting depth, but soil 

S4 is that presenting the lowest value, while soil S3 presents the highest. The use of these soils in unplastered URE 

walls is limited to situations/locals that require erodibility indexes equal or higher than 3. According to Standards 

Australia (2002), this erodibility index allows the use of these soils in protected URE walls. This is the case of the 

dwellings typically found in Alentejo, where the walls are protected by a plaster of lime/earth mortar. 

 

 The original soil (henceforth called S5) used to compose soil S4 was selected to manufacture the specimens, used to 

characterize the compressive, tensile and shear behaviour the unstabilised rammed earth. However, its PSD analysis 

revealed that its clay content was too high, deeming it as unsuitable for URE (see Figure 13). Therefore, it was decided 

to correct the PSD of the soil in order to adjust the PSD curve to a Fuller curve with maximum diameter (D) of 19.1 mm 

and parameter n equal to 0.25, as recommended by Houben and Guillaud (2008). The PSD correction was carried out by 

means of the addition of river sand and gravel. The resulting soil (henceforth called S6) is composed by 50% of soil S5, 

28% of river sand and 22% of gravel (in wt.).  

 

Table 7. Results of the Geelong’s test. 
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Soil Pit. Depth 
(mm) 

Erod. 
index 

Penetr. Depth 
(mm) 

S1 6 3 15 
S2 6 3 28 
S3 8 3 30 
S4 5 3 16 

 

The behaviour in compression of the URE manufactured with soil S6 was assessed by means of compression test 

carried on six cylindrical specimens compacted with rdmax (2.10 g/cm3) and OWC (10.1%). The stress-strain curves of 

the specimens, and the respective envelope, are presented in Figure 14. The curves evidence the non-linear behaviour of 

the rammed earth. Furthermore, the average compressive strength was of about 1.26 N/mm2, which respects the 

requirements of NZS 4298 (1998). The average Young’s modulus (E0), computed between 5% and 30% of the 

respective fc by linear fitting, was of about 1034 N/mm2. 

 

 
Figure 13. PSD correction of soil S5. 

 

 

Figure 14. Stress-strain curves of the URE specimens tested under compression. 

 

The beam-specimens, tested to characterize the tensile behaviour of the URE, presented as dimensions 

150x150x600 mm3, and were manufactured by compacting three layers of soil S6 with similar thickness, within a 
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metallic mould (Figure 15a). The compaction water content of the soil was controlled by means of the drop test and all 

the specimens were demoulded immediately after compaction. A total of twelve specimens were prepared, and were 

tested under three-point bending after drying for 6 weeks at room temperature of about 22±2ºC. The load was applied 

at middle span and the distance between supports was of about 500 mm (Figure 15b). The application of the load was 

carried out under monotonic displacement control at a rate of 1 µm/s. 

 

  
(a) (b) 

Figure 15. Three-point bending tests: (a) manufacturing of the specimens; (b) testing. 

 

Figure 16 presents the load-deflection curves of the URE beam-specimens. The average flexural strength was of about 

0.22 N/mm2, with a coefficient of variation of about 18%. The flexural strength of the URE is about 18% of its 

compressive strength. 

 

A total of eleven URE wallets were built with dimensions 550x550x200 mm3 by compacting nine layers of moist earth 

within a high density plywood formwork (see Figure 17). The water content of the corrected soil for initiating the 

compaction was controlled by means of the drop test and all the specimens were demoulded immediately after 

compaction. The compaction was carried out by means of an electrical rammer. The wet weight and thickness of each 

layer was controlled during the compaction process in order to minimize the differences in density between specimens. 

The URE wallets were left to dry during 12 weeks at a room temperature of about 22±2ºC, before being tested under 

diagonal compression. 
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Figure 16 – Load-deflection curves of the URE specimens tested under three-point bending. 

 

   
(a)       (b) (c) 

Figure 17. Manufacturing of the wallet specimens: (a) plywood formwork; (b) compaction with an electric rammer; (c) demoulding. 

 

The diagonal compression tests of the wallets were carried out according to the procedure of ASTM E 519 (2002). The 

test setup is depicted in Figure 18. The supports were made of steel, with a width of about 100 mm, and the contact 

with the specimens was rectified by means of neoprene rubbers introduced between specimens and supports. The 

load was applied under monotonic displacement control at a rate of 2 mm/s and the vertical and horizontal 

displacements were measured in both faces of the wallets, resorting to LVDTs attached to the middle third of each 

diagonal. 

   
Figure 18. Test setup of the diagonal compression tests carried out on the URE wallets. 

 

The average values obtained for the shear strength fs and shear modulus G0 were 0.15 N/mm2 and 650 N/mm2, 

respectively. The shear stress-strain curves of the wallets are presented in Figure 19. In general, these curves are 

characterized by an early peak shear stress (followed by a huge stiffness loss). This early peak shear stress is thought 

to be related to cohesion (i.e. to the binding capacity) promoted by the clay fraction. In fact, the shear behaviour of the 

wallets up to this peak stress is thought to result from the contribution of the clay fraction to cohesion, and friction 

and interlocking capacity of the gravel-size (or larger) aggregates. After this point, the contribution of the cohesion is 

thought to be lost and the shear behaviour of the wallets relies only on friction and interlocking. 

 

However, some wallets presented a hardening behaviour after the pronounced stiffness loss, which can be explained 

by a superior interlocking. Another important contribution of the friction and interlocking to the shear behaviour of the 

wallets is that all wallets present large shear deformation capacity, and thus good displacement capacity. This is an 
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important feature for rammed earth in the case of a seismic event, which is expected to contribute to energy 

dissipation. 

In general, the failure of the wallets is characterized by the formation of a main crack or set of cracks with diagonal 

orientation and crossing the entire specimen, as illustrated in  

Figure 20 for one of the specimens. The formation of these cracks was observed visually to start at the middle of 

specimens before the peak load, and then progressing towards the supports. Cracking at the interfaces between layers 

was also observed, where the diagonal systems of cracks tended to follow partially this interface. Cracks also appeared 

at the borders of the wallets in the interfaces between layers, developing towards the middle. This observation shows 

that these interfaces can behave as weakness surfaces, where delamination failure might occur when the material is 

sheared or tensioned due to a seismic event, for instance. 

 

 
Figure 19. Shear stress-strain curves of the URE wallets tested under diagonal compression. 

 

    
 

Figure 20. Crack pattern at failure of the wallet WURE_4. 

 

4. Strengthening solutions for rammed earth walls 

The URE beams and wallets tested in Task 1 were repaired by means of grout injection. Three mud grouts were used 

for this purpose, namely an “artificial” one and two other “natural”. The compositions of the grouts were defined with 



Task 2: Experimental characterization       Page 20 of 27  

basis on the approach presented by Silva et al. (). The compositions of the grouts are given in Table 8. The “artificial” 

(AMG20-80) mud grout was composed by kaolin (Mibal-A) and limestone powder (200-OU), while the “natural” mud 

grouts (NMG40-60 and NMG50-50) were composed by limestone powder (200-OU) and soil S5, which was wet sieved 

in order to remove the particles larger than 180 mm. As can be seen in Figure 21, the grouts present similar PSD. 

However, their clay content differs, being 18%, 21% and 25% in the case of grout AMG20-80, NMG40-60 and NMG50-

50, respectively. In fact, the difference between both “natural” mud grouts is their clay content, achieved by combining 

different proportions of sieved soil and limestone powder. The properties of the grouts are presented in 

Table 9, in terms of flow time (EN445, 2007), flexural and compressive strength (EN1015-11(1999). It should be noted 

that the clay source of the “artificial” and of the “natural” mud grouts is different, which is a feature reflected on the 

properties of the grouts. The “natural” mud grouts present higher fluidity and mechanical properties. 

 

Table 8 – Composition of the mud grouts. 

Mud grout Mibal-A 
[wt.%] 

200-OU 
[wt.%] 

S#80 
[wt.%] 

HMP 
[wt.%] 

W/S 

AMG20-80 20 80 - 0.40 0.30 
NMG40-60 - 60 40 0.46 0.30 
NMG50-50 - 50 50 0.55 0.30 

 

 
Figure 21 – PSD of the grouts and of the respective composing materials. 

 

Table 9 – Properties of the mud grouts. 

Mud grout Flow time 
[wt.%] 

fb 
[N/mm2] 

fc 
[N/mm2] 

AMG20-80 85.5 0.62 1.48 
NMG40-60 36.5 0.92 2.44 
NMG50-50 37.0 1.15 3.44 

 

The failure of the beam-specimens resulted in two parts divided by a middle span crack. These parts were then bonded 

together using the mud grouts AMG20-80 and NMG40-60, which were injected in the crack. Before injection, the crack 

surfaces were brushed to remove loose materials, and were sprayed with water to mitigate the water sorption during 

the injection. The base of the specimens was sealed using a plywood board and silicone sealant, while the sides were 

sealed with silicone and Plexiglas plates pressed against the specimen by means of two screw clamps. This apparatus 
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allowed visualising the rising of the mud grout within the crack during the injection. The specimens’ parts were 

positioned on the board such that the gap width (dcr) would be of about 2 mm or 8 mm, totalizing 6 specimens for 

each case. The injection was performed using a 100 ml syringe coupled to a 4 mm diameter (internal) tube installed at 

the bottom of one of the Plexiglas plates (Figure 22a). For each set of six specimens with the same dcr, three specimens 

were injected with grout AMG20-80 and other three with grout NMG40-60. 

The failure of the wallets resulted in the division of the specimens in some parts, which were removed from the 

testing apparatus and remounted together. The cracks were sealed using an earth mortar prepared with soil S5 sieved 

through ASTM sieve #4. Plastic tubes with 6 mm diameter were installed in one of the sides of the specimens such 

that they penetrated about 4 cm in the wallets and that their spacing was inferior to 10 cm. A 100 ml syringe with 

water was injected in all tubes 1 hour before injecting the grouts in order to mitigate the water sorption. Five wallets 

were injected with grout NMG40-60 and other six with grout NMG50-50. The injection started from the bottom tubes 

up to the top ones, using the same 100 ml syringe (Figure 22b). 

 

Regarding the injectability of the mud grouts, it should be mentioned that none of the grouts registered difficulties in 

penetrating through the two types of cracks considered for the beam specimens. The same occurred in the injection of 

the wallets. This means that the fluidity of the grouts and their water retention capacity are adequate to allow their 

injection without experiencing excessive water sorption by the rammed earth specimens. However, the high water 

sorption capacity of the rammed earth specimens was thoroughly observed, since the grouts presented a hardened 

state in about 10 minutes after their injection. Thus the working time to inject these grouts into an injection tube is 

expected to be less than 10 minutes, especially in hot ambient conditions. 

 

  
(a) (b) 

Figure 22. Repair of the specimens by means of injection: (a) beam-specimens; (b) wallets. 

 

The results of the three-point bending tests are presented Figure 23 in terms of average flexural strength, before and 

after repair, and repair effectiveness. Grout AMG20-80 shows poor repair effectiveness for both tested gap widths, 

where for dcr = 2 mm the average repair effectiveness was of about 26%, while for dcr = 8 mm was of about 17%.  
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Figure 23. Results of the three-point bending tests before and after repair. 

 

Grout NMG40-60 shows very satisfactory adhesion capacity by presenting an average repair effectiveness of about 

55% for dcr = 2 mm and of about 74% for dcr = 8 mm. Even though grout NMG40-60 is stronger than grout AMG20-80, 

this fact does not justifies the unsatisfactory results obtained for grout AMG20-80. Probably this difference can be 

explained by differences in the clay fraction of both grouts, where that of grout NMG40-60 is similar to that of the 

beam-specimens, since it is composed by soil S5. Therefore, this result seems to encourage using the same soil used 

in the construction to compose a mud grout in a repair intervention. The unsatisfactory results of grout AMG20-80 

justifies why this grout was not considered for repairing the wallets. 

 

Table 10 and  

 

Table 11 summarize the results of the diagonal compression tests carried out on the wallets repaired with grout 

UMG40-60 and UMG50-50, respectively. These tables include the dry density (rd), shear strength (fsi) and shear 

modulus (G0i) before injection, shear strength (fsg) and shear modulus (G0g) after injection, shear strength recovery rate 

(fsg/fsi) and shear modulus recovery rate (Ggi/G0i). The shear moduli were computed between 5% and 30% of the shear 

strength of the respective specimen. 

 

Table 10. Results of the diagonal compression tests carried on the specimens repaired with grout NMG40-60 (coefficient of 

variation given inside brackets). 

 

 

Specimen rd 
[g/cm 3] 

fsi 
[N/mm 2] 

fsg 
[N/mm 2] 

fsg/fsi 
[%] 

G 0i 
[N/mm 2] 

G gi 
[N/mm 2] 

G gi/G 0i 
[%] 

WURE_1 2.02 0.17  0.07 39 659 67 10 
WURE_2 2.06 0.16 0.15 93 705 53 8 
WURE_3 2.04 0.13 0.06 43 413 47 11  
WURE_4 2.03 0.14 0.09 68 341 54 16 
WURE_11  2.04 0.14 0.12 89 732 142 19 

Average 
2.04  
(1%) 

0.15  
(10%) 

0.10  
(40%) 

66  
(38%) 

570  
(32%) 

73  
(54%) 

13 (37%) 
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Table 11. Results of the diagonal compression tests carried on the specimens repaired with grout NMG50-50 (coefficient of variation 

given inside brackets). 

 

Specimen rd  
[g/cm 3] 

fsi  
[N/mm 2] 

fsg  
[N/mm 2] 

fsg/fsi  
[%] 

G 0i  
[N/mm 2] 

G gi  
[N/mm 2] 

G gi/G 0i  
[%] 

WURE_5 2.01 0.11  0.09 77 464 89 19 
WURE_6 1 .97 0.14 0.07 52 646 33 5 
WURE_7 2.02 0.17  0.09 55 640 29 5 
WURE_8 2.03 0.13 0.09 68 1036 73 7  
WURE_9 2.02 0.14 0.07 54 807 66 8 
WURE_10 2.04 0.19 0.09 46 661 45 7  

Average 
2.01  
(1%) 

0.15  
(19%) 

0.08  
(10%) 

59  
(20%) 

709  
(27%) 

56  
(43%) 

8  
(64%) 

 

The average shear strength of the wallets after being repaired by injection is of about 0.10 N/mm2 and 0.08 N/mm2 

for the case of the set of wallets repaired with grout NMG40-60 and that repaired with grout NMG50-50, respectively. 

This corresponds to an average shear strength recovery rate of about 66% and 59%, respectively. These values are 

somehow far from the complete shear strength recovery (100%), which in practice is a goal hardly achieved. The 

wallets are expected to present damage at the micro level (ex: micro-cracking), which is not possible to be repaired by 

injection. Despite that, both grouts presented a satisfactory performance regarding the adhesion capacity. Another 

important observation to be highlighted is that the grout NMG50-50 promoted a recovery rate slightly lower than 

grout NMG40-60, despite its higher strength. In fact, the performance of both grouts is similar, indicating that higher 

clay percentage may not mean a higher adhesion capacity and that the repair capacity may have been limited by the 

damage introduced during the first test. 

 

The shear stress-strain curves of the wallets before and after injection are presented in  

 

Figure 25. The curves of the wallets after injection present a substantial decrease in stiffness relative to the 

performance before injection, no matter the grout used. The average G0g corresponds to an overall decrease of about 

one order of magnitude with respect to G0i. Less efficient interlocking and friction mechanisms in the wallets may 

explain this important decrease after repair. In fact, the interlocking at the failure surface in the first test of the 

wallets was provided by coarse aggregates, which were then lost in the reassembling of the specimens and not 

reintroduced by the injection. Therefore, this potential failure surface was smoothed by the first test reducing the 

friction of what is an obvious preferential failure surface for the second test. Moreover, the lower interlocking and 

friction of the repaired wallets can also be pointed out as a reason to explain a shear strength recovery that was shown 

to be relatively inferior to the total recovery. In general, the crack pattern of the wallets after injection followed that 

before injection, confirming that the initial cracks constitute preferential surfaces for failure (see  

Figure 20 and  

Figure 24). 
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Figure 24. Crack pattern at failure of the wallet WURE_4 after injection. 

 

 

  
(a) (b) 

  
(c) (d) 

 

 

Figure 25. Shear stress-strain curves of the wallets: (a) set repaired with grout NMG40-60 before injection; (b) set repaired with 

grout NMG40-60 after injection; (c) set repaired with grout NMG50-50 before injection; (d) set repaired with grout NMG50-50 

before injection. 
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5. Concluding remarks 

The experimental work carried out by University of Minho included an experimental work carried out at laboratory on 

the characterization of materials that can be found in vernacular buildings, namely granites and rammed earth. For the 

granite freeze-thaw cycles were carried out to evaluate the variations on the physical behavior to this environment 

action. It was seen that The ultrasonic pulse velocity decreases, the dry mass decreases as a result of the breakdown 

of material and change the internal structure of granite, which is reflected in the range of 2.10% (average reduction of 

3.44 g) the apparent density of granite, the porosity of the granite displays values significantly higher after the cycles 

of freeze-thaw, which also leads to the increased on the absorption by immersion and capillary absorption coefficient. 

The dynamic elastic modulus, calculated based on ultrasonic pulse velocity also had decreasing values after 74.5 cycles 

of freeze-thawing. In average the decrease in ultrasonic pulse velocity was about 12.6% after the last cycle (258 cycle). 

According to criteria of the apparent volume defined by European standard standard all samples were considered 

deteriorated in the last cycle number 258. In fact, they showed a reduction of the apparent volume greater than 1% 

(average reduction of 2.10%), a significant decrease in dynamic elasticity module between 22% up to 28% (close to 

30% required by the standard), and visible surface damage at the corners. Generally specimens with greater visible 

surface damage were those with greater mass reduction, greater porosity and variation of the dynamic modulus. 

 

The characterization of rammed earth included the characterization of soils for the masonry walls, characterization of 

rammed earth under flexural and diagonal compression tests. Additionally, strengthening of the rammed earth walls 

was also carried out and its effectiveness evaluated based on diagonal compression tests.   
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1. Introduction 

Vernacular constructions exist all around the world. Many of these constructions, besides their cultural and 

architectural heritage value, in many cases, present a pronounced level of degradation, urging for the need 

of conservation and strengthening actions. Portugal may suffer with moderate seismic events, as 

evidenced in historical past events. The past seismic activity, particularly in the south of the country, have 

drove the implementation of some retrofitting measures in the built vernacular heritage, including the 

insertion of strengthening elements like ties, reinforcing rings, buttresses and other reinforcement 

elements. The insertion of these elements contribute to enhance the connection between structural 

elements, and to the improvement of the structural behaviour and performance of the buildings. 

 

The main goal of this task was the global analysis of vernacular buildings located in south of Portugal, 

namely Alentejo and Algarve, where the seismic hazard presents higher values and where it is feasible to 

found signs of local seismic culture. For this, three typologies of buildings were analyses, namely isolated 

buildings, building aggregates and buildings inserted in an urban block. Besides, a parametric study was 

carried out aiming at evaluating the influence of some variables in the seismic global behaviour such as the 

geometric configuration in plan, morphology of the masonry walls and type of roof system. Additionally, 

the analysis of introduction buttresses, which is a typical strengthening technique found in vernacular 

builings in Alentejo is also provided.   

2. Isolated buildings  

2.1 Selection of the case study 

The first vernacular building typology chosen as a case study consists of a representative vernacular 

rammed earth construction commonly found in the South Portuguese region of Alentejo, where the 

seismicity is high in relation to other Portuguese regions and is thus prone to have developed a Local 

Seismic Culture. Rammed earth construction, known as taipa in Portugal, essentially consists of 

compacting the earth using a timber formwork for the construction of free standing walls. This has 

traditionally been the most widespread technique in these regions and, even though its use decreased 

significantly in the last forty years, is still in use in some places. 

 

Traditional dwellings in Alentejo have generally small dimensions, simple rectangular shape and only one 

floor, having predominant horizontal dimensions. They were also very simple regarding their plan 

configuration, little compartmentalized and using rammed earth walls also for the partition walls. They 

present massive shapes with few or no openings, other than a single door, as a protection for the hot 

summers. Chimneys are the only relevant protruding non-structural element that can be systematically 
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found in this type of buildings. Other materials are also used, such as stone or brick masonry in order to 

reinforce the corners and to build a base course or soco. This aims at protecting the rammed earth from the 

humidity and rain penetration by preventing the action of rising damp but also helps reinforcing the 

rammed earth walls. Roofs are commonly mono-pitched roofs or gable roofs, usually presenting a low 

slope, and made with a simple framework of timber beams. Buildings were finally painted in white in order 

to reflect the sunlight. 

 

Satisfying the second important requirement to be chosen as a case study, traditional seismic 

strengthening solutions could be identified in several of these characteristic rammed earth constructions 

(Correia 2005, Correia 2007). Mainly, buttresses, known as gigantes in the region, could be usually observed 

attached to the exterior walls ( 

Figure 1). They perform an important task in the event of an earthquake, counteracting the horizontal forces 

exerted by the buildings. Their efficiency might be determined by their relative position within the building. 

Ties are also very commonly found in this type of buildings ( 

Figure 1), performing another important task by coupling the structural elements, such as parallel walls, and 

contributing for the achievement of a box-behavior of the structure. Other traditional strengthening 

solutions observed consist in the introduction of timber elements to reinforce the connections of the walls 

at the corners ( 

Figure 1). Timber lintels and discharging arches over the openings are also among the reinforcing techniques 

observed.  

 

 

 
 

Figure 1. Traditional seismic strengthening solutions identified in rammed earth constructions of Alentejo (Correia 2007). 
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2.2 Structural analysis of the isolated buildings 

The study of the seismic behavior of ancient constructions built with traditional materials is particularly 

challenging given the multiple uncertainties regarding the material properties, connections between 

structural and non-structural elements or even the uncertainties about the state of conservation of the 

construction. Rammed earth constructions are composed by generally thick load bearing walls, whose in-

plane resistance is significantly higher than its out-of-plane resistance. These thick walls can exhibit 

substantial structural ductility and deformations larger than the expected for such a brittle material 

(Michiels 2014). This behavior is associated to a highly nonlinearity, which complicate the structural analysis 

and safety assessment of these structures, particularly when submitted to seismic loading. 

 

Aiming at having a better insight of the seismic behavior of the traditional rammed earth construction 

found in Alentejo region, a numerical analysis was carried out based on representative building for the 

assessment of the seismic behavior.  

 

2.2.1 Finite element model 

The Finite Element Modeling (FEM) is used for the global seismic analysis rammed earth vernacular 

building, following a common macro-model approach, which has already been extensively and successfully 

applied with the aim of analyzing the seismic behavior of complex masonry structures (Lourenço et al. 2011). 

However, in order to understand and simulate accurately the seismic behavior of rammed earth 

constructions, it is important to describe accurately the nonlinear behavior through advanced plastic 

constitutive models, since relevant deformation of the structural elements is expected. Few studies have 

focused on the finite element modeling of rammed earth buildings (Bui et al. 2008, Jaquin 2008, Braga & 

Estêvão 2010, Gomes et al. 2011, Angulo-Ibáñez et al. 2012, Gallego & Arto 2014, Miccoli et al. 2014), and 

most of them have adopted simple models, assuming simple constitutive laws, mainly linear elastic 

isotropic. Therefore, finite element modeling based on nonlinear numerical analysis of rammed earth 

vernacular buildings represents a step forward in technical and scientific knowledge, as few results are 

available in literature. 

 

This numerical simulation intends to understand in a more detailed way the resisting mechanisms of the 

different structural elements of this typology under seismic loading, based on nonlinear static (pushover) 

analyses. Pushover analysis has been already commonly used for the seismic assessment of existing 

masonry buildings (Lourenço et al. 2011) and mainly consists of simulating the seismic loading as static 

horizontal forces which are applied incrementally on the structure. It allows determining the ability of the 

building to resist the characteristic horizontal loading caused by the seismic actions taking into account the 
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material nonlinear behavior, while being simpler than other methods of analysis like nonlinear dynamic 

analysis and, therefore, was chosen for this study. 

 

2.2.2 Reference building geometry 

From the analysis of the buildings of the database found in the literature previously mentioned (Correia 

2007), a reference model was built, which intends to be a simplified representative example of these 

constructions, gathering common characteristics in terms of dimensions and architectural layout. The 

reference building geometry was based on a specific example located in Vila Nova de São Bento, in the Beja 

district in Alentejo ( 

Figure 2).  

 

 
 

Figure 2. Original rammed earth building in Vila Nova de São Bento, in the Beja district, in Alentejo (Correia 2007). 

 

However, some changes were adopted in the geometry and construction details in order to typify more 

precisely the rest of the buildings belonging to this typology. The final plan and elevation views of the 

reference building used are shown in figure 3. The plan has a simple rectangular shape, symmetrical in both 

orthogonal directions, regarding also the distribution of the interior load bearing walls. The height of this 

type of buildings rarely surpasses 3 meters at the front and back walls. The gable walls are not very high 

either, keeping the roof slope low, between 15-20 degrees. 
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Figure 3. Plan and elevations of the reference building adopted for the construction of the numerical model. 

 

The height of the stone masonry course at the base is very variable but was established as 0.4 meters. 

Regarding the openings, the position of the two doors and two windows has also a symmetrical 

configuration. Timber lintels were considered over the openings, as this is also the common practice 

observed in almost every building of the database. Chimneys or other non-structural elements were not 

added to the reference building at this initial step. 

 

2.2.3 Reference numerical model 

The final reference numerical model was built based on the previously commented characteristics using 

DIANA software (TNO 2009). Three different materials are considered. Stone masonry is used for the base 

course, which is usually built with irregular schist or granite masonry and thus, poor material properties are 

assumed. Rammed earth is used for the structural walls, both interior and exterior. Timber is used for the 

lintels over all the openings. The roof is only considered as a distributed load on the top of the walls and the 

displacements of the elements at the base are fully restrained. 

 

The material model finally adopted to represent the nonlinear behavior of the rammed earth and stone 

masonry, which are the two materials considered to present nonlinear behavior, is a standard isotropic Total 

Strain Rotating Crack Model (TSRCM), which describes the tensile and compressive behavior of the material 

with one stress-strain relationship and assumes that the crack direction rotates with the principal strain 
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axes. An isotropic model was chosen because despite its layered structure, experimental tests found in the 

literature have shown that the mechanical properties of rammed earth do not behave in an anisotropic way 

(Miccoli et al. 2014). This model is very well suited for analyses which are predominantly governed by 

cracking or crushing of the material. The tension softening function selected is exponential and the 

compressive function selected to model the crushing behavior is parabolic. The detailed information 

required for the rammed earth material properties were obtained from data collected from different 

authors and is shown in Table 1. It is noted that there is a big variability, bringing up even more 

uncertainties. 

 

For the timber lintels, only the elastic properties are considered and an elasticity modulus of 10 GPa and a 

Poisson’s ratio of 0.2 were used (Gomes et al. 2011). Regarding the stone masonry elastic properties, a 

modulus of elasticity of 1500 MPa and a Poisson’s ratio of 0.2 were adopted. Its compressive strength and 

specific weight were obtained from reference values given by the Italian code (NTC08 2009), assuming the 

lowest quality masonry class, an irregular rubble stone masonry composed of rubble and irregular stone 

units of different sizes and shapes. The remaining nonlinear properties of the masonry were computed 

directly from the compressive strength, based on recommendations given by Lourenço (2009). The 

compressive fracture energy was obtained using a ductility factor of 1.6 mm, which is the ratio between the 

fracture energy and the ultimate compressive strength. The tensile strength was estimated at 1/10 of the 

compressive strength. Finally, an average value of 0.012 N/mm is adopted for the mode I fracture energy. 

 

Concerning the rammed earth material elastic properties, an elasticity modulus of 300 MPa and a Poisson’s 

ratio of 0.3 were used. A compressive strength of 1 MPa was adopted. The remaining nonlinear properties 

were again calculated directly from the compressive strength following the same recommendations 

(Lourenço 2009). The unique difference with respect to the stone masonry lies in the value used for the 

mode I fracture energy. According to Miccoli et al. (2014), the fracture energy of rammed earth should be 

obtained by increasing the compressive strength about ten times as it is considered that rammed earth 

behaves in a different way in comparison with stone masonry, which behaves as a brittle material. Due to 

its broad particle size distribution, which includes large particles that may have a significant contribution for 

the interlocking at the crack surface, by promoting its roughness, a value of 0.1 N/mm was adopted for the 

fracture energy of rammed earth. Tables 2 and 3 present the material properties used for the analyses. 
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Table 1.  Rammed earth material properties used for the finite element model found in the literature. 

Author 

W 

(kN/m3) 

fc 

(MPa) 

ft  

(MPa) 

E 

(MPa) 

ν 

Jaquin (2008) - 0.60 -0.70 - 60 - 

Bui et al. (2008) 20 - - 100 -500 0.22-0.40 

Braga & Estêvão (2010) 20 0.89 0.17 264 - 

Gomes et al. (2011) 19 0.67 - 200 0.35 

Angulo-Ibáñez et al. (2012) 20 - - 500 0.2 

Gallego & Arto (2014) 20 1.85 0.29 250 - 

Miccoli et al. (2014) - 3.7 0.37 4207 0.27 

 

The model is built with solid 3D elements: (i) twenty-node isoparametric solid brick elements (CHX60) with 

three-by-three Gauss integration in the volume; and (ii) fifteen-node isoparametric solid wedge elements 

(CTP45) with a four-point integration scheme in the triangular domain and a three-point scheme in the 

orthogonal direction, used to adjust the mesh to the geometry resulting from the triangular gable walls. 

The final reference model has two elements in the thickness direction of the wall and therefore, the 

resulting generated mesh has 31,264 nodes and 7,993 elements (Fig. 4). The total mass of the model is 150 

tons. 

 

Table 2.  Mechanical elastic properties adopted for the three materials used in the reference model. 

Material 

E 

(MPa) 

ν W  

(kN/m3) 

Stone masonry 1500 0.2 20 

Rammed earth 300 0.3 20 

Timber 10000 0.2 6 

 
 

Table 3.  Mechanical nonlinear properties adopted for the materials used in the reference model. 

Material 

fc 

(MPa) 

Gfc 

(MPa) 

ft  

(MPa) 

GfI  

(N/mm) 

β 

Stone masonry 1.5 2.4 0.15 0.012 0.05 

Rammed earth 1 1.6 0.1 0.1 0.05 
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Figure 4. Numerical model: mesh categorized by materials. 

2.2.4 Seismic performance of the isolated building 

As a first step, the main dynamic characteristics of the reference model are obtained and summarized in 

Table 4. Results show that the mass participation of the first modes is low in comparison with common 

modern RC buildings with rigid floors, since the accumulated mass participation of the first 20 modes is 

around 45% and 65% in X and Y direction, respectively. Most of the modes are associated with local 

deformations, involving only specific structural elements at a time and there is no global modes affecting 

the whole structure. This effect is derived from the fact that there is no rigid floor coupling the vertical 

structural elements and the roof is not modeled. Thus, the walls get to vibrate independently. The first 

modes are associated with local out-of-plane deformations of the walls in the Y direction, particularly the 

taller inner walls, less resistant to local deformations. The sixth mode is the first one showing relevant 

displacements in the X direction.  

Figure 5 shows the shape of the first, third and sixth mode. 

 

 

Table 4.Results from the dynamic analysis 

   Mass participation * 

Mode Period (s) 

Frequency 

(Hz) Ux Uy Uz 

1 0.150 6.66 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

2 0.134 7.45 0.00 (0.00) 11.18 (11.18) 0.00 (0.00) 

3 0.099 10.13 0.39 (0.39) 0.00 (11.18) 0.00 (0.00) 

5 0.096 10.38 0.00 (2.56) 0.00 (11.18) 0.00 (0.00) 

10 0.08 12.58 0.00 (40.76) 3.16 (31.73) 0.01 (0.02) 

20 0.05 19.98 0.00 (43.98) 17.13 (63.59) 0.01 (0.06) 

*  Accumulated mass participation in brackets. 
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A nonlinear static (pushover) analysis was then carried out. First, only the dead weight and the distributed 

load on top of the walls, simulating the roof, are considered. After that, an incremental monotonic loading 

proportional to the mass is applied on the structure in the main horizontal directions (X and Y), as 

recommended by Lourenço et al. (2011) for masonry structures. Given the local modes previously observed in 

the modal identification, a modal pushover analysis was disregarded. Only the positive directions are 

considered, since the behavior of the building is practically symmetric. 

 

 
 

Figure 5. Shape of the first, third and sixth mode of the reference building. 

 

Figure 6 shows the capacity curve for the reference building in both horizontal directions. The analysis 

shows that the structure capacity is higher than the one expected for this kind of buildings, obtaining 

maximum load coefficients of around 0.8g in +Y direction and over 1.1g in +X direction. This might be due to 

the small dimensions of the reference building, particularly regarding the height of the walls and the span 

between walls, but mainly because the structural elements of the buildings are considered to be perfectly 

connected among them, avoiding their premature local out-of-plane collapse. 

 

Figure 7 presents the evolution of the maximum principal strains, which can be used as a cracking measure, 

in the building for the pushover analysis in +Y direction. As could be expected, the parts of the building 

presenting more damage are the middle walls, which should be attributed to their higher slenderness. 

These walls show flexural vertical cracks in the mid-span and horizontal cracking at the base and at the 

interface between the rammed earth and the stone masonry base course. The major damage takes place at 

the connections between perpendicular walls. The behavior is improved by the cooperation of the 

orthogonal walls, which are bracing them. At the latest steps, the front and back walls also present some 

out-of-plane cracking and severe damage at the connections with the perpendicular walls. 
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Figure 6. Capacity curve of the pushover analysis on the reference building in +X and +Y direction. 

 

 
 

Figure 7. Evolution of maximum principal strains depicted on deformed mesh for the pushover analysis in +Y direction. 

 

 

 
 

Figure 8. Evolution of maximum principal strains depicted on deformed mesh for the pushover analysis in +X direction. 
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The capacity in the +X direction is considerably higher than in the +Y direction, given the bigger amount of 

resisting walls in this direction. Figure 8 shows the evolution of the maximum principal strains in the 

building for the pushover analysis in +X direction.  

 

Again, the middle interior walls are the ones presenting more damage, but now they develop resisting 

mechanisms to which in-plane damage is associated. Gable walls also show heavy flexural cracking at their 

mid-spans and at the connections between perpendicular walls. Horizontal cracking at the stone base is 

also substantial, as well as in the connection between both the stone masonry and the rammed earth. 

3. Aggregate buildings 

The selected a building aggregate is representative of the vernacular architecture in certain localities in the 

South of Portugal. The building model was calibrated with information on material properties and structural 

characteristics and, with the calibrated model, parametric analyses are performed to assess the influence of 

different retrofitting solutions in their behavior and seismic performance. 

 

The analysis of the numerical results gives a first insight on the behaviour of these type of vernacular 

constructions, and point out which retrofitting solutions may be more efficient in their seismic performance 

enhancement. The numerical results may also contribute for a better understating of the structural 

fragilities of these constructions, namely in temrs of demands distribution in the structural elements and 

structural damage distribution, for seimic demands. (Vicente et al., 2011). 

 

3.1 Description of the case study 

For the selection of the building aggregate studied were taken into account the objectives of the numerical 

study developed under the SEISMIC-V project. The case study is located in Alcácer do Sal, district of 

Setúbal, in Portugal. It is a building aggregate with eight spaces and the vertical structural elements are 

principally rammed earth walls, with some elements in stone/brick masonry. The walls are 3.0m high in 

average and have a thickness of 0.50m. The building aggregate has a regular plan (see Figures 1 and 2). The 

roof is gabled and possesses a wooden structure coated with ceramic tiles (Correia, 2007). 
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Figure 7. Building studied (Correia, 2007) 

 

 

 
 

Figure 8. Plan and elevation (Correia, 2007). 

 

3.2 Finite element model and strengthening solutions 

 

To understand the structural behaviour of this traditional building typology, the selected building aggregate 

was modelled with a finite element tool. The results of the analyses with the numerical models will help in 

the identification of fragile parts of these buildings, in the vulnerability evaluation of the aggregate, and in 

the efficiency assessment of different retrofitting measures. Numerical analyses were performed in the 

finite element program MIDAS FEA. The simplified model was developed based on the available 

information on the selected building case study. The building model is symmetric in one direction, and has 

an irregular geometry in plan defined by four interior partition walls, as represented in  

Figure 9. The walls have 3.0m height and 0.5m of thickness, as indicated in the case study presented in the 

previous section. 
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Figure 9. Model developed in MIDAS FEA software. 

 

In the model, all walls were considered as made of rammed earth. To define the material properties, it was 

made a literature survey to obtain reference values (see Table 5). Based on the survey, the properties of the 

rammed earth adopted in the numerical models developed in this study are presented in Table 6. 

 

Table 5. Values adopted by other authors. 

Reference E (MPa) ft (MPa) fc (MPa) ν 
Limón et al. 
(1998)* 

922 0.29 2.45 0.30 

Gomes et al. 
(2011)* 

200 0.13 0.67 0.35 

Silva (2013)* 300 0.10 1.00 0.30 
Gallego and Arto 
(2015)* 

250 0.29 2.00 --- 

Miccoli et al. 
(2014) 

4207 0.37 3.70 0.27 

* Obtained experimental values 
 

Table 6 . Adopted values for the mechanical properties of the rammed earth in the numerical model. 

E (MPa) ft (MPa) fc (MPa) ν 
300 0.05 1.0 0.1 

 
 

For the finite element model, it was considered solid elements and a mesh with elements dimensions of 

300mm approximately, having the walls two solid elements in their thickness (see Figure 3). As boundary 

conditions were restricted the horizontal translational displacements of all nodes at the base of the model, 

simulating the foundations. In the model was not considered the roof structure, due to its weakness, but 

their weight was simulated with an equivalent distributed load of 0.001N/mm2 (benchmark for roofs with 

wooden structure and ceramic tiles as cover - Reis et al., 2005) applied on the top of the walls. 
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The demands are applied in two phases, first the vertical dead load, and then the lateral demand simulating 

the seismic loading. The seismic loading is imposed as an equivalent horizontal distributed load, 

proportional to the element mass, for increasing seismic levels (0.2g to 1.0g), applied in two independent 

directions (X and Y). To simulate the rammed earth walls, the total strain crack model was adopted in the 

non-linear analyses. For the material behavior in tension was considered the Hordijk function (Figure 3a), 

and the parabolic law for compression ( 

Figure 10b). 

 

 
(a)  

 
(b) 

  
 

Figure 10. Behaviour laws for the rammed earth: a) Hordijk function in tension; b) Parabolic function in compression (MIDAS FEA). 

 

It was intended to analyze the influence of the most common strengthening measures applied in the 

typical vernacular buildings of Alentejo region. Therefore, three seismic reinforcement strategies were 

studied (see  

Figure 11), two different configurations of buttresses distribution and one solution based on the use of tie 

rods. For the buttresses, idealized with a composition similar to the rammed earth walls, the same material 

properties were considered in the numerical analyses. 

 

 
(a) 
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(b) 

 
(c) 

 

Figure 11.  Reinforcement solutions studied: a) Buttresses only at building corners (B); b) Buttresses along the longer walls (BLW); c) 

Rods (R). 

 

The strengthening with buttresses only at the building corners (B), shown in  

Figure 11a), is the most common solution in the rammed earth constructions of the south of Portugal. It was 

also studied a distribution of buttresses along the long walls (BLW) and a retrofitting solution based on the 

use of tie rods (R) perpendicular to the long walls, to improve the structural behavior. With the latter 

retrofitting solutions, it is intended to reduce the potential of development of out-of-plane mechanism of 

the longer walls. 

 

3.3 Results and analysis 

The results obtained with the numerical models are presented and discussed in three phases. Firstly, are 

analyzed the results for the static vertical loads and the first natural mode is discussed. Then, is analyzed 

the response of the structure for increasing seismic demands in each direction. Finally, are presented the 

results of the seismic vulnerability reduction with the retrofitting solutions studied. 

 

From the analysis of the results obtained with the non-linear model for the vertical static loads it was 

observed, as expected, that the maximum vertical strain reaches reduced values (approximately 0.115MPa, 

see  

Figure 12a). From the modal analysis, it was observed that the first mode presents dominantly transversal 

displacements of the long external walls, highlighting the potential for the development of out-of-plane 

mechanisms of the façade walls (see  

Figure 12b). 

 

From the analysis of the results corresponding to an equivalent horizontal seismic demand of 1g imposed in 

the X direction, it is observed a maximum displacement in this direction of 73.1mm ( 
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Figure 13). The maximum strain and damage develops at the base of the walls perpendicular to the direction 

of the applied force, as well as in the connection between walls ( 

Figure 14). 

 

When imposing the horizontal load (1g) in the Y direction, a maximum displacement in this direction of 

304.3mm is reached (see  

Figure 15). For the seismic demand in Y direction, the maximum strain and damages develops also in the base 

of the walls perpendicular to the direction of the applied, and also in corners and in the regions of 

connection between walls (Figure 16). 

 

 

                                 

 
(a) 

(b) 
 

Figure 12. Results: (a) response for the vertical loads; (b) 1st mode of the structure. 
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Figure 13. Response in terms of maximum strain distribution for the seismic demand (1g) in: a) X direction; b) Y direction. 

 

0.2g 

 

0.4g 

 

0.6g 

 



 

Task 3: Numerical modelling and parametric study      Page 19 of 52 

0.8g 

 

1.0g 

 
 

 

Figure 14. Damage distribution evolution for seismic demands in X direction. 

 

 

0.2g 

 

0.4g 

 

0.6g 
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0.8g 

 

1.0g 

 
 

Figure 15. Damage distribution evolution for seismic demands in Y direction. 

 

The damage evolution is presented in  

Figure 14 and  

Figure 15, for increasing seismic demands in the X and Y direction, respectively. For the seismic demands in 

the X direction, the damage start in the base and central areas of the longitudinal walls. Then, the damage 

evolves towards the perpendicular walls, until the collapse of the region connecting perpendicular walls ( 

Figure 14). For the demands in the Y direction, it was observed that damage start in the connection between 

the inner and outer walls. With the increasing of the seismic demand, the damages develop towards the 

interior walls until the collapse of the walls perpendicular to the seismic loading imposed ( 

Figure 15). 

 

Based on this prior analyses, it is clear that for the buildings aggregate studied, the out-of-plane collapse 

mechanism of the longer walls is one of the major vulnerabilities of the studied buildings. Thus, the 

strengthening solutions studied, and presented next, correspond to the scenario of the seismic action in the 

Y direction. With the implementation of buttresses (B), for the horizontal seismic demand in Y direction, an 

increase in the maximum displacement in this direction is observed. In fact, the local stiffening of the 

building corners with buttresses, deformation demands tend to concentrate in the walls in the central part 

of the building. This retrofitting solution leads to a maximum displacement of 90.6mm, while for the non-

retrofitted model a maximum displacement of 73.1mm was observed, for 1g seismic demand. 
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With the solution corresponding to the use of buttresses in the longest walls (BLW), the out-of-plane 

displacements decreases to 21.1mm, and the displacement in these points is reduced to 7.3mm in the model 

simulating the retrofitting with ties (R). In terms of maximum stress, for the B model a maximum stress of 

13.7MPa is observed, while for the BLW model the maximum stress decreases to 1.5MPa, and for the R 

model to 0.4MPa. 

 

 
  

(a) (b) 

 
(c) 

Figure 16. Maximum stress distribution and deformed shape for accelerations of 1g, for the models simulating the retrofitting 

solutions: a) B; b) BLW; c) R. 

 

 

 
(a) 



 

Task 3: Numerical modelling and parametric study      Page 22 of 52 

 
(b) 

 
(c) 

 

 
(d) 

 

Figure 17. Evolutions of the horizontal displacement for increasing seismic load; a) Central point; b) Middle point; c) Corner X 

direction; d) Corner Y direction. 

 
In Figure 16 are presented the curves with the evolution of horizontal displacement with the seismic demand, 

for three critical points, at the top of the walls, representative of the building response, that allow 

comparing the efficiency of the studied retrofitting solutions. Analyzing the response of the walls' 

midpoint, it is observed that the BLW and R solutions improves largely the performance of these walls. At 

the building corners, all the reinforcement solutions improved the behavior, either for the seismic demand 

in X and Y direction. 

 

In  
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Figure 18are presented the damage distributions for two levels of seismic demand, for the three retrofitting 

solutions studied. Model R represent the solution that more reduces the damage up to an equivalent 

seismic demand of 0.6g. A retrofitting solution commonly adopted in the rammed earth constructions in 

the south of Portugal was the installation of buttresses (model B). 

 

 

 

 

 

 

 0.4g 0.6g 

B 

  

BLW 

  

R 

  

 

Figure 18. Damage distribution. 

4. Building integrated in a urban block 

Vila Real de Santo António was constructed from scratch precisely after the Lisbon 1755 earthquake. As a 

result, buildings were originally constructed using seismic resistant provisions and the urban plan was also 

earthquake-inspired, designed in order to protect people in a seismic event. This development was 
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contemporary to the reconstruction of Lisbon and was also enacted by the Marquis of Pombal. Therefore, it 

shares many similarities and is based on the same ideas and criteria, resulting in a similar urban design in 

terms of composition and rigorous geometric clarity, as well as in the social and industrial functionality. The 

Pombaline city plan consists of an extremely regular rectangular grid with one of the long sides placed along 

the river, organized around a large central square and with four strictly defined distinct architectural types 

that defined a clear hierarchy at an urban level (Figure 19). 

 

 
 

Figure 19. (left) First plan of the new city from 1774 (Correia 1997); (right) Original plan of Vila Real de Santo António and main 

architectural types (adapted from Rossa 2009). 

 

At an architectural level, the most significant seismic resistant constructive solutions applied was the 

inclusion of timber frame partition frontal walls that connect the timber roof structure and the timber floor 

structure, analogous to the system developed for the reconstruction of Lisbon known as gaiola Pombalina. 

Given the low height of the buildings in Vila Real de Santo António, the use of the whole seismic resistant 

construction system was not necessary but these timber frame structural walls were used in those 

buildings with more than one floor and can still be observed in some of the buildings today (Figure 20). The 

seismic concern that emerged after the earthquake can also be perceived in the generalized good quality 

and strength of the original buildings of Vila Real de Santo António (Oliveira 2009). Stone was used for the 

load bearing exterior and party masonry walls, which are the main structural resisting element in all the 

buildings, and timber was used for the roof and floor structures, using pre-fabricated elements imported 

from Lisbon. Some ground floor rooms had vaulted ceilings supporting the first floor as a fire prevention 

measure, as occurred in Lisbon (Mascarenhas 1996). However, most of the original buildings have nowadays 
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either been substituted or are highly altered. Few buildings still preserve their original characteristics in 

terms of volume or elevation and even less maintain the original structural elements. Most of these 

alterations (addition of new floors, enlargement or addition of openings, substitution of floors and roofs, 

etc.) are a normal consequence resulting from the changes of the use of the buildings and the new needs of 

the users but the deep mischaracterization of the built-up environment also reveals a loss of seismic 

awareness, as the initially adopted effective seismic resistant measures were abandoned. 

 

  
 

Figure 20. (left) Use of frontal walls in two-story buildings in Vila Real de Santo António (Mascarenhas 1996); (right) Frontal wall in 

Vila Real de Santo António (Figueiras 1999). 

 

A research question arises whether or not and to what extent these changes on the original constructions 

have compromised the seismic resistance of the buildings.  

 

The Alfândega building (the old Customs House of the city) was constructed using traditional seismic 

resistant features and is one of the buildings that show nowadays fewer alterations, preserving most of the 

original structural elements. Therefore, it was selected as a representative example of the rest of the 

buildings of the city for a deeper study. This study is also based on the assumption that those buildings 

constructed after the earthquake were built in a workmanlike manner and can present far less vulnerability 

than expected, bearing important lessons on hazard mitigation. Consequently, two goals were finally set: 

(a) the understanding of the resisting mechanisms and seismic behavior of the building; and (b) the 

evaluation of the influence of structural alterations done over the years. 

 

4.1 Description of the alfândega or customs house building 

The Alfândega building occupies a central position in the river front, which functions as a sort of façade for 

the city and as a display of political power (Correia 1997), facing the Spanish border, at the other side of the 

river. The building was enclosed within an urban block that also included two-story buildings facing the 

river, and single story salting factories, situated behind them, forming two patios with a U-shape plan 

configuration (Figure 3). The Alfândega building was originally composed by two independent two-story 

buildings. The main one was located at the riverside, aligned with the river front buildings, and had a timber 
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frame mansard roof that rises up from the roof ridge line of the neighboring buildings. The other building 

was placed at the back of the block and was also higher than the adjacent single story salting factories. 

There was a third patio in the block in between these two buildings. In terms of construction, stone 

masonry walls and wooden floor slabs composed the basic and simple box-type structural scheme. The 

timber frame partition frontal walls were also present in the upper floors and had also a structural function 

because, by connecting the different structural elements, i.e. roof, floor and exterior masonry walls, they 

contributed to the bracing of the building, improving its overall resistance. The partition walls at the ground 

floor level were heavier, built of solid brick masonry. The use of a lighter system in the upper level also 

ensured a better structural behavior by lowering the center of gravity of the building and thus provides 

greater stability. 

 

 

 

 

Figure 21. Original plans and elevations of the block. The Alfândega building is marked in orange (dimensions in meters). 

 

4.2 Current condition of the urban block 

 

The Alfândega building overall preserves most of its original characteristics but the rest of the 

constructions within the block have suffered important alterations. The salting factories were either 

replaced with new buildings or highly altered (mainly by addition of new floors), while the original patios 

were occupied by additional constructions. There were also many alterations in the façade, such as the 

enlargement of the openings, the opening of new ones and the closing of others. Figure 4 shows an 

axonometric comparison between the original and current condition of the block. 
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All these alterations have increased the seismic vulnerability of the building. First of all, the original 

compact regular and rectangular plan configurations that typically behave better under seismic loading are 

completely modified. The accumulation of buildings within the patio has introduced setbacks and 

irregularities that may introduce torsional effects in the seismic response of the whole block. The addition 

of new floors to the original constructions has led to a significant increase in the height of the building and 

to the presence of adjacent buildings with different heights. This type of alterations can also entail the 

presence of staggered floors among the buildings within the block, which can be detrimental for the seismic 

response by introducing risk of hammering, particularly dangerous if the floors have been substituted for 

rigid reinforced concrete floors. This is important, since buildings within urban blocks do not behave 

independently and the actions of adjacent buildings should be taken into account. 
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Figure 22. Comparison between original and current state of the Alfândega block. The alterations are highlighted in orange.  

4.3 Architectural survey 

The architectural survey allowed us to draft the current plans of the building that will help us to prepare the 

numerical model, see Error!  Reference source not found..  
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The main alteration done in the building has been the occupation of the original patio and the construction 

of a much smaller courtyard. The building has still two well-differentiated parts. The main façade body is 

mostly untouched and has two floors and an attic, while the rest of the building is composed only by the 

ground and the first floor. There are brick masonry arcades at the back part of the ground floor, which are in 

a good state of conservation (Figure 23). There is also a brick masonry barrel vault covering one of the small 

rooms attached to the courtyard at the ground floor (Figure 23). The staircase connecting the three floors is 

situated in the main building, with a direct access from the façade. 

 

The first floor is more compartmentalized and the nonstructural light partition walls are made of different 

materials, some of them including timber frame structures showing different geometries (Figure 24). 

However, most of them do not seem to be original neither preserve their original structural bracing 

function. Another important alteration was the reconstruction of the mansard roof timber structure of the 

main building and the construction of a gable wall at the back part of the roof (Figure 25).  

 

 

 
 

Figure 23. Current plans of the Alfândega building (left) Ground floor plan; (right) First floor plan (dimensions in meters). 
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Figure 24. (left) Brick masonry arcades (right) brick masonry barrel vault.  

 

   

Figure 25. Different types of timber frame partition walls observed in the Alfândega building.  

 

  

Figure 26. (left) Reconstructed timber mansard roof of the main building; (right) View from outside of the gable wall constructed at 

later stage. 

 

4.4 Material survey 

Load-bearing stone masonry walls are the main structural element. Since the walls masonry was exposed 

at the time of the visit, we could observe that it is composed of highly irregular units in size and shape with 

not respected horizontal courses, bonded with mortar and with pieces of brick and rubble inserted within 

(Figure 27). The morphology of the cross section could not be verified but after what could be observed in 

other buildings in the city, is most likely composed of two leafs with rubble in between. The walls thickness 

can vary between 0.60 and 0.70 m.  
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Figure 27. Stone masonry morphology. 

 

The timber beams composing the floor structure have a variable cross section that can be circular or 

rectangular, with dimensions significantly varying from around 0.15 up to around 0.30 m. diameter, and are 

in an overall good state of conservation. They are placed perpendicular to the façade and, in the main 

building, they rest on transverse timber plates, allowing a better distribution of stresses along the wall, 

while in the rest of the building, they pierce the stone masonry walls (Figure 28).  

 

  
 

Figure 28. (left) Timber floor beams resting on transverse timber plate (right) Timber floor beams piercing the walls. 

4.5 Dynamic identification 

In-situ dynamic identification was carried out aiming at estimating the vibration modes of the building and 

natural frequencies, which will be used to calibrate the numerical model. In the experimental modal 

analysis, six accelerometers were used and records were taken in 20 different points within five test setups, 

the layout of the sensors is shown in Figure 29. Two reference accelerometers were common in all the setups 

(marked in red in the figure). They were chosen to be placed at the top of the façade wall because the 

expected mode shapes to be captured mainly involve out-of-plane displacements of the façade and the two 

parallel walls. Therefore, most of the locations of measurement points are located in upper points of these 

three walls. Two points were chosen in the perpendicular direction in one of the patio walls, aiming at 

capturing other unexpected mode shapes.  
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Figure 29. (left) Axonometric scheme of the location of the accelerometers; (right) Sensors. 

 
The modal estimation was performed using two techniques in order to later compare the results in terms of 

MAC values: (i) the Enhanced Frequency Domain Decomposition (EFDD) peak picking technique; and (ii) the 

Stochastic Subspace Identification – Unweighted Principal Components (SSI-UPC) technique, both of them 

available in ARTeMIS software (ARTeMIS 2015). Table 1 shows the first four vibration modes that could be 

clearly identified within a frequency range below 16 Hz, and the error using the SSI-UPC method as a 

reference. The first two modes present MAC values close to one, which confirms the validity of the modes 

selected. The fourth mode also shows a high MAC value, which confirms that there is a transversal mode, 

involving the longitudinal wall. 

 

Table 7. Estimated frequencies. 

 

FDD SSI-UPC 

MAC 

Frequency 

(Hz) 

Error  

(%) 

Frequency 

(Hz) 

Mode 1 7.09 +0.70 7.13 0.99 

Mode 2 10.97 -0.09 10.96 0.79 

Mode 3 11.39 +0.96 11.50 0.55 

Mode 4 14.02 -0.50 13.95 0.87 

 

Figure 30 shows the four identified modes. As expected, being the building confined at both sides, the first 

mode consists of a longitudinal global mode in the direction perpendicular to the façade, being the taller 

middle walls the main contributor. With the exception of this clear out-of-plane first mode (7.13 Hz), the 

rest of the obtained modes were a combination of local modes taking place in the different transversal 

walls and the frequency values were very similar, which made the identification of the modes difficult. The 
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second mode involves mainly the façade and the third mode the back wall. The fourth mode is a global 

mode combination of a global transversal mode with torsion.  

 
Mode 1 (7.13 Hz) 

 
Mode 2 (10.96 Hz) 

 
Mode 3 (11.50 Hz) 

 
Mode 4 (13.95 Hz) 

 
Figure 30. First four identified modes through the dynamic identification. 

4.6 Reference model 

 

The geometry of the reference model was obtained through the architectural survey carried out in-situ and 

available plans of the original Alfândega building. The first model was constructed with DIANA software 

(TNO 2009), using 3D CTE30 ten-node solid tetrahedron elements with a 4-point integration scheme over 

the volume. The elements have an average side of 0.25 m. Four different materials were considered at the 

beginning: (a) good quality stone regular masonry for the walls; (b) brick masonry for the arches and ground 

floor vault; (c) coarse rubble masonry for the infill of the vault, which is assumed to be made by rubble 

because this is the common practice in historic buildings; and (d) reinforced concrete for some elements of 

the back wall, since it was partially reconstructed and the presence of RC elements such as lintels was 

confirmed during the visual inspection. Figure 31 shows the model initially constructed. 

 

  
 

Figure 31. Different views of the first model considered. 
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The roof and the floors were initially considered as distributed loads on top of the walls, since the modelling 

of the building without timber floors is a conservative approach (Ramos & Lourenço 2004). Besides, the 

effectiveness of the timber connections after almost 250 years could be questioned. However, after a first 

modal analysis, it was noticed that they seem to highly contribute to the structural behavior of the building 

because, if not considered, the walls behave independently and local modes were obtained, while the 

modes obtained through the experimental dynamic identification were global. Additionally, after visual 

inspection, a rather overall good condition and a significant dimension of the timber floor beams was 

noticed (Figure 10). Therefore, the coupling action of the floors was taken into account and the beams were 

modelled as two-node translation SP2TR springs, assuming perfect linear elastic behavior and computing 

the axial stiffness according to Equation 1 below. 

 

L
EA

K =            (1) 

 

Where E is the modulus of elasticity considered for the beam, A is the area of the cross section and L is the 

length. Distributed loads were still kept for their weight. The roof, even though it presents also an overall 

good condition because it was reconstructed, was still simply considered as equivalent static loads because, 

due to its geometry, the possible tying effect did not seem to be taking place. 

 

The influence of the adjacent buildings that confine the Alfândega was initially simulated by constructing 

the two existing longitudinal walls and restraining their movement in the X direction (Figure 13). 

Nevertheless, these two longitudinal walls were finally not modeled because of two reasons: (i) the 

thickness of the walls is unknown; and (ii) the level of connection between perpendicular walls was also 

unknown and could vary from wall to wall, since, for example, part of the back wall was reconstructed at the 

connection between the walls (Figure 32). In addition, the modelling of the longitudinal walls involved the 

addition of many elements which are not very significant in the global structural behavior and highly 

increased the computing time. The effect of the longitudinal walls was instead simulated by restraining the 

movement in the X direction at the connections and using one-node translation springs to restrain their 

movement in the Y direction. Linear elastic springs were also considered because it was assumed that these 

longitudinal walls were not going to fail in their in-plane direction. 
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Figure 32. Different parts of the back wall partially reconstructed close to the connection with the longitudinal walls. 

 

The displacement of all the elements is fully restrained at their base. The final resulting generated mesh 

has 146,137 nodes and 84,998 elements, see Figure 15. The total mass of the model is 425 tons. A total 

strain rotating crack model was selected for all the masonry types, with parabolic behavior in compression 

and exponential in tension. The different material properties are shown in Table 2 and Table 3. For the 

reinforced concrete only the elastic properties are considered since the structural nonlinearities are expected 

to concentrate in the masonry.  

 

 

  
 
 

Figure 33. Different views of the final model. 

 

 

Table 8. Mechanical elastic properties adopted. 

Material 

E 

(MPa) 

ν W  

(kN/m3) 

Stone masonry 2000 0.2 20 

Brick masonry 3600 0.2 18 

Infill masonry 300 0.2 20 

Reinforced concrete 26000 0.2 24 
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Table 9.  Mechanical nonlinear properties adopted. 

Material 

fc 

(MPa) 

Gfc 

(MPa) 

ft  

(MPa) 

GfI  

(N/mm) 

β 

Stone masonry 2.0 3.2 0.2 0.012 0.05 

Brick masonry 3.6 5.76 0.36 0.012 0.05 

Infill masonry 1.0 1.6 0.1 0.012 0.05 

 

4.7 Model calibration 

 

In order to assess if the finite element model simulates correctly the structural behavior of the building, its 

dynamic characteristics can be compared with the experimental ones. Three parameters were chosen for 

the calibration of the model: (i) the level of connection granted by the floor timber beams, which seem to 

have a large influence in the global structural behavior; (ii) the modulus of elasticity of the different 

masonry walls, as they seem to have been built at different times and have different properties; and (iii) 

the level of connection and stiffness of the longitudinal wall. 

 

Thus, three different wall types were considered depending on their construction time: (a) the façade wall 

and the first two floors of the parallel wall, which compose the original main body of the XVIII century 

building; (b) the rest of the walls composing the courtyard and the top gable middle taller wall, which are an 

addition to the original building; (c) the back wall, which was also built at a later stage and, furthermore, RC 

elements have been introduced, such as lintel openings, and partial reconstructions of the wall with better 

quality and regular masonry took place, which was confirmed with the in-situ visit. 

 

The calibration thus consisted of increasing the modulus of elasticity of the courtyard wall and the back wall 

masonries, and varying the stiffness of both the springs simulating the floor timber beams of the front 

body and the springs simulating the longitudinal wall. The modes were compared with the experimental 

results in terms of MAC values and the results are shown in Table 4. It is noted that only the first three 

modes were compared. The optimized model, in comparison to the experimental values, has an average 

frequency error lower than 0.1% and an average MAC of 0.83 which is rather satisfactory value. Figure 34 

presents the modes and frequency values obtained with the FE model, which replicates quite satisfactorily 

the experimental modes presented in  

Figure 33.  
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Table 10. Results from the dynamic calibration. 

 

Experimental 

frequencies 

(Hz) 

Numerical model 

Frequency (Hz) MAC Av. MAC 

Mode 1 7.13 7.12 0.86 

0.83 Mode 2 10.96 10.94 0.92 

Mode 3 11.50 11.50 0.73 

 

The satisfactory values obtained for all the three mode shapes confirm the two main hypothesis taken into 

account: (1) the floor timber beams have an important influence in the global behavior and couple the 

parallel walls to certain extent, confirming the good quality of the original construction; and (2) the walls 

have different properties because of having been constructed at different times. The original elastic 

modulus considered for the original walls masonry is kept as 2 GPa, the modulus of elasticity of the 

courtyard walls and the top gable wall was updated to 3.6 GPa, and the modulus of elasticity of the back 

wall equals to 6 GPa. The high modulus of elasticity obtained for this wall’s masonry can only be justified 

because of the significant presence of RC elements. ´ 

 

 

   

 
Mode 1 

(7.12 Hz) 

 
Mode 2 

(10.94 Hz) 

 
Mode 3 

(11.50 Hz) 

 
Figure 34. Numerical modes after calibration. 

 

4.8 Structural analysis 
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Pushover analyses proportional to the mass were also performed in order to assess the seismic response of 

the building, applying increments of the load in + and -Y directions. The perpendicular direction was 

disregarded because of the presence of buildings at both sides. Figure 35 depicts the capacity curves for both 

directions for a point on top of the gable wall and Figure 36 shows the maximum tensile strains, which can be 

directly correlated with the damage.  

 

 
 

Figure 35. Capacity curves of the pushover analysis in + and -Y directions. 
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Figure 36. Maximum principal strains (a cracking measure) at peak load: (top) in +Y direction; (bottom) in –Y direction. 

The maximum load coefficient obtained in the +Y direction is 0.28g and the failure mode consists of the 

out-of-plane rotation of one of the walls composing the courtyard. This failure is facilitated by the presence 

of big openings in the courtyard walls, which enhance their in-plane failure. As it could be expected, there is 

also important damage taken place at the connection of the transversal walls with the longitudinal one. 

Almost all the damage concentrates in the walls around the courtyard, except from some minor damage at 

the connections between the façade and the back wall with the longitudinal walls.  

 

The pushover analysis in –Y direction reaches a maximum load coefficient of 0.25g. The lower capacity and 

higher deformation can be explained because the taller gable wall now rotates more freely, and the failure 

mode occurs because of out-of-plane rotation of this element. The horizontal crack that is also needed for 

the formation of this type of local mechanism can be clearly observed (Figure 36). This is a common failure 

mode of buildings that present gable walls, which are particularly vulnerable to seismic actions. Most of the 

damage concentrates at the connection with the perpendicular courtyard walls, showing the separation 

between them. There is also damage at the connection of the gable wall with the longitudinal wall. 

 

Again, the courtyard walls present widespread damage, revealing their in-plane failure, where cracks always 

arise from the opening edges. The cracks that occur at the top window of the tympanum and another crack 

developing at the middle part of the façade wall show also flexural bending failure taking place in both 

walls. This time, the façade wall shows more extended damage at the connection with the longitudinal wall.  

5. Numerical parametric analysis 

 

As previously mentioned, the seismic vulnerability assessment for this type of vernacular constructions is a 

difficult task due to the great heterogeneity, resulting from the uncertainty of many construction 

characteristics, such as the construction solutions and constituent materials or different geometry 

configurations, often modified by previous structural or architectural interventions, among others. These 
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construction aspects highly influence the seismic behavior of structures and, therefore, a parametric 

analysis was planned, aiming at assessing this influence according to different parameters that take into 

account the construction particularities of the representative vernacular rammed earth construction 

typology chosen as a case study. A parametric analysis also helps understanding in a more detailed way the 

seismic behavior of this typology. These parameters should be identified in order to be studied and they 

were selected based on knowledge of the effects of past earthquakes (Blondet et al. 2011). The observation 

of earthquake induced damage has traditionally been a tool for the understanding of the structural 

behavior of vernacular constructions in the sequence of earthquakes. With the inspection of constructions 

after earthquakes, it is possible to see the adequacy or inadequacy of construction practices and to realize 

which are the main parameters affecting the seismic response of constructions.   

Numerical nonlinear parametric analyses were defined in order to assess the influence of the different 

parameters that were considered to have a decisive influence in the seismic behavior of selected typology 

and to try to quantify it. The initial configuration of the reference model was changed in terms of geometry 

and construction characteristics and new models were built according to the parameters. The comparative 

analysis between the new models and the reference one is made in terms of capacity curves and intends to 

identify the parameters that have a bigger influence in the building seismic response. 

5.1 Plan configuration 

 

Most of the buildings of this type show a very regular rectangular shape but different length to width ratios 

may influence the seismic response of the building. Thus, the influence of the in-plan slenderness of the 

building was evaluated through two numerical models namely by adding cells to the reference building to 

increase its slenderness. Figure 9 shows the new models and the results in terms of capacity curves, 

showing that this parameter has little influence on the seismic response, mainly because the resisting 

mechanisms do not vary. 
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Figure 37. Capacity curves and new models built for the evaluation of the influence of the in-plan slenderness. 

In addition, the influence of an irregular shape configuration was evaluated and three models were built to 

assess this parameter by adding cells to the reference building so the initial rectangular plan of the building 

is transformed. These cells are added at both sides of the building, changing the symmetry conditions both 

in X and Y directions. The size of the cells is also changed in the different analyses. The idea of adding these 

cells resulted from inspections of several vernacular buildings where this configuration was observed. The 

results in terms of capacity curves and the new models are shown in Figure 10. 

 

The capacity curves show that the building response to horizontal loading is not very sensitive to the 

presence of projections, unless this part presents a significant size. The biggest difference can be found in 

the pushover analysis in +Y direction in the analysis for the building ‘Plan_b1’. In this case, the cell added is 

big enough to change the failure mode of the building (Fig. 11), which now takes place at the independent 

cell, which is freer to deform and allow some torsion effects to take place. In terms of the X direction, 

buildings ‘Plan_b1’ and ‘Plan_b2’ show also a decrease in their capacity, which may be due to the bigger 

deformations taking place at the independent body. In every case, no significant contribution of a torsional 

response was found, resulting possibly from small dislocation of the rigidity center in relation to the 

geometric center. 
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Figure 38. Capacity curves and new models built for the evaluation of the influence of the in-plan irregularity. 

 

Another common source of plan irregularity showed by this type of buildings concerns the distribution of 

the resisting elements and the lack of symmetry in one or both orthogonal directions. This may lead to an 

eccentricity of the stiffness center with relation to the mass center, enhancing the torsional effects in the 

event of an earthquake. Therefore, three more models were built changing the internal distribution of the 

walls in relation to the reference building in order to evaluate the influence of this stiffness eccentricity. 

Some interior walls were removed or added, aiming at avoiding the symmetry conditions used for the 

reference building and at obtaining some eccentricity. Results in terms of capacity curves, as well as the 

new models constructed are presented in Figure 12. It should be noted that for the building ‘Plan_c1’, only 

the +Y pushover analysis was carried out because conditions for the +X pushover analysis are much altered 

to be comparable, as one of the walls is now covering a much larger span. Similarly, regarding the building 

‘Plan_c3’, only the pushover analysis in the +X direction is carried out. The analyses in the remaining 

directions will be performed as a next step for assessing the influence of the maximum distance between 

walls. Slight differences can be observed in terms of ultimate load or failure modes for both directions. A 

small decrease in the capacity of the buildings in the +Y direction is observed, which can be ascribed to this 

lack of irregularity and torsional effects. 
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Figure 39. Maximum principal strains (a cracking measure) depicted on deformed mesh at failure for building ‘Plan_b1’. 

 

In terms of the capacity of the building in the +X direction, the biggest difference is observed for the 

building ‘P2c_2’, which may be due to the introduction of a new door in the wall and the subsequent 

reduction of the size of the resisting piers (Fig. 13). 

 

 
 

Figure 40. Capacity curves and new models built for the evaluation of the influence of the in-plan eccentricity. 
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Figure 41. Maximum principal strains depicted on deformed mesh at failure for building Plan_c2 in +X direction. 
 

5.2 Load bearing Walls morphology 

The vertical resisting elements of this building typology consist of load bearing rammed earth walls. The 

wall thickness of this type of rammed earth buildings lies between 0.45 and 0.6 m, being most commonly 

0.5 m. The maximum height of the walls is more variable and the most slender elements can be very more 

vulnerable to the seismic action. Initially, two models were built aiming at evaluating the influence of this 

parameter by increasing the height of the walls in 0.5 m (building ‘Wall_a1’) and in 1.0 m (‘Wall_a2’) and 

keeping the wall thickness the same at 0.5 m. Secondly, another two models were built modifying the 

thickness of the inner walls, which are usually thinner than the exterior ones (‘Wall_a3’ and ‘Wall_a4’). The 

four new models and results in terms of capacity curves are presented in figure 14. 

 

As expected, the seismic capacity of the building in both directions decreases when increasing the height of 

the walls and, consequently, by increasing the flexural damage and the damage at the connections between 

perpendicular walls increase, both in the internal and the external walls. In terms of the failure mode in the 

+Y direction, failure does not take place only in the middle walls and at the base course, as in the reference 

building. Now, the front and back walls present also substantial flexural damage, mainly flexural cracks at 

the mid-span and at the connections with the perpendicular walls. There is barely any horizontal cracking at 

the base (Fig. 15). Regarding the failure mode in the X direction, damage is again mostly concentrated in 

the rammed earth walls, while the stone base now barely suffers any damage. The common diagonal 

cracking showed by in-plane shear failure of the walls is more clearly developed, together with flexural 

damage at the connections between perpendicular walls (Fig. 15).  

 

Four models were built aiming at evaluating the influence of the maximum free span of the walls, as the 

longest elements without intermediate supports can be very vulnerable to the seismic action. Two of the 

models were already built in order to assess the influence of in-plane eccentricity, as previously stated. All 

models increase the maximum span covered by some of the rammed earth walls in the building while 

keeping the wall thickness the same at 0.5 m. Buildings ‘Wall_b3’ and ‘Wall_b4’ increase the length of the 
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walls in the X direction in 0.5 m and 1.0 m respectively. The models and results in terms of capacity curves 

are presented in figure 16. The capacity curves show that, as it could be expected, when the span covered by 

the walls is doubled, as in models ‘Wall_b1’ and ‘Wall_b2’, the capacity of the building is highly reduced. The 

elements get to behave practically as free standing walls, highly reducing their horizontal resisting capacity. 

Failure takes place in these elements, consisting of an out-of-plane failure, combination of flexural cracking 

at the mid-span of the walls and substantial horizontal cracking at the base. For the models ‘Wall_b3’ and 

‘Wall_b4’, there is also a reduction of the capacity of the building in the +Y direction when increasing the 

span covered by these walls 

 

. The out-of-plane failure, also observed in the reference building, is more evident by increasing the span. 

However, regarding the pushover analysis in +X direction, the differences are smaller and the response to 

horizontal loading is very similar, even though the area of resisting walls in that direction has been 

increased. The base course of the wall is built in stone masonry, usually schist or granite, and is present 

almost in every building of this typology (Fig. 17). They have a variable height, which can usually vary from 

0.45 up to 1 m. 

 

The influence of the stone masonry course and its height in the seismic behavior of the building was 

evaluated by constructing two different models. 

 

 

 
 



 

Task 3: Numerical modelling and parametric study      Page 46 of 52 

Figure 42. Capacity curves and new models built for the evaluation of the influence of the wall slenderness. 
 

 

 
 

Figure 43. Maximum principal strains (a cracking measure) depicted on deformed mesh at failure for building ‘Wall_a1’. 
 

 

 
 

Figure 44. Capacity curves and new models built for the evaluation of the influence of the maximum span between walls. 
 

First, the stone base was completely removed and the walls were considered to be built only with rammed 

earth. A second model was built with the stone base reaching a height of 1.0 m. The models and the results 

in terms of capacity curves are presented in figure 18. 
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Figure 45. Stone masonry base course usually observed in this building typology (left) building in Outeiro (Correia 2007). 
 

The main difference in the results consists on the variation in the stiffness of the model, mainly resulting 

from the difference in stiffness between both materials. When there is no stone masonry base course, the 

building deforms more but there is not a remarkable difference in terms of maximum load coefficient or 

failure modes (both in +X and +Y directions). Similarly, when the height of the stone base is increased, a 

stiffer behavior is observed, together with an increase in the capacity of the building in the Y direction. The 

failure modes are very similar but the horizontal cracking at the stone base is enhanced. 

 

5.3 Type of roof system 

 

 
 
 

Figure 46. Capacity curves and new models built for the evaluation of the influence of the stone masonry base course. 
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Different types of roofs can be commonly observed in these buildings (Fig. 19). The type of roof has a 

decisive influence since it modifies the geometry of the building. 

 

The models with distinct types of roofs and the results in terms of capacity curves are presented in figure 

20. For instance, if a truss roof is considered (‘Roof_a1’), the height of the middle wall is significantly 

reduced, down to the same height as the exterior walls and, therefore, the capacity of the building may 

increase. On the other hand, these changes can lead to the formation of new vulnerable elements, such as 

the gable wall. The lack of a middle wall bracing the gable end wall increases the vulnerability of this 

element to out-of-plane loading, which becomes highly susceptible to collapse. Therefore, the seismic 

capacity of the building in +X direction decreases significantly. If the roof is composed of rafters without a 

middle wall so they can exert a thrust on the walls (‘Roof_a2’), the capacity of the building in +Y direction is 

also highly compromised. If a middle wall is added acting as a brace of the gable walls (third model - 

‘Roof_b1’) and simulating proper coupling between the parallel walls, a notable increase in the global 

stiffness of the model was observed in the +Y direction, since the walls are able to develop resisting 

mechanism to the horizontal action simultaneously. However, there is no improvement in terms of ultimate 

load in relation to the reference model. 

 

 
 

Figure 47. Types of roofing systems usually observed in this building typology 
 

 
Figure 48. Capacity curves and new models built for the evaluation of the influence of the type of roofing system. 
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6. Concluding remarks 

The south of Portugal, and in particular the Alentejo region, is a region with potential moderate seismic 

activity.  

 

Through the results obtained in this study, it was possible to observe that the rammed earth vernacular 

existing constructions commonly found in the south of Portugal can suffer substantial damages when 

subjected to earthquakes with accelerations up to 0.4g. For seismic demand with larger peak accelerations, 

the collapse of principal structural elements may occurs, especially associated to out-of-plane collapses of 

the outer walls. 

 

The effect of some geometrical and construction characteristics in the seismic response of the building has 

been evaluated by means of a numerical parametric study, using pushover analysis where the loading was 

considered to be proportional to the mass. Different parameters that were initially assumed to have a 

relevant influence in the seismic behavior were selected and adjusted for the specific building typology 

studied. The results obtained confirm that most of the parameters selected have a relevant influence in the 

seismic behavior of the building, particularly the wall slenderness and the maximum span between walls, 

which show the maximum differences in terms of peak loads and even have an influence in the failure 

modes. 

 

The results of the analysis of the reference building show that the building is more sensitive to out-of-

plane failure, which can be expected due to the height to thickness ratio of the rammed earth walls 

assumed. The connections between orthogonal walls are also very vulnerable, showing big concentration of 

stresses. This is particularly important given the fact that a perfect connection between the walls was 

assumed in this first set of analyses. This is not usually true for this type of buildings, which are many 

times characterized by having poor wall-to-wall connections. 

 

A common strengthening solution founded in vernacular constructions in the South of Portugal, the use of 

buttresses in the building corners, may not reduce significantly the seismic vulnerability of these buildings. 

In fact, for buildings with long walls, the out-of-plane mechanism may control their seismic performance. In 

buildings' aggregate, the adoption of buttresses or ties on the walls in mid-points of the long walls may 

improve the seismic behavior and safety. These structural strengthening solutions, if located in the points 

where maximum displacements tends to develop, and if properly connected to the building structure can 

significantly reduce the displacement demand and damage. 
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