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Abstract

:

Geographical and environmental conditions were two of the most important factors on the design and construction of traditional architecture. Traditional earthen architecture is found throughout the Iberian Peninsula in numerous constructive techniques and variants, most notably rammed-earth, adobe and half-timber. The varied morphology, climate, geology and culture of the Iberian Peninsula, together with its immediate surroundings, have a direct effect on the development and the properties of traditional architecture. Thus, the objective of this research is to establish the relationship between the geographical characteristics and the distribution of the earthen techniques. For that purpose, the authors of this text have carried out a thorough data collection throughout the whole of the Iberian Peninsula in order to identify the main characteristics of this architecture in each location and to produce maps featuring the locations for each technique. This mapping of numerous techniques has been compared with other thematic maps of the territory, establishing relationships between the different techniques and specific properties of a given area. These provide hypotheses on which factors encourage or hinder the use of earthen construction techniques. Moreover, the relationship of traditional architecture with geographical factors and its specific morphology on a given place has provided many design lessons for a sustainable architecture. Those lessons must be taken into account on rehabilitation works and new architecture.
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1. Introduction


The Iberian Peninsula in southwest Europe includes the territories of Spain, Portugal, Andorra and United Kingdom (Gibraltar), although this study is limited to Spain and Portugal, which occupy almost the entire Peninsula with an approximate surface area of 582,000 Km2. Throughout history, the Iberian Peninsula has acted as a base and home to many cultures. Those cultures have influenced and enriched the configuration of its urban nuclei and architecture. These have adapted and optimised the constructive solutions which were eventually imported from these individual cultures to specific locations. The influence of the occupation of the Peninsula brought about variations in traditional architecture, as evidenced by its expansion throughout the territory and the geoclimatic features of individual locations [1].



The geography and culture of the Iberian Peninsula are very heterogeneous. Geographically it is worth noting five mountain ranges (Cordillera Cantábrica and the Pyrenees in the north, Sistema Central and Sistema Ibérico in the central region and Sistema Bético in the south), which divide the territory into two plateaus (north and south), creating the main river valleys (Ebro, Tajo, Duero, Guadiana and Guadalquivir). The Peninsula is also surrounded by two very different seas: the Atlantic Ocean in the West, North and part of the South and the Mediterranean Sea in the East and Southeast, directly affecting its climate.



The Iberian Peninsula has a wealth of earthen architectural heritage, one of the greatest in Europe [2,3]. Traditional architecture includes frequent examples of great diversity and size. This architecture is also found in all types of buildings, both individual and in groups in rural and urban nuclei, and fulfilling different functions (residential, agricultural, manufacturing, etc.)



Different factors including the varied climate, morphology, geology, culture and materials to be found in the Iberian Peninsula also give rise to an extremely varied traditional architecture, closely linked with these characteristic external factors in each given location. Furthermore, other specific aspects, such as building location, position in relation to the sun, shape, distribution and constructive techniques used, are also linked to these factors and are a response to the optimisation of available resources, the result of human learning and development in a specific location. Traditional earthen architecture and constructive techniques have gradually adapted to the conditioning factors and materials available in individual locations and a wide range of constructive solutions, techniques and variants can now be distinguished.



The study of earthen techniques and their distribution on the territory of the Iberian Peninsula provides hypotheses on which factors encourage or hinder their use. The adaptation of traditional architecture to its environment through the construction techniques and its specific morphology has provided many design lessons for a sustainable architecture. Those lessons must be taken into account on rehabilitation works and new architecture.




2. Traditional Earthen Architecture in the Iberian Peninsula


The documentation of traditional earthen architecture in the Iberian Peninsula began with the study of the general literature on traditional architecture, and on specific traditional earthen construction techniques, complementing these with extensive fieldwork of the buildings found throughout the Peninsula [4,5,6,7]. All the information and data collected has been also supplemented and verified with several papers from the proceeding of the main conferences [8,9,10,11,12,13]. Generally, those papers are focused in concrete and small areas whose information has been very important on the development of the research.



All the information compiled was organised into database fiches, making it possible to work efficiently and methodically to establish relations between the characteristics of the different case studies and to classify the different constructive techniques and variants found in the Iberian Peninsula [14]. This comprehensive study was carried out through the analysis of the use of all the materials in individual techniques and variants, covering general to specific aspects in logical succession to assess as many combinations as possible.



The classification methodology for earthen construction techniques in traditional architecture was based on an initial classification into three major groups:

	
Earth in massive walls: these are compact, homogeneous and jointless walls (or at least walls with unmortared joints). Techniques include rammed-earth, cob and excavated architecture. In this group it is worth highlighting the rammed-earth technique, found throughout almost all the Peninsula [15,16].



	
Earth in walls in pieces: these are masonry walls with a great variety of bonding agents made up of pieces, which can differ greatly in size and composition. This group includes adobe, sod and cut earthen blocks. In earthen masonry walls mostly prevails the use of adobe technique, found in almost all the Peninsula, but predominantly in the Northern half [17].



	
Earth in half-timber: this is a mixed technique consisting of a timber framework with an earth infill, both with very different properties. Variants for this technique depend on the characteristics of the timber structure and the filling. This type of technique is found mostly in the north of the Iberian Peninsula and is less frequent than rammed-earth or adobe.









3. Objectives and Methodology


Knowledge of the most important techniques and variants in the Iberian Peninsula, and their location, are the starting point for this study. Its main aim is to provide a detailed analysis of the relation between the most common techniques in the field of study (rammed-earth, adobe and half-timber) and the characteristics of the areas in which these are found. The link between traditional earthen architecture and the geography of each location makes it possible to examine the factors encouraging or hindering earthen construction throughout the territory.



The study is based on the data recorded through several data collection campaigns throughout the entire Iberian Peninsula. From this work, the existence of earthen constructions has been identified in 618 locations, where one or several techniques can exist at the same time.



Rammed-earth was found in 323, adobe in 293 and half-timber in 178 of these 618 locations. (The fact that several techniques were found in some locations meant that the sum of the number of locations by technique appears to be higher than the total of the sample.)



The geographical study for each technique was contrasted by superimposing thematic maps (for geography, climate and geology) over the location of these 618 municipalities and establishing correlations between the locations and the regions where they were found in the different thematic maps in order to extract conclusions on their presence in a given region.



Firstly, a location map was produced for each of the techniques studied, using Google Earth to determine the exact locations and to identify the earthen construction techniques found in each of these. Based on this mapping, the geographic characteristics were established for the locations of individual techniques.



The thematic maps were used to calculate the number of locations situated in the different areas or intervals outlined in order to establish the percentage of cases located in each area corresponding to specific properties of the territory. The relation between the technique and the specific property of the territory is considered or ruled out depending on the percentage of cases located in each interval. In this way, it has been possible to link some architectural characteristics with its setting and the geographical factors.




4. The Territory and Its Relation with Earthen Architecture


The thematic maps analysed were obtained from official sources, such as IGN (Instituto Geográfico Nacional), AEmeT (Agencia Estatal de Metereología) and INE (Instituto Nacional de Estadística) that enabled working with reliable contrasted information. Highly diverse aspects of the territory were studied, making it possible to contrast the characteristics of traditional earthen architecture with several factors with which they are directly connected in varying degrees: the morphology, climate and geology of the setting condition; the existence of different earthen construction techniques; and their characteristics and variants. The comparison of location maps for the different techniques with the different thematic maps provided information on the conditions or factors, which encourage or hinder the adoption of solutions using earthen construction techniques in the traditional architecture of a given location.



Each of the thematic maps analysed was superimposed on mappings of different techniques and the number of cases found in each of the properties or intervals specified in the thematic mappings was calculated. Numerical and percentage correspondence was established between both maps from these results.



For the purpose of analysis, the mappings were grouped according to the geographical properties that they define: morphology, climate, geology and society. However, it should be noted that these factors are all interrelated and condition each other.



4.1. Morphological Factors


4.1.1. Altimetry/Relief


The altitude of the Iberian Peninsula varies greatly, and the mean altitude, over 500 m, is high compared with the European mean of 240 m (Figure 1) [18]. This territory includes mountain areas with steep reliefs as well as vast plains inland and near the coast which lead to very different traditional architecture and earthen construction techniques adapted to the conditions of the surroundings.



Most of the locations in which earthen constructions have been found are at a mean altitude between 200 m and 1000 m, specifically, between 600 and 1000 m in 45% of cases (Table 1). Over 50% of the sample for each of the three constructive techniques analysed independently are predominantly found in altitudes between 600 and 1000 m. The distribution plan for rammed-earth shows how these types of constructions tend to avoid the larger mountain areas or those with higher altitudes. Despite that, this type of construction appears commonly in areas including the southeast of the Sistema Ibérico, in the province of Teruel where there are large plains at an altitude of about 1000 m, or in the region of Sierra Nevada in Granada. Adobe constructions are mostly found between 600 and 1000 m altitude, in 54.6% of cases. This is partly due to the fact that they are much more frequently found in the north of the Peninsula, where the average altitude above sea level is higher than in the south. Finally, half-timber filled with earth is more frequently found at altitudes between 600 and 1000 m, although at higher altitudes it is more frequent than rammed-earth or adobe (15.7% of cases from 1000 to 1600 m) due partly to the higher proportion the presence of forests providing wood for their construction in these higher altitude areas.




4.1.2. Relation with Major Rivers


Traditional architecture has always been linked to its surroundings, making use of their resources, especially water, which is crucial for life and settlements. The location and way in which population nuclei are grouped together are closely linked to the water resources of each place. These resources are usually limited in the Mediterranean climate and more abundant in the Oceanic climate, thus allowing a more dispersed, sprawling architecture (Figure 2).



Earthen architecture is often linked to rivers and is located nearby or at a minimum safe distance to protect from floods. However, there is a great wealth of other hydric resources such as irrigation channels, gullies, small rivers, streams and other natural sources that provide a relatively constant water supply but are not reflected in this mapping. This is why 32% of the locations with earthen buildings are linked to or located near the major rivers of the Iberian Peninsula, while the rest are located near other types of resources (Figure 3). In 40% of cases, rammed-earth is located near the major rivers, followed by adobe in 33% of cases and half-timber in 23% of cases (Table 2). The presence of half-timber near rivers is less frequent, probably because it is found more in mountainous areas than in river valleys. In these cases, water was obtained from other sources such as streams, springs or gullies.





4.2. Climate Factors


4.2.1. Rainfall


The rainfall level in the Iberian Peninsula varies, with limited rainfall ranging from 300 to 700 mm on average in most of the territory (Figure 4). These rainfall levels are closely linked to the relief of the different regions, with heavier rainfall usually found in mountainous areas and the northwest of the Peninsula, due to the influence of the Atlantic Ocean. In terms of architecture, rainfall levels directly affect the configuration of population nuclei and their architecture, especially in the design of roofs which drain off rainwater. In regions with considerable rainfall roofs are sloping with eaves large enough to keep the walls free of water and protect from erosion. Therefore, the suitable conservation of roofs and the use of more water-resistant materials in the foundations are indispensable for the suitable conservation of the building [19].



Rainfall is one of the determining factors in the existence of earthen constructions as it is one of the main causes of deterioration, and is therefore directly linked to durability. The absence of earthen architecture in areas with very high rainfall is particularly notable in the case of rammed-earth, rarely found in areas with rainfall above 700 mm, often linked with mountainous areas and areas influenced by the Atlantic Ocean (Table 3). The vast majority (91.9%) of locations with rammed-earth are in areas with an average rainfall of 300–700mm, and almost half of these cases, 47.7% are notably within the 400–500mm interval.



Eight-six percent of adobe is also found in the same 300–700mm interval. However, the percentage of examples in areas with rainfall above 700 mm is double that for rammed-earth, that is to say, 13.3% in adobe compared to 6.8% in rammed-earth. This percentage gradually increases with the presence of adobe constructions in the central-west region of Portugal, both on the coast around the district of Aveiro and areas near the northern mountainous ranges with abundant rainfall.



The distribution of half-timber is homogeneous in all the rainfall ranges established in the map. It is predominant in the 1000–1400 mm interval with 23% and 51.6% of the total found at 800–1800 mm. The presence of half-timber in areas with rainfall intervals higher than those for rammed-earth and adobe is mostly due to the location of this technique in mountain areas, especially the Sistema Central and Cordillera Cantábrica, and its widespread presence in the northwest of the Iberian Peninsula, particularly Galicia, which is one of the areas with the highest rainfall levels.




4.2.2. Mean Temperature


Mean temperature is another factor that is directly linked to relief. In the Iberian Peninsula lower temperatures occur mostly in the north half and the higher mountain areas in the south, such as Sierra Nevada in the Sistema Bético (Figure 5). In traditional architecture, temperature is a determining factor in the placement, layout and distribution of buildings. Although techniques and materials to be used may be conditioned by the resources available, the mean temperature affects the typical configuration of walls, their thickness and protection elements used to combat the environmental factors of cold and heat and to passively achieve comfort conditions, reducing energy needs as much as possible [21].



The high thermal inertia of earth and the thickness to which walls are usually built in this material make its use ideal in all sorts of temperatures. Thermal inertia is particularly favourable as a property for insulation and improving comfort in areas with solar radiation and major temperature oscillations from day to night as it allows heat exchange between indoors and outdoors to be regulated and stretched over time [22].



Rammed-earth is predominantly found in areas with a mean annual temperature of 10 °C–17.5 °C (93.5% of cases) and is almost inexistent in mean temperatures above 20 °C and below 7.5 °C (Table 4). Rammed-earth is used to build simple walls at least 40–50 cm thick, providing protection from oscillating cold and hot temperatures found in most of the Iberian Peninsula (Figure 6) [23].



In the case of adobe, 82.2% of locations are located in areas with mean temperatures of 10 °C–15 °C. A considerable number of examples, 11.9%, are observed up to 17.5 °C, but the presence of adobe constructions is rare in areas with mean temperatures above 17.5 °C and below 7.5 °C.



In contrast, 96.6% of locations with a presence of half-timber are in areas with mean temperatures between 7.5 °C and 15.0 °C. These temperatures are in ranges below the predominant mean temperatures for rammed-earth and adobe techniques as their construction was linked to higher mountain areas and greater intervals of annual rainfall, factors which directly influence the drop in mean temperature in these locations.




4.2.3. Climate


Climate is the “synthesis of meteorological conditions” described statistically through variability studies of its properties over a period of time [20]. The 1936 classification of climate according to Köppen-Geiger, used in this study, is based on the monthly mean values for rainfall and temperature and the influence of these factors on the distribution of vegetation and human activity [24] (Table 5). This classification defines different climate types which are the result of combining the main climates with the characteristics of rainfall and temperature (Figure 7).



Climate in the Iberian Peninsula varies greatly as it is situated between two very different seas and two continents with very different features. The predominance of warm temperate climates (C climates) and the distribution of examples of earthen architecture in the Peninsula contribute to 86% of the sample being found in areas with these climate characteristics (Table 6). In contrast, the presence of earthen architecture is practically inexistent in in cold climates (D climates) and is limited in dry climates (B climates), where earthen constructions appear exclusively in cold steppe climates (BSk climate).



Most (81.4%) of the locations with rammed-earth are in warmer climate regions, especially in temperate climates with dry warm summers (Csa) (36.5%) where the mean monthly temperature of the warmest month is above 22°C. In contrast, 18% of the rammed-earth sample is located in cold steppe regions (BSk) such as the Ebro valley and the south plateau.



In addition, adobe constructions are found in regions with climate similar to that of rammed-earth, that is, 85% of the sample in temperate climates and 14.7% in cold steppe climates (BSk).



Finally, half-timber is located almost exclusively in regions with temperate climates (98.4%). Notably, in temperate climates with mild dry summers where the mean temperature for the warmest month is below 22 °C (Csb), as in 57.3% of the examples.




4.2.4. Solar Radiation


The Iberian Peninsula is characterised by high solar radiation at all latitudes, although this level of radiation decreases gradually towards the north with some irregularities caused mainly by mountain ranges (Figure 8). Traditional architecture has always sought the sun in colder seasons and protection from it in warmer seasons, taking advantage of the conditioning factors of the surroundings [26]. Earthen constructions behave similarly and also benefit from the high thermal inertia of the material and the thick walls, which protect it from direct solar incidence, absorbing heat and preventing it from entering the buildings until nighttime when the temperatures fall again [27].



Rammed-earth, with walls which tend to be thicker than those in adobe and half-timber due to needs of the constructive system, is the technique found in areas with higher solar radiation. The 4.2–5.2 kWh/m2·day interval includes 88.5% of cases, and 47% can be found specifically in the 4.6–5.2 kWh/m2·day interval given the greater presence of this technique in the south of the Iberian Peninsula, where the highest solar radiation ranges can be found (Table 7). The thick rammed-earth walls provide protection from solar radiation in summer, ensuring more constant temperatures are maintained inside the dwellings. In addition, in the south of the Peninsula these rammed-earth walls are often limewashed, reducing the absorption of solar radiation and promoting cooler indoor temperatures.



Construction with adobe walls is predominant in areas with radiation intervals that are slightly lower than those of rammed-earth, from 4.0 to 4.8 kWh/m2·day, given their greater presence in the north where solar radiation is lower than in the south. The thickness of adobe walls varies greatly, depending mostly on the bonding of the wall and the size of the pieces, which vary according to the building’s intended function [28]. This variation in thickness provides different levels of resistance to the heat produced by solar radiation on the outer walls.



Half-timbered buildings are found in areas with lower solar radiation intervals; 78.1% of constructions are in the 3.6–4.8 kWh/m2·day interval and are distributed homogeneously in intermediate intervals. However, 14.6% of the total is in intervals below 3.6 kWh/m2·day, while in no cases were rammed-earth and adobe found in areas with radiation below 3.8 kWh/m2·day and 3.6 kWh/m2·day, respectively. Half-timber constructions filled with earth are not usually as thick since, in many cases, the filling between the bearers is the same thickness as the wooden pieces. The thinner walls facilitate the incidence of heat from solar radiation, regulating indoor temperature during the day as radiation and temperatures are generally lower in these locations.





4.3. Geological Factors


4.3.1. Lithology


Lithology is the aspect of geology which studies the characteristics of the rocks on the surface of the territory which are more accessible. There is usually a direct correlation between the types of rock or terrain on the surface of a given region and the materials used for building in that location, as traditional architecture makes the best use possible of available resources, avoiding unnecessary transport and reducing additional efforts in the construction process [26]. Three lithological regions can be distinguished in the Iberian Peninsula: calcareous and clayey, mostly in the east of the Peninsula and the centre-west of Portugal, while the siliceous region prevails in the west (Figure 9).



Earthen architecture is linked to the existence of clay, an element which acts as a bonding agent (48% of all locations are in clayey regions) (Table 8). However, the development of this architecture is not limited to these areas but extends to the rest of the territory (35% in siliceous surfaces and 17% in calcareous areas).



Rammed-earth is mostly found in the clayey regions (53.9%). However, the total proportion in this area is greater for adobe construction (63.5%), probably due to the greater proportion of clay needed in its production (Figure 10) [29]. This lithological relation is clearly observed in the centre-west of Portugal, an area of clayey and calcareous soil with occasional instances of adobe construction.



As half-timber is dependent on the availability of wood and has a variety of fillings its relationship with local lithology is not as direct. In this case, unlike other techniques, 56.7% is mostly found in the siliceous region, given its extensive presence in the northwest of the Iberian Peninsula [30,31]. Half-timber in the clayey area accounts for 29.2% of the total, almost all of which is half-timber with adobe filling.




4.3.2. Seismicity


Seismic activity in the Iberian Peninsula is not particularly high as most of the territory is in areas with intensity below VI and 500-year recurrence periods. However, in some areas a seismic intensity of VIII is reached, which is considerable and affects aspects of architectural design.



The map (Figure 11) shows the seismic risk areas with a 500-year return period and the points with the best-known earthquakes, mostly in the southeast, northeast and northwest, considered to be of high seismic risk, compared to the low seismic risk of the rest of the Iberian Peninsula [32].



Traditional earthen architecture is mostly found (71%) in areas with seismic intensity and recurrence below VI (Table 9). As the degree of seismicity and return period are very low it is not possible to establish a direct correlation between constructive technique and seismicity. However, traditional architecture has developed variants in the constructive systems and solutions which improve the properties of buildings in the event of these phenomena, controlling movement and preventing cracks [33].



Rammed-earth is the constructive type which is found in the greatest number of locations with seismic intensity VII (12.4%) and is frequently found in the south of the Peninsula. In these areas with higher seismic activity, and especially in the case of rammed-earth, adapted solutions are found, including brackets on façades, shutters and gypsum and brick joints, which bind and reinforce buildings to control movement and prevent cracks [34].



Although examples of half-timber are not found in areas with higher seismicity in the Iberian Peninsula, 19.9% of half-timber is found in areas of intensity VI. In many cases this constructive system includes diagonal elements which help to mitigate the strain caused to structures by earthquakes, thus reducing secondary effects [33,34].





4.4. Social Factors


Population Density


Population density is one of the most influential factors in the conservation of buildings. This factor is not directly linked with the constructive technique used but with the conservation and abandonment of traditional buildings. Since the mid-20th century many rural areas in the Iberian Peninsula, mostly inland, have suffered a loss of population (Figure 12). This is partly due to the start of industrialisation which caused the population to move to the cities, as well as the high levels of poverty and abandonment in small inland towns which even today are very isolated. In addition, the harsh climate with cold dry winters and hot summers characteristic of most of the inner Iberian Peninsula meant that many of these villages became holiday locations. The new standards of comfort and the financial expense of adapting old dwellings to these have also meant that part of the population only lives in these small nuclei in the summer months.



Most of the traditional architecture in these almost uninhabited regions has survived, either in ruins conserved with varying degrees of deficiencies or with total or partial interventions and used as second homes. In addition, the abandonment of buildings made it possible to identify case studies where the constructive techniques can be perfectly observed. This has been to the great advantage of the research as most of it is based on direct visual data collection of buildings, identifying their main characteristics.



It is interesting to note how the areas with the highest occurrence of earthen construction located correspond to the most depopulated areas in the Iberian Peninsula (Figure 13). More than half (52.8%) of the locations with half-timber, 65.9% of rammed-earth and 65.2 % of adobe were located in areas with a density population of 20 inhab/km2 or lower. This is partly due to the wealth of earthen architecture in these areas, as well as to the fact that in areas with fewer inhabitants and numerous abandoned constructions, earthen buildings are easier to identify as protection elements or renderings have often been lost and it is possible to collect direct data objectively (Figure 14).






5. Geographical Factors and Earth as Material for a Sustainable Architecture


Traditional constructive techniques existing at present have evolved and developed through the optimisation of existing resources and their adaptation to their surroundings, overcoming necessity and adverse conditions. That is why earthen techniques have evolved differently in different areas and often include supplements using the material available to improve the properties and durability of the construction [21]. The existence of some techniques and the presence of those supplements on specific areas are part of the response to the geographical factors that encourage o hinder their presence in a given area.



Although earth is a material which can be found on practically any surface, it is important to examine the materials used in the architecture of a specific location to establish their suitability. As was observed in the mappings of the previous section, earthen buildings are not found all over the territory, and therefore these techniques are probably not optimal solutions in areas where they have not been used traditionally. In addition, not all types of earth are suitable for construction and extensive modification may be needed for use. If earth is finally used it is necessary to take into account factors such as rainfall, which directly affects durability, in order to provide proper protection.



The results of the analysis show different type of relationships depending on the factor. Climate factors have the greatest effect on the distribution of earthen construction techniques in the Iberian Peninsula. Given their characteristics, earthen constructions provide thermal comfort for indoor spaces which would be difficult to achieve with other materials, as they ensure temperature remains within stable ranges and they regulate the humidity in the atmosphere [35]. Although efficient, this passive conditioning system inherent to earthen construction usually requires a minimum energy supply in order to meet current standards of comfort, particularly in colder seasons. However, this need will always be less than in current standard constructions often built with prefabricated pieces and light elements.



One of the most favourable properties of earth in architecture is the thermal inertia [36], which, aided by the thickness and mass of the walls, contributes to ensuring that temperature changes are barely noticeable indoors in areas with great thermal variations, as is the case in most of the Iberian Peninsula (Figure 15a) [37]. However, this property, which notably improves indoor thermal comfort and energy savings, is not contemplated in current regulations, which only consider the transmittance of materials [38].



In terms of solar radiation, along with fire, sun was the main source of heat until the appearance of climatisation systems. The many hours of high intensity solar radiation in the Iberian Peninsula are of advantage for heating indoor spaces in winter, while in hotter climates protection is also needed from solar radiation. In warmer climates, like those of the south of the Iberian Peninsula, constructive techniques (generally rammed-earth) protect the interior from direct sunlight, while the position and size of façade openings ensure the entry of sun in winter, while in summer the overhang of the wall protects from the incidence of sunlight (Figure 15b).



Finally, rainfall is one of the factors which levels are directly linked to existence of earthen construction techniques. The mappings show how rammed-earth and adobe particularly are distributed throughout the territory. However, these techniques are rarely found in areas with heavy rainfall. Therefore, it is very important to take into account rainfall levels due to there are locations where the use of these techniques is less advisable and potential use would require elements to protect and prevent the premature degradation of the building (roofs with broad eaves, renderings, foundations, etc.) (Figure 15c).



On the other hand, the relationship between geological factors and earthen techniques is not so clear on the Iberian Peninsula. Lithology is related to the characteristics of available materials and the location of earthen construction is predominant in clayey areas, but the usage of this material is also linked to the water flows or river courses where clay particles are deposited. That is one of the reasons why the use of earth is spread all over the territory. On the other side, seismicity is not a relevant factor on the existence of earth construction in the peninsula as the seismic areas are reduced and the main focuses are located in the perimeter of the territory.



As seen, geographical factors affect differently to the earthen techniques due to their heterogeneity. Based on the analysis it is possible to detect that the presence of each technique is not restricted to areas with specific characteristics but their presence is more noticeable in some ones. This means, for example, that in areas with reduced rainfall where usually there is earthen architecture, other factors such as seismicity, altitude or the predominance of other materials as stone can produce a restriction on its use. Thus, this study must be considered as a general framework in which there would be exceptions.



The scale of the territory linked to the closest environment, together with the analysed geographical aspects and the cultural aspects, determine the final characteristics of the traditional architecture. Those constraints are the ones that make traditional architecture sustainable by definition.



The use of earth as a construction material is in many ways a sustainable solution that is respectful of the environment. None of the techniques analysed (rammed-earth, adobe and half-timber) require high temperatures to produce the material or the elements that compose it, with high CO2 savings in construction [39]. In addition, earth is a material found almost everywhere and usually easily accessible, so that little or no transport is needed depending on specific cases. Finally, when this material is degraded it returns to the earth it was part of without polluting (Figure 15d).



The energy cost of construction is an ecological indicator which takes into account CO2 consumption and emissions in all phases of the construction process, from manufacturing and sourcing of materials to their durability [40]. Therefore, it is important to use materials and techniques that are closely connected to the location they are found in, as this reduces both environmental impact and economic cost.



In turn, a sustainable design is closely linked to the potential level of energy efficiency of the building. Factors, such as position in relation to surroundings, orientation, characteristics and size of façade openings, use of different rooms or natural ventilation that are greatly considered in traditional architecture, have often been forgotten and ignored in contemporary architecture (Figure 15e). It is therefore important to study the composition of traditional buildings which, albeit with much lower habitability standards, provided spaces with minimal or no energy contributions depending on the geographical area and particularly its morphology and climate [41]. The study of the thermal behaviour of the building and the energy losses it is important to understand the requirements to meet the actual comfort levels [42,43]. With that purpose, data as geographical location, climate factors and orientation of the building must be taken into account.



On the other hand, the conservation of traditional architecture shows the way to sustainability at present. This is especially true of the conservation of earthen architecture based on the premise of its suitability for use and for reaching the current levels of comfort, offering a great opportunity to combine the aspects of environmental, sociocultural and socioeconomic sustainability [44]. The study of these buildings in disuse is important in promoting their conservation and the reuse of a traditional architecture which would otherwise be condemned to disappear. In addition, traditional earthen architecture in the Iberian Peninsula is a very important and irreplaceable building heritage which makes up an extensive documentary body with much information still to be extracted and many trades and techniques to be learnt. Therefore, the conservation of these buildings is the conservation of a historic document, as well as the reuse of space and materials which would otherwise disappear and involves recycling materials which have already been transformed into construction materials, one of the most important premises for sustainability (Figure 15f).



In order to design a sustainable architecture either through interventions on a preexisting element or on a new building, the lessons in sustainability, resource optimisation and adaptation to the surroundings provided by traditional architecture cannot be ignored [44]. This makes it interesting to note the constructive techniques developed in each location, as well as their composition and design. The learning and implementation of the know-how of each location and the values and properties of traditional architecture are very important in the construction of new buildings, as it makes use of the techniques and materials that can be accessed on site, with minimum transport. Along with current innovations, these can bring about a notable reduction in the environmental impact compared to the most commonly used construction systems at present. In addition, by taking into account all these factors, it would be possible to achieve social, financial and cultural, as well as energy sustainability [45].




6. Conclusions


Earthen construction has traditionally been used in almost all of the Iberian Peninsula. Earthen construction techniques have gradually adapted and been optimised depending on the varied geography of this territory, mainly appearing to cope with factors with very different properties, showing the high resistance and adaptability of these techniques.



Although the constructive techniques analysed (rammed-earth, adobe and half-timber filled with earth) are found simultaneously in most of the territory, half-timber stands out from the other two.



Climate factors, which are closely linked to morphological factors, are the most influential ones on the development of earthen architecture on the peninsula. In this group rainfall and mean temperature are the ones whose influence is more noticeable in earthen architecture.



Within this framework, the rammed-earth technique is the one that appears in regions with a warmer climate (more sun, less rain and a higher mean temperature), while adobe is common in areas with less solar radiation and lower temperatures (especially in winter) mostly in the north half of the Iberian Peninsula—and even in some cases, in areas with slightly heavier rainfall.



On the other hand, half-timber is the technique located mostly in the North of the peninsula in areas with higher altitude, lower mean temperatures, heavier rainfall and less solar radiation than the ones where adobe and rammed-earth are located.



Besides knowing which earthen techniques are more suitable throughout the territory of the peninsula, there are some morphological and landscape aspects that must be taken into account when traditional architecture is analysed. This is why, both for the conservation of traditional earthen construction as well as for new buildings, it is very important to carry out a preliminary analysis of the traditional architecture in the area where these are to be located.



The response to specific environmental constraints and the usage of materials from nearby areas make this architecture to be built documents. They have adapted to their surroundings optimising resources to meet functional needs, and so they can reveal many of the keys to sustainable construction.
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Figure 1. Altimetry/relief and vernacular earthen techniques. Source: Own elaboration based on Dirección General de Planificación Territorial, 1994 [18]. 
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Figure 2. Earthen architecture in the South of Murcia region. Source: authors. 
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Figure 3. Landscape, rivers and vernacular earthen techniques. Source: Own elaboration based on the Atlas Nacional de España [18] and Google Maps. 
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Figure 4. Rainfall and vernacular earthen techniques. Source: Own elaboration based on the Atlas Climático Ibérico [20]. 
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Figure 5. Temperature and vernacular earthen techniques. Source: Own elaboration based the Atlas Climático Ibérico [20]. 
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Figure 6. Earthen architecture in cold areas. Left: Rammed-earth construction in Villarquemado (Teruel) where there is a big variation of temperatures. Right: Half-timber construction with great and numerous chimneys. Source: authors 
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Figure 7. Climate (period from 1971–2001) and vernacular earthen techniques. Source: Own elaboration based on the Atlas Climático Ibérico [20]. 
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Figure 8. Solar radiation and vernacular earthen techniques. Source: Own elaboration based on ©whisphysics. 
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Figure 9. Lithology and vernacular earthen techniques. Source: Own elaboration based on Solé et al. 1952 [18]. 
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Figure 10. Relationship between the ground and the earthen constructions. Left: adobe construction in Alcolea del Cinca (Huesca) build with the earth of the mountain where it is located. The building blends entirely with its surroundings. Right: rammed-earth construction in Navalpino (Ciudad Real). Source: authors. 
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Figure 11. Seismic intensity and vernacular earthen techniques. Source: Own elaboration based on the Atlas Nacional de España [18]. 






Figure 11. Seismic intensity and vernacular earthen techniques. Source: Own elaboration based on the Atlas Nacional de España [18].



[image: Sustainability 11 02369 g011]







[image: Sustainability 11 02369 g012 550]





Figure 12. Population density and vernacular earthen techniques. Source: Own elaboration based on the Atlas Nacional de España [18] and distribuição da população 2 ano, Slideshare, 2008. 
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Figure 13. Altitude, population density superior to 20 inhab/Km2 and vernacular earthen techniques. Source: own elaboration based on the Atlas Nacional de España [18] and distribuição da população 2 ano, Slideshare, 2008. 
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Figure 14. Abandoned constructions in areas with low population. Left: Adobe abandoned construction in Salas de Bureba (Burgos). Rigth: Half-timber construction collapse in Calatañazor (Soria). Source: authors. 
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Figure 15. Design strategies and important factors to take into account using earth as a building material. (a) Thermal inertia is one of the most beneficious thermal properties of earth construction. (b) Thick walls protect the interior of the building from sunlight in summer but allows it to penetrate in wintertime. (c) Earth building must include an adequate protection, especially against water. (d) Earth buildings go back to earth when they are destroyed without polluting the environment. (e) Example of the spatial distribution in some of the cold areas of the Iberian Peninsula. (f) The conservation of traditional buildings is a recycle or reuse of the existing materials lengthening the life span. 
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Table 1. Relation between location of earthen construction techniques and altimetry.
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Morphological Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
altimetry

	

	

	

	

	

	

	

	




	
0–200m

	
37

	
11.5%

	
30

	
10.2%

	
17

	
9.6%

	
80

	
13%




	
201–600m

	
89

	
27.6%

	
76

	
25.9%

	
44

	
24.7%

	
171

	
28%




	
601–1000m

	
163

	
50.5%

	
160

	
54.6%

	
89

	
50.0%

	
279

	
45%




	
1001–1600m

	
34

	
10.5%

	
27

	
9.2%

	
28

	
15.7%

	
67

	
10.8%




	
>1601m

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%
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Table 2. Relation between location of earthen construction techniques and river flows.
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Morphological Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Rivers

	

	

	

	

	

	

	

	




	
Close to the river course

	
127

	
39.32%

	
98

	
33.4%

	
41

	
23.0%

	
198

	
32.0%




	
Far to the river course

	
196

	
60.68%

	
195

	
66.6%

	
137

	
77.0%

	
420

	
68.0%
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Table 3. Relation between location of earthen construction techniques and rainfall.
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Climate Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Rainfall

	

	

	

	

	

	

	

	




	
0–100mm

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
101–200mm

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
201–300mm

	
4

	
1.2%

	
2

	
0.7%

	
0

	
0.0%

	
5

	
1%




	
301–400mm

	
45

	
13.9%

	
43

	
14.7%

	
1

	
0.6%

	
69

	
11%




	
401–500mm

	
154

	
47.7%

	
134

	
45.7%

	
26

	
14.6%

	
218

	
35%




	
501–600mm

	
67

	
20.7%

	
47

	
16.0%

	
23

	
12.9%

	
104

	
17%




	
601–700mm

	
31

	
9.6%

	
28

	
9.6%

	
27

	
15.2%

	
72

	
12%




	
701–800mm

	
3

	
0.9%

	
7

	
2.4%

	
6

	
3.4%

	
13

	
2%




	
801–1000mm

	
7

	
2.2%

	
22

	
7.5%

	
23

	
12.9%

	
49

	
8%




	
1001–1400mm

	
8

	
2.5%

	
10

	
3.4%

	
41

	
23.0%

	
54

	
9%




	
1401–1800mm

	
4

	
1.2%

	
0

	
0.0%

	
28

	
15.7%

	
31

	
5%




	
1801–2200mm

	
0

	
0.0%

	
0

	
0.0%

	
3

	
1.7%

	
3

	
0%




	
2201–2600mm

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%
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Table 4. Relation between the location of earthen construction techniques and mean temperature.
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Climate Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Mean Temp.

	

	

	

	

	

	

	

	




	
0.0–2.5 ˚C

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
2.5–5.0 ˚C

	
0

	
0.0%

	
0

	
0.0%

	
1

	
0.6%

	
1

	
0%




	
5.0–7.5 ˚C

	
1

	
0.3%

	
1

	
0.3%

	
3

	
1.7%

	
4

	
1%




	
7.5–10.0 ˚C

	
10

	
3.1%

	
14

	
4.8%

	
27

	
15.2%

	
39

	
6%




	
10.0–12.5 ˚C

	
112

	
34.7%

	
131

	
44.7%

	
93

	
52.2%

	
240

	
39%




	
12.5–15.0 ˚C

	
105

	
32.5%

	
110

	
37.5%

	
52

	
29.2%

	
223

	
36%




	
15.0–17.5 ˚C

	
85

	
26.3%

	
35

	
11.9%

	
2

	
1.1%

	
98

	
16%




	
17.5–20.0 ˚C

	
10

	
3.1%

	
2

	
0.7%

	
0

	
0.0%

	
13

	
2%




	
20.0–22.5 ˚C

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%
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Table 5. Climate classification according to Köppen-Geiger [25].






Table 5. Climate classification according to Köppen-Geiger [25].










	Main Climates
	Rainfall
	Temperature





	A: equatorial
	W: desert
	h: hot arid



	B: arid
	S: steppe
	k: cold arid



	C: warm temperate
	f: fully humid
	a: hot summer



	D: cold (snow)
	s: summer dry
	b: warm summer



	E: polar
	w: winter dry
	c: cool summer



	
	m: monsoonal
	d: extremely continental



	
	
	F: polar frost



	
	
	T: polar tundra
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Table 6. Relation between the location of earthen construction techniques and climate.
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Climate Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Climate

	

	

	

	

	

	

	

	




	
Dfc

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
Dfb

	
1

	
0.3%

	
0

	
0.0%

	
1

	
0.6%

	
2

	
0%




	
Dsc

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
Dsb

	
0

	
0.0%

	
0

	
0.0%

	
1

	
0.6%

	
1

	
0%




	
Cfb

	
62

	
19.2%

	
61

	
20.8%

	
40

	
22.5%

	
116

	
19%




	
Cfa

	
24

	
7.4%

	
46

	
15.7%

	
1

	
0.6%

	
49

	
8%




	
Csb

	
59

	
18.3%

	
91

	
31.1%

	
102

	
57.3%

	
198

	
32%




	
Csa

	
118

	
36.5%

	
51

	
17.4%

	
32

	
18.0%

	
165

	
27%




	
BSk

	
58

	
18.0%

	
43

	
14.7%

	
1

	
0.6%

	
85

	
14%




	
BSh

	
1

	
0.3%

	
1

	
0.3%

	
0

	
0.0%

	
2

	
0%




	
BWk

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
BWh

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%
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Table 7. Relation between the location of earthen construction techniques and solar radiation.






Table 7. Relation between the location of earthen construction techniques and solar radiation.





	
Climate Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Solar Radiation

	

	

	

	

	

	

	

	




	
3.0–3.2kWh/m2·day

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0.0%

	
0

	
0%




	
3.2–3.4 kWh/m2·day

	
0

	
0.0%

	
0

	
0.0%

	
13

	
7.3%

	
13

	
2%




	
3.4–3.6 kWh/m2·day

	
0

	
0.0%

	
0

	
0.0%

	
13

	
7.3%

	
13

	
2%




	
3.6–3.8 kWh/m2·day

	
0

	
0.0%

	
4

	
1.4%

	
21

	
11.8%

	
25

	
4%




	
3.8–4.0 kWh/m2·day

	
11

	
3.4%

	
12

	
4.1%

	
23

	
12.9%

	
39

	
6%




	
4.0–4.2 kWh/m2·day

	
25

	
7.7%

	
30

	
10.2%

	
28

	
15.7%

	
61

	
10%




	
4.2–4.4 kWh/m2·day

	
71

	
22.0%

	
72

	
24.6%

	
27

	
15.2%

	
119

	
19%




	
4.4–4.6 kWh/m2·day

	
63

	
19.5%

	
94

	
32.1%

	
21

	
11.8%

	
125

	
20%




	
4.6–4.8 kWh/m2·day

	
57

	
17.6%

	
44

	
15.0%

	
19

	
10.7%

	
99

	
16%




	
4.8–5.0 kWh/m2·day

	
33

	
10.2%

	
24

	
8.2%

	
12

	
6.7%

	
58

	
9%




	
5.0–5.2 kWh/m2·day

	
62

	
19.2%

	
12

	
4.1%

	
1

	
0.6%

	
64

	
10%




	
5.2–5.4 kWh/m2·day

	
1

	
0.3%

	
1

	
0.3%

	
0

	
0.0%

	
2

	
0%
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Table 8. Relation between the location of earthen construction techniques and geological factors.






Table 8. Relation between the location of earthen construction techniques and geological factors.





	
Geological Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Lithology

	

	

	

	

	

	

	

	




	
Siliceous

	
92

	
28.5%

	
61

	
20.8%

	
101

	
56.7%

	
214

	
35%




	
Limey

	
57

	
17.6%

	
46

	
15.7%

	
25

	
14.0%

	
106

	
17%




	
Clayey

	
174

	
53.9%

	
186

	
63.5%

	
52

	
29.2%

	
298

	
48%
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Table 9. Relation between the location of earthen construction techniques and geological factors.
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Geological Factors

	
Rammed-Earth

	
Adobe

	
Half-Timber

	
All Techniques




	
323

	
%

	
293

	
%

	
178

	
%

	
618

	
%






	
Seismicity

	

	

	

	

	

	

	

	




	
< VI

	
230

	
71.2%

	
248

	
84.6%

	
125

	
70.2%

	
439

	
71.0%




	
VI

	
53

	
16.4%

	
25

	
8.5%

	
52

	
29.2%

	
123

	
19.9%




	
VII

	
40

	
12.4%

	
20

	
6.8%

	
1

	
0.6%

	
56

	
9.1%




	
VIII

	
0

	
0.0%

	
1

	
0.3%

	
0

	
0.0%

	
1

	
0.2%
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