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ABSTRACT 

In many countries, earth was a very common construction material until the middle of the 20th century, being 

rammed earth one of the most widespread construction techniques. Nowadays, there are still a large number 

of constructions with this traditional technique, from vernacular dwellings to monuments. Therefore, rammed 

earth constructions integrate cultural, historical, technical and architectonic recognized value and the constant 

neglect of this type of constructions, without maintenance and conservations measures over time, or with 

inadequate interventions, presents a worrying reality. This paper aims to contribute towards increasing the 

knowledge on materials from 12th century Paderne castle, located in Algarve, south of Portugal. Data from 

interventions performed on the castle in the 20th and 21st centuries was gathered. Samples from the rammed 

earth castle tower and walls and mortar from a more recent chapel were collect during the 21st century 

interventions and characterized, mainly by microstructural and mineralogical techniques. Most of them present 

calcareous and siliceous aggregates in their composition, except for samples collected from the wall where no 

siliceous aggregates were detected. Rammed earth samples present a brownish colour being the binder a 

mixture of clayey earth and lime, and the coarse aggregate mostly limestone. Iron oxide/hydroxide and clay 

minerals, very common in earth composites, are detected and a lime+clay binder/aggregate ratio of 1:1.5 in 

volume is the most frequently found. The large amount of calcite in all rammed earth samples is an indication 
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of the use of carbonate gravel mixed with a high content of air lime. The presence of white nodules in the 

earthen matrix induces that the lime was probably applied as quick lime and, afterwards, hydrated by mixing 

with the moistened earth. The lime was used as a stabilizer (technique called “military” rammed earth) to 

promote a hardening process by carbonation and increase durability to weathering. Therefore, characterization 

results obtained in this study allow to draw conclusions about the materials and construction techniques used 

in the past, in order to support future compatible, effective and reversible interventions in this and in similar 

historic military rammed earth constructions. 

 

Keywords: Earth construction; Architectural heritage; Lime stabilization; Conservation; Intervention; 

Microstructure 

 

1. Introduction 

The use of earth as a construction material dates back to prehistoric times where this material was used to build 

the first shelters [1,2]. However, during the first half of the 20th century there was a significant reduction on 

earth construction, largely due to the introduction of new materials and construction techniques [1], such as 

cement mortars and concrete. Recently, the interest in the use of earth as a construction material has emerged, 

especially due to sustainability issues and its low environmental impact in comparison to cementitious and 

fired materials, but also for its recognized unique properties, such as contribution to good acoustic and thermal 

performance. 

In Portugal, rammed earth (RE) was one of the most widespread construction techniques [3]. It consists in 

compacting moistened soil, with a generally high content of coarse aggregates and a relatively low clay 

content, introduced in temporary formworks, sequentially creating large dimensions compacted earth blocks 

and building monolithic walls. In RE construction technique, lime was sometimes used as a stabilizer to 

promote a hardening process by carbonation to increase durability, namely towards water [4]. This technique 

was called “military” RE because it was frequently used for defensive military structures. These constructions 

had a great dissemination during the Islamic occupation of the Iberian Peninsula between the 8th and 13th 

centuries, being possible even today to observe a large number of defensive structures, such as fortifications, 

constructed in that period [5,6]. Some examples of existing constructions built in Portugal in that period using 

the military RE construction technique are the Paderne, Silves, Alcácer do Sal, Juromenha and Moura castles. 
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These constructions are part of the country military RE-built heritage and integrate cultural, historical, 

technical, economic, social and architectonic recognized value. Therefore, the constant neglect of this type of 

constructions, without maintenance and conservations measures over time, or with inadequate interventions, 

is a worrying reality. Moreover, the lack of information regarding the construction techniques used originally 

and in more recent interventions, the characteristics that applied materials present nowadays, namely with 

regards to their durability, presents a huge problem for future effective interventions and correct conservation 

measures.  

 

1.1. Paderne castle  

The Paderne castle is located in Albufeira, Algarve, and its construction dates back to the 12th century. It is 

composed by a fortress wall with an Albarrã tower (Fig. 1) and inside the fortress there is a chapel that was 

built more recently [7] and also remains of ancient housing occupation. The castle has an implementation area 

of about 3100 m2 with a fortress wall perimeter of 230 m composed of military RE walls with about 2 m of 

thickness and 10 m of height (Fig. 1) [8]. It was in used until the 16th century. 

       

Fig. 1. Aerial photography of Paderne castle (a) (photography by [23]) and schematic plant of the castle (b) 

(adapted from [9]) 

The Paderne castle, like any other historical construction, has undergone changes over almost nine centuries 

due to the performed interventions. One of the most important was the construction of the chapel inside the 

fortress. In fact, this chapel (Ermida da Nossa Senhora da Assunção) is the only place of the construction that 

is nowadays rendered and plastered; the fortress and tower have the walls exposed, mainly constituted of RE. 

The chapel presents a rectangular shape with a height of 2.42 m and is composed by a main chapel, two side 

a) b) 
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altars with religious images and two doors [10]. It seems to be a rubble stone masonry construction with earth-

lime mortar joints. In some areas the use of decorative and protective plasters is still visible indoors [9].  

The fortress wall is constituted by stone masonry basement with a maximum width of 1.90 m and military RE 

with a wall thickness of 2.00 m; the RE blocks used in the construction measure approximately 2.64 m long 

[11]. Several RE areas of the walls and tower present, very visibly, the concavities of the wooden needles that 

were used in the original construction of the RE blocks, allowing to verify the metric used in this construction. 

Nevertheless, there are evidences that indicate that, in the past, the RE was rendered to simulate large stone 

masonry blocks.  

There is just one tower (Albarrã tower) in Paderne castle (Fig. 1), which was not very common in this type 

and period of constructions This tower is constituted by military RE and a stone basement. It presents a 

quadrangular shape with dimensions 5.84 m x 5.70 m and a height of 9.30 m, being connected to the fortress 

wall by an arc-shaped stone masonry and RE walkway (Fig. 2). 

 

Fig. 2. Arch-shaped RE walkway that connects the tower to the fortress walls 

The Paderne castle continues to be one of the most important fortifications built during the Islamic occupation 

of the Iberian Peninsula, largely due to its reasonable state of conservation, almost nine centuries after its 

construction [8]. Despite the desertion verified during the 16th century and all the interventions to which it 

was subjected, the construction techniques used in the original construction and in the interventions performed 

over the years can still be observed and studied. The more recent of the latter are described in the following 

section. 
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1.2. Interventions in the castle over the years 

Although good durability may have been a concern in the use of local but optimized materials and constructive 

technologies in the original construction, Paderne castle has undergone physical degradation over time since 

its construction date in the 12th century. Most of this physical degradation was due to the sensitivity that earth 

constructions present to water, and which is one of their main disadvantages [37]. Some of the degradation 

may also be related with landslides associated with the natural ageing process and to the abandonment or lack 

of conservation to which the construction was subject. For this reason, it is of fundamental importance to 

design and perform correct interventions over time, based on the knowledge of the properties of the original 

materials and those applied in more recent interventions. 

Several interventions in the castle over the last hundred years are documented. To the authors knowledge, the 

first one occurred somewhere during the middle of the 20th century at an unknown date. The fortification may 

have been subjected to other minor undocumented interventions in that period from which no information is 

extant. The second was performed in the year of 1986. The other three are more recent: one in 2004/2005, the 

other one in 2007 and finally the most recent one in 2017/2018.  

In the first documented intervention in the 20th century for which the date is unknown, the introduction of 

cement mortars in some areas of the fortress wall for gap filling, namely joint reclosing of the stone masonry 

basement, was reported. But very little is known about this intervention. Nevertheless, when comparing 

Paderne castle with other castles that have been subjected to interventions during the Estado Novo period (New 

State, in direct translation – period between the 30´s and the 70´s of the 20th century where an extensive 

reconstruction campaign was held on several Portuguese castles), it is possible to conclude that Paderne castle 

was not subjected to the most common type of intervention performed in that period, fortunately being able to 

keep its originality. During this period of Portuguese history, there was a kind of devotion for medieval castles. 

These castles should represent strength, patriotism and, therefore, they should represent the regime. This fact 

led to a series of interventions, without a conservative criteria, that had, as main objective, to emphasize the 

dominant character of the castle, invoking in a ubiquitous way the regime itself [13].     

In 1971, the classification of the castle as a monument of public interest lead to undertaking, in 1986, of 

conservation and reconstruction interventions in some areas of the fortress wall and the Albarrã tower. Existing 

joints and holes in the tower were filled with cement mortars. In some places of the tower consolidations of 
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the RE with ethyl silicate were performed. The ethyl silicate is a consolidant and water-repellent product 

normally used for the consolidation of materials with great absorption [14]. However, there is a tendency for 

ethyl silicates to react with silicate components [15], which can lead to problems related with cracks, being 

paramount to achieve the correct ethyl concentration in order to ensure compatibility [16]. Although the exact 

areas of application are unknown, the application of this product can be seen as a justification for the existing 

degradation in some areas of the tower caused by some compatibility problems. The same happens on the 

repairs performed with cement mortars. 

The intervention that occurred in 2004/2005 mainly focused on the castle walls. To prepare this intervention, 

several tests were conducted, including the characterisation of few mortars and RE samples collected in situ 

[9], geological and geotechnical characterisation tests of soils and in situ characterisation tests. Concerning the 

mineralogical and microstructural characterisation, XRD analysis and TGA-DTA analysis were performed for 

samples AM1, AM2, AM4, AM6, AM10 and AM11, collected from the castle in 2000 (Section 3.1). 

Nevertheless, this study was part of a Portuguese technical note by the National Laboratory for Civil 

Engineering (LNEC) in Portugal, and never published before [9]. Therefore, these results were included in the 

present study.  

The fortress wall of the castle was rebuilt in some areas, such as a section facing south where the stone 

basement was reconstructed. Some new RE blocks were also built (Fig. 3a). For the production of the new RE 

blocks, several mixtures of local soil, gravel, sand and air lime putty were studied to obtain a mixture that was 

considered ideal, taking into account the mechanical and visual characteristics of the original existing RE 

blocks [17,8]. 

The RE blocks were remade considering the original construction techniques, though with some changes in 

the constructive process. Instead using the wooden slats for the placement of the RE vertical formworks, 

threaded rods were used to tighten the formworks. In constructive terms, the process went through the opening 

of the negatives for the introduction of the wooden needles which served as a support for the subsequent RE 

formworks. After placing the RE formworks on the needles and consequently screw-in, the threaded rods were 

then placed always wrapped in stones, so that it would be easy to remove them after finishing the new RE 

block. After the entire formwork is completed, the earth-lime mixture was introduced into the RE formworks 

in layers of about 12 cm height, which after compaction constituted successive layers with about half of this 

height [17]. 



7 

 

The existing gaps in the bases of some areas of the fortress wall (e.g. great loss of thickness, explicitly at the 

base of the wall facing east) were filled with binder stabilized earthen material that was applied by projection 

[18]. 

In a visit to the castle in 2018 during the course of the present research study, about 14 years after the 

intervention of 2004/2005, it was verified that the new RE blocks are clearly distinguished from the original 

ones, although well integrated and presenting a good state of conservation (Fig. 3a). It was also possible to 

note, again, the loss of thickness in the base of the wall facing east due to lack of cohesion of the projected 

earthen material, showing that the application of this projected earth in the intervention of 2004/2005 was not 

effective after 14 years (Fig. 3b).   

   

Fig. 3. RE blocks introduced during the intervention of 2004/2005 (a) and wall facing east filled with 

projected earthen material with loss of cohesion (b) (photos of 2018) 

In the course of the 2004/2005 intervention it was concluded that some of the corners of the fortress wall were 

not structurally stable. Therefore, in the intervention of 2007 these wall-corners were strengthened with the 

application of stainless-steel nails with a diameter of 20 mm or hot-rolled steel bars with a diameter of 32 mm. 

Nevertheless, the introduction of this strengthening system raises some questions related with the need, 

compatibility but also the reversibility of such intervention. The composition of the RE used in both 2004/2005 

and 2007 interventions is unknown. However, and due to the similar appearance of the RE, it can be assumed 

that the composition used was the same.  

The intervention of 2017/2018 focused on the conservation of the Albarrã tower, which had already been 

intervened in 1986. The main objective of this intervention was to solve the problem of thickness loss in the 

tower, which was surely due to natural ageing processes caused by the exposure to atmospheric phenomena 

but probably also to the 80´s intervention. 

a) b) 
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During the recent intervention in 2017/2018, the most degraded superficial areas of RE were removed. That 

happened mainly in the most exposed wall-corners of the tower where the original RE was prepared in vertical 

and horizontal surfaces to support the application of new RE. These wall-corners were strengthened with the 

application of stainless-steel and new sections of RE were produced against the existing military RE. The 

function of the steel was to contribute to support the new RE. Some existing gaps were filled with a repair 

mortar. A repair mortar was also used on the flat roof of the massive tower and on the top of the walls.  

The RE formworks that were used presented a width of 2.5 m, a height that varies between 0.8 and 0.9 m and 

were made of wooden planks with a thickness of 2.5 cm. In general, only exterior RE formworks were applied 

since the new RE volumes were produced against the existing ones, that turned the process far more difficult.  

 

2. Research aims 

Within DB-HERITAGE project (Database of building materials with historical and heritage interest), data 

from past interventions in Paderne castle were gathered and analysed, in situ tests were performed and samples 

were collected and tested at macro and micro level. The aim of this paper is to present a microstructural and 

mineralogical characterisation of materials sampled from the 12th century Paderne castle, located in Algarve, 

south Portugal, in order to support correct and effective future interventions and conservation measures in this 

and in similar military RE monuments. The second part of the study, referring to the physical and mechanical 

characterisation, is postponed for a forthcoming paper. 

 

3. Materials and methods 

3.1. Materials 

To characterise some of the materials of the castle, samples were collected whenever possible. To the best of 

authors knowledge, these samples represent original materials. However, the sampling was very limited. Six 

samples were collected in 2000 and four were collected in 2018. These samples came from different areas of 

the castle (wall – two samples, chapel – four samples, tower – four samples) and were analysed by 

mineralogical and microstructural techniques to accomplish the objectives of this first part of the research 

study. Table 1 and Table 2 show the initial identification of the four mortar samples collected from the chapel 

and the six RE samples collected from the wall and tower, respectively.  
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Table 1. Identification and description of the mortar samples collected from the Paderne castle chapel 

Sample  Year Type / Orientation Dimension [l x w] (mm) 

AM1 

 

2000 Plastering mortar / - 61 × 45 

AM2 

 

2000 Plastering mortar / - 37 × 48 

AM4 

 

2000 Masonry mortar / - 77 × 68 

AM6 

 

2000 Masonry mortar / - 74 × 65 

Notation: (-) – unidentified; l – length; w – width. 

 

Table 2. Identification and description of the RE samples collected from the Paderne castle 

Sample Year Localization / Orientation Dimension [l x w] (mm) 

AM10 

 

2000 Wall / NW 96 × 117 

AM11 

 

2000 Wall / NW 173 × 113 



10 

 

CP2018A 

 

2018 Tower / NE 70 × 37 

CP2018B 

 

2018 Tower / E 210 × 120 

CP2018C 

 

2018 Tower / NW 123 × 140 

CP2018D 

 

2018 Tower / Roof / - 315 × 203 

Notation: NW – northwest; NE – northeast; E – east; (-) – unidentified; l – length; w – width. 

 

Before the tests, all the samples were conditioned in a climatic room at a temperature of 20±2 ºC and a relative 

humidity of 65±5 % and maintained in this condition until required for microstructural and mineralogical 

testing.    

Table 3 presents the microstructural and mineralogical tests conducted and the samples analysed. These tests 

were performed according to the analytical methodology described by Santos Silva et al. [19] and latter applied 

by Freire et al. [20]. 

 

Table 3. Characterization tests performed to assess mineralogical and microstructural properties 

Samples identification 

Stereozoom 

microscope 

observation 

Petrographic 

analysis 

Scanning electron 

microscopy with X-

ray microanalysis 

X-ray 

diffraction 

analysis 

Thermogravimetric 

analysis 

Chemical 

analysis 

Ch 

AM1 √ √ √ √ √ - 

AM2 √ √ √ √ √ - 

AM4 √ - - √ √ - 

AM6 √ - - √ √ - 
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RE 

AM10 √ √ √ √ √ √ 

AM11 √ √ √ √ √ √ 

CP2018A √ √ √ √ √ √ 

CP2018B √ √ √ √ √ √ 

CP2018C √ √ √ √ √ √ 

CP2018D √ √ √ √ √ √ 

Notation: Ch – mortar samples collected from the castle chapel; RE – rammed earth samples collected from the castle wall and tower.  

 

The samples were submitted to a preliminary visual macroscopic analysis and the details found are briefly 

summarized in Table 4.  

Table 4. Macro description of the samples by visual analysis 

 

3.2. Methods 

Since some of the samples presented several layers (namely those from plasters), a detailed observation was 

performed using a stereozoom microscope Olympus SZH10 equipped with an Olympus DP20 video camera. 

Through this analysis it is possible to obtain more precise information about the samples’ stratigraphy, the 

eventual presence of aggregates or fibres, the polychromy, the porosity or any other detail of interest. It is also 

possible to infer the state of conservation that the sample presents (e.g. biological degradation, lack of 

adherence, lack of cohesion, cracks, among other factors) and thus confirm results of preliminary visual 

Sample 

identification 
Cohesion 

Aggregates 

Color 

Other aspects 

Siliceous Calcareous Others 
White 

lumps 

Biological 

degradation 
Others 

Ch 

AM1 Medium × × - 
Cream/white 

greyish 
× × - 

AM2 High × × - 
Cream/ white 

greyish 
× - 

Separation between 

application layers is 

visible 

AM4 Low × × - Greyish × - Presence of fossils 

AM6 Low × × - 
Cream 

brownish 
× - - 

RE 

AM10 Medium - × - Reddish × - - 

AM11 Medium - × - Pinkish red × - - 

CP2018A Low × × - Pinkish - - - 

CP2018B Medium × × - Reddish × × Presence of molds 

CP2018C Medium × × Marl Reddish × × - 

CP2018D High × × 
Presence 

of coal 
Pinkish × × - 

Notation: Ch – mortar samples collected from the castle chapel; RE – rammed earth samples collected from the castle wall and tower; (×) 

– presence was identified; (-) – presence was not identified. 
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analysis. The stratigraphy of the samples was carried out on polished surfaces, which were prepared by vacuum 

impregnation with an epoxy resin so that the entire pore space is filled. After impregnation, samples were cut 

to obtain flat surfaces, followed by lapping and surface polishing with abrasive Al2O3 slurries (15 and 9 μm) 

and diamond abrasives (6, 3, 1 and 0.25 μm) until a polished surface was obtained. 

Petrographic analysis was performed in thin sections of the samples using a polarized light microscope 

Olympus BX60 to assess mineralogical characteristics of the aggregates. The thin sections were prepared from 

impregnated specimens, prepared as mentioned earlier, which were glued in a glass slide, being after lapped 

and polished with Al2O3 and diamond abrasives until a 20-30 m thin section was obtained.    

Petrographic characteristics were complemented with X-ray diffractometry analysis (XRD) which provides 

information about the minerals present in samples constituents, that will be, in general, in a proportion higher 

than 2 % by weight. This analysis is particularly important for the binder, and identification of neoformation 

or altered products eventually present in the samples. The XRD was performed using a Philips PW3710 

diffractometer with 35 kV and 45 mA, using Fe-filtered Co Kα radiation. Diffractograms were recorded at a 

speed of 0.05º/s from 3º to 74º (2θ). X’Pert HighScore © software was used in the minerals identification by 

comparison with the International Centre for Diffraction Data Powder Diffraction Files (ICDD PDF). 

Specimens for XRD analysis were prepared in two fractions: the overall fraction that corresponds to the sample 

as collected, being ground to pass in a 106 μm sieve; the fine fraction, which has a higher binder concentration, 

and obtained from the finest particles liberated during the disaggregation of the samples and passing the 106 

μm sieve [21]. 

The overall fraction of each sample was also analysed by thermogravimetry and differential thermal analysis 

(TGA-DTA). This analysis was conducted using a SETARAM TGA-DTA analyser, operating under argon 

atmosphere (3 L h-1) and at a uniform heating rate of 10 ºC/min in a temperature range from room temperature 

to 1000 ºC. TGA results enables the evaluation of carbonates content, expressed by the percentage of CaCO3, 

being calculated as indicated by Borsoi et al. [22] from the temperature range 550-900 ºC, where decarbonation 

occurs. 

The insoluble residue determination was performed in a disaggregated fraction of each sample and corresponds 

to the residue obtained after an acid digestion, using a warm diluted solution of hydrochloric acid (1:3). This 

content enables the determination of the siliceous sand content, including the clay, and its grain size 

distribution, from sieve mesh 4.76 mm to 0.075 mm. These contents, in combination with the carbonate content 
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obtained by TGA, enables the calculation of the binder/aggregate ratio, according with the method described 

by Santos Silva et al. [21]. 

Scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) analysis were carried out 

with a SEM JEOL JSM 6400 coupled with an Oxford Inca X-Sight energy dispersive X-ray spectrometer. This 

analysis aims to examine the microstructure of the samples and to determine the chemical composition of the 

samples’ constituents. 

 

4. Results and discussions 

4.1. Optical microscopy 

4.1.1. Stereozoom observations 

Optical microscopy using stereozoom observations was used to complement preliminary visual analysis (Table 

4). Samples AM1 and AM2 (Fig. 4a-b), both plastering mortars retrieved from the chapel of the castle, present 

very similar stratigraphy. It was possible to distinguish several layers in each sample: sample AM1 presents 

two layers, an external consisting on a whitish plaster with 1.5 mm thickness, and the other is a brownish layer 

of mortar with a thickness of approximately 2 cm (Fig. 4a); sample AM2 presents five different layers, with 

three whitish external finishing layers around 1 mm thick and two pale brown mortar layers with around 2 mm 

thick (Fig. 4b). For these two samples the aggregate is mainly composed by subangular to rounded fragments 

of variable length, not exceeding 2 mm for sample AM1 (Fig. 4a) and presenting a less homogeneous 

distribution for sample AM2 (Fig. 4b). It can also be observed that the particle size of the aggregates decreases 

in the surface layers. In both samples, the presence of big white nodules in the matrix suggests that the lime 

was probably applied as quick lime and hydrated by mixing with the aggregate that was previously moistened, 

by hot lime method [24]. When using previously hydrated lime, big lumps are not likely to be found. Another 

aspect that reinforces this hypothesis is that using quick lime mixed directly with the moistened earth could 

make the production of the massive rammed earth structures quicker, avoiding the need to previously hydrate 

the quick lime. The content of clay in RE is generally not very high in comparison to other earth techniques, 

such as adobe masonry; therefore, the reaction of portlandite with a reactive clay is not considered as probable. 
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Fig. 4. Stereozoom microscopy images of samples AM1 (a) and AM2 (b) from the chapel plaster, AM10 (c) 

and AM11 (d) from the RE wall, CP2018A (e), CP2018B (f), CP2018C (g) and CP2018D (h) from the RE 

tower. The areas marked in different colours correspond to the related micro pictures of Figs. 5-6 and 8 

 

The remaining samples are all RE samples and thus only present one single layer, with the colour of the samples 

ranging from pale brown to reddish. These samples (Fig. 4c-e-f-g-h) present aggregates of variable length and 

less homogeneous distribution, with exception of sample AM11 that presents well sorted aggregate 

distribution. In samples CP2018C and CP2018D the coarse aggregate seems to be mostly limestone and in 

sample AM11 it is worth mentioning the presence of large dimension white nodules suggesting a higher 

quantity of lime applied or a less efficient calcium lime hydration when mixed with the moistened earth (Fig. 

4d). From the stereozoom observations, sample CP2018B has a maximum aggregate size around 20 mm, while 

the remaining RE samples have a more regular maximum aggregate size of 15 mm. Further data for particle 

size distribution of collected samples are provided in section 4.4. 

a) b) c) 

d) e) f) 

g) h) 
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It should also be noted that none of the analysed samples (mortars or RE) presented ceramic fragments in their 

composition, which addition is known to improve the mechanical characteristics and hydraulic properties of 

the lime-based materials such as mortars [25, 21, 26]. 

 

4.1.2. Petrographic analysis 

Fig. 5 and 6 present the petrographic microscopy images of samples areas shown in Figure 4; Fig. 5 

corresponds to the chapel mortars and Fig. 6 to the RE samples. Petrographic observations of the finishing 

layer of sample AM1 shows well-rounded lime lumps and fine-grained lime binder with some shrinkage cracks 

surrounding the aggregate (Fig. 5a). The presence of such cracks may be attributed to the use of quick lime, 

that can also be a reason for cracking of lime mortars, particularly when they are formulated without pozzolanic 

additions [24, 27]. Concerning the mortar layer, it is possible to detect the presence of quartz and iron 

oxide/hydroxide minerals (Fig. 5b). It was also detected in this layer the presence of calcareous and volcanic 

lithoclasts with a ferruginous cement. The binder (lime+clay)/aggregate ratio is nearly 50:50 in volume.    

 

     

Notation: Q – quartz; Co – shell or shell fragment; V – volcanic lithoclast; Fe – iron oxide/hydroxide; M – 

mica; P – lime paste; T – earth; N – lime lump; C – limestone; F – feldspar. All images were obtained with 

parallel nicols. 

Fig. 5. Petrographic microscopy images of chapel plaster samples: (a, b) AM1 showing a great variety of 

aggregates and some microcracks possible due to the dry slaking of lime; (c) AM2 showing three external 

finishing layers  

  

 
  

  
 

Co 

Q 

Q 

Q 
Q 

P 

Fe 

Fe 
V 

Q 

Fe 

Q 

T 
M 

a) b) c) 
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Fig. 6. Petrographic microscopy images of RE samples: (a) AM10 of an area with high percentage of lime; 

(b) AM11 presenting microcracking due to earth shrinkage; (c) CP2018A with large percentage of lime 

showing a map-cracking structure inside the pores and the same for CP2018B (d); (e) CP2018C with a large 

percentage of lime; (f) pore in CP2018D filled with a map-cracked structure with iron oxide/hydroxide 

compounds 

 

The whitish plaster in sample AM2 presents three different layers with fine-grained calcareous aggregates, 

while mortar layer presents siliceous aggregates with monomineralic quartz grains and polymineralic iron 

oxide/hydroxide grains [28] (Fig. 5c). It is also possible to detect the presence of calcareous lithoclast with 

percentages of ferruginous cement and heavy materials. The two identified mortar layers possibly have the 

same age. The binder (lime+clay)/aggregate ratio is nearly 65:35 in volume. 

It is confirmed that samples AM10 and AM11, both RE samples collected from the fortress wall of the castle, 

have lime in their compositions. Both samples present calcareous aggregates in large proportions and areas 

with a high percentage of lime (irregular lumps). Sample AM10 is characterized by a high porosity, sometimes 

presenting the inner edges with carbonate crystallization, while sample AM11 presents some cracking but with 

edges apparently without recrystallizations. The binder (lime+earth)/aggregate ratio is closely 40:60 in volume 

for both samples (Fig. 6a-b). 

The mineralogical characteristics of the remaining RE samples CP2018A, CP2018B, CP2018C and CP2018D 

are very similar (Fig. 6c-d-e-f). The RE matrix is composed by a mixture of clayish earth and lime, presenting 

a) b) c) 

d) e) f) 
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darker areas possibly due to the presence of specific clay minerals, involving carbonate aggregates. A residual 

presence of quartz and iron oxide/hydroxide was detected, being this last one easily mistaken with the matrix 

binders. The samples are characterized by a widespread high porosity and it is very common to find crystalline 

neoformation products (eventually carbonates) surrounding and inside the pores, occupying them partially. 

The binder (lime+clay)/aggregate ratio is nearly 40:60 in volume.   

It should also be noted that all samples present calcareous and siliceous aggregates in their composition, except 

for samples collected from the wall (AM10 and AM11) where the siliceous aggregates were not detected.  

 

4.2. XRD analysis 

XRD analysis was performed to assess fully mineralogical properties of all samples. The analysis of the two 

fractions (overall and binder rich) was carried out and the results obtained were very similar. Hence, in this 

section only the results of the binder rich fraction are presented (Tables 5 and 6). A large amount of calcite 

was detected in all RE samples, confirming the petrographic analysis which shows the use of carbonate 

aggregates mixed with a high percentage of air lime.  The presence of other components such as quartz, 

feldspars, clay minerals (e.g. mica, possibly illite, and kaolinite) and iron oxide, which are usual minerals in 

earth composite materials [29], was also detected.    

 

Table 5. XRD composition of the binder rich fractions of the chapel plastering mortar samples 

Samples Quartz Feldspar Mica Hematite Calcite Kaolinite 

AM1 +/++ T/+ ? T ++/+++ ? 

AM2 + ? - ? ++/+++ - 

AM4 ++ T ? ? ++/+++ ? 

AM6 +/++ ? ? ? ++/+++ ? 

Notation: (?) – doubts on the presence; (-) – not detected; (+) – low proportion; (++) intermediate 

proportion; (+++) high proportion, (T) – traces. 

 

Table 6. XRD composition of the binder rich fractions of the wall and tower RE samples 

Samples Quartz Feldspar Mica Magnesite Hematite Calcite Vaterite Halite Kaolinite Smectite Weddellite 

AM10 T/+ ? ? - - +++ - T - - - 

AM11 T ? T - T +++ - T T T/+ + 

CP2018A +/++ T/+ T/+ ? T/+ ++/+++ - + - - - 

CP2018B + T/+ T/+ ? ? +++ T/+ - - - - 

CP2018C T/+ T T ? T +++ - - - - - 
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CP2018D + T T ? ?/T +++ - - - - - 

Notation: (?) – doubts on the presence; (-) – not detected; (+) – low proportion; (++) intermediate proportion; (+++) high proportion, (T) 

– traces. 

 

Furthermore, some other minor compounds were detected, namely halite (NaCl) in sample CP2018A, vaterite 

(CaCO3) in sample CP2018B, weddellite (Ca(C2O4).2H2O) in AM11 sample and magnesite (MgCO3) in 

samples CP2018A and CP2018D. The presence of halite in sample CP2018A may be justified by phenomena 

of capillary rise or due to the contamination of the earthen materials due to the transport of soluble salts such 

as chlorides (NaCl) by the strong winds coming from the Atlantic Ocean [30]. It is important to note that 

Paderne castle is located on top of a hill at about 10 km from the coast. The presence of vaterite in sample 

CP2018B can be explained by the possible dissolution and re-crystallization processes of the calcium 

carbonates. Weddellite presence in AM11 sample seems to be due to biological contamination, while 

magnesite presence in samples CP2018A-D could be attributed to the limestone used in the lime production. 

From the analysis performed it is also possible to infer that the clays used in the preparation of the RE samples 

are different in some areas of the castle. For example, in the tower (samples CP2018A to CP2018D) and in 

one section of the fortress wall (sample AM10) the used clay was mainly illitic, while in another section of the 

wall (sample AM11) other clay minerals are present such as kaolinite and smectite. This fact can be justified 

by the need to use earths from different close pits in order to supply the high volume of materials needed for 

the fortress construction, most probably during a relatively short period of time due to defensive reasons.  

Cravo [31] performed XRD analysis in a sample of RE retrieved from Silves castle, also located in Algarve, 

Portugal. Quartz and calcite were the main components of that sample, associated with feldspars, mica, 

chlorite, brucite and dolomite. This sample presented a large amount of quartz in their composition when 

compared to the samples collected from Paderne castle. This fact indicates a difference with respect to the type 

of aggregates used in Silves castle, with the inclusion of Silves sandstone fragments.      

 

4.3. TGA-DTA analysis 

TGA-DTA analysis shows the presence of three main temperature ranges where the weight losses are 

registered: 25-200 ºC, 200-550 ºC and 550-900 ºC (Table 7 and 8).  

The weight loss occurred in the interval 25-200 ºC is mainly due to the loss of moisture water while the weight 

loss in the temperature range from 200 to 550 ºC is mainly associated to loss of water from hydrated compounds 
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(e.g. clay minerals and hydrated iron compounds). Finally, the weight loss in the temperature interval 550-900 

ºC is due to a loss of carbon dioxide caused by decomposition of carbonates. The greatest mass loss occurred 

in the temperature range from 550 to 900 ºC, indicating a high percentage of carbonates, namely calcium 

carbonate. These results are corroborated by the petrography and XRD analysis results. 

Samples AM10 and AM11, both RE samples collected from the fortress wall of the castle, present higher 

values of calcium carbonate in comparison with the other samples collected from the Albarrã tower. In an 

opposite sense, the weigh losses between 25 to 500 ºC are, in average, higher for samples collected from the 

tower, which can be justified by the existence of a greater number of hydrated compounds (e.g. calcium silicate 

gels) in those samples.     

 

Table 7. Sample mass losses obtained by TGA and calcium carbonate contents for the chapel mortar samples 

Samples Mass loss (%) per temperature 

range (⁰C) 

Mass loss of ignition (%) 

between 25-1000 ⁰C 

CaCO3 

(%) 

25-200 200-550 550-900 

AM1 1.0 2.9 18.0 21.90 41.0 

AM2 0.8 2.4 26.9 30.10 61.0 

AM4 1.1 2.7 25.2 29.0 57.0 

AM6 0.9 2.3 24.5 27.70 56.0 

 

Table 8. Sample mass losses obtained by TGA and calcium carbonate contents for the wall and tower RE 

samples 

Samples Mass loss (%) per temperature 

range (⁰C) 

Mass loss of ignition (%) 

between 25-1000 ⁰C 

CaCO3 

(%) 

25-200 200-550 550-900 

AM10 0.9 1.7 36.5 42.10 83.0 

AM11 6.2 7.9 25.4 39.50 88.0* 

CP2018A 3.43 4.35 33.33 41.81 75.8 

CP2018B 6.17 5.57 29.13 41.52 66.2 

CP2018C 1.12 1.94 36.19 39.35 82.3 

CP2018D 2.01 2.57 33.03 37.73 75.1 

* The value of CaCO3 was corrected considering the content of previously separated 

calcareous sand 

 

4.4. Insoluble residue content and grain-size distribution 

Fig. 7 presents the particle size distribution curves of the insoluble residues obtained for samples CP2018A-

D. There were coarse particles, that were retained in a sieve with 6 mm, but they were previously removed. 
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Through analysis of the curves of Fig. 7 it is possible to observe that sample CP2018D was the one that presents 

higher percentage of coarser aggregates (> 5 mm) while samples CP2018A-C have similar grain-size 

distribution. In fact, the soil frequently used for RE constructions has aggregates of large sizes [12]. The clay 

content and the particle size distribution can have a significant influence on the plasticity of raw materials [32, 

33]. The IETcc [34] suggests the suitability of soils for stabilized RE construction by limiting the sand 

percentage (> 33 %) and the clay + silt percentage (< 30 %). It is usual to assess particle size fractions of the 

earthen materials from RE samples based on the size fractions usually adopted in soils mechanics: clay and 

silt (< 0.075 mm), sand (0.075 mm to 2.0 mm), gravel (> 2.0 mm). According with this classification, all 

samples accomplished the requirements defined by IETcc [34], showing the existence of a special attention to 

the selection of the soils for the earth constructions.    

 

Fig. 7. Particle size distribution of the insoluble residues of RE samples collected from the tower, after 

removal of coarse particles 

 

Table 9 presents the insoluble residue content. It can be observed that these values are low, which is in 

accordance with the results normally obtained for RE samples and that can be justified by the great percentage 

of calcareous aggregates. For RE wall samples AM10 and AM11 an average lower percentage of insoluble 

residue and a higher percentage of calcite was obtained. It is verified that the higher the calcite content, the 

lower the percentage of insoluble residue. This is because the insoluble residue corresponds to a greater 

proportion of calcareous aggregates and calcium compounds, as well as to a higher percentage of lime.  
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Table 9 also presents the results of lime/aggregate ratios for all RE samples, considering that aggregate is the 

sum of sand, silt and clay. Samples CP2018A and CP2018B present a very similar composition while samples 

CP2018C and CP2018D have higher percentage of lime. Samples collected from the fortress wall (AM10 and 

AM11) present a higher compositional heterogeneity in comparison with the ones from the tower, what can be 

justified by the large perimeter of the fortress.  

 

Table 7. Insoluble residue results and lime/calcareous aggregate/(siliceous sand+silt+clay) ratio for wall and 

tower RE samples 

Samples 

identification 

Insoluble residue 

content (%) 

Lime:Calcareous aggregate:(Siliceous 

sand+Silt+Clay) ratio 

AM10 11 ~ 1:2:0.5 

AM11 10 ~ 1:8:1 

CP2018A 9 ~ 1:10:6 

CP2018B 15 ~ 1:9:8 

CP2018C 11 ~ 1:5:4 

CP2018D 14 ~ 1:5:2.5 

 

4.5. SEM/EDS analysis 

SEM/EDS analysis was used to provide further information regarding the microstructure and the chemical 

composition of the samples. Through this analysis it was confirmed that mortar sample AM1 (Fig. 8a-b) is 

constituted by two different layers: an external finishing layer rich in calcium and magnesium, which indicates 

the use of a dolomitic air lime binder; the other is a calcitic lime-earth mortar composed mostly by random 

aggregates (quartz, feldspars, pyroxene, limestone and biotite). The use of dolomitic lime for plastering mortars 

was rare in Portugal, being those mostly produced with calcitic lime [19, 35, 38]. Mortar sample AM1 also 

presents several well distributed lime lumps confirming the previous petrographic observations (Fig. 8b). 

 



22 

 

   

   

Notation: Q – quartz; C – limestone; F – feldspar; P – pyroxene; B – biotite. 

Fig. 8. SEM images of polished sections of chapel plaster samples: (a) reproduction of Fig. 5a for AM1 

showing the randomness of aggregates; (c) AM2 showing the presence of big lime lumps; EDS spectrum for 

the same samples: (b) AM1 corresponding to a lime lump; (d) AM2 corresponding to the external layer of 

the whitish plaster 
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Notation: C – limestone; F – feldspar; S – calcium silicate; Fe – iron oxide/hydroxide; Lime – lime nodule; 

Pasta – lime paste. 

Fig. 9. SEM images of polished sections of wall and tower RE samples: (a) AM10 rich in lime and 

calcareous grains; (c) AM11 where several feldspar grains and microcracks are visible in the binder paste; 

(e) matrix binder rich zone in CP2018A and a detail in the porous zone showing acicular crystals; (f) zone of 

matrix in CP2018B RE and a detail of the porous zone; (i) matrix zone in CP2018C; (k) matrix zone in 

CP2018D and a detail showing acicular crystals; EDS spectrum for the samples: (b) AM10 corresponding to 

a calcareous grain; (d) AM11 indicating the presence of feldspar; (g) acicular crystals in CP2018A 

  

  
 

Past1 

Pasta 

Pasta 

Pasta 

Pasta 

Pasta 

  

  
 

 
 

Pasta 

Fe 

Fe 

Cal+Si 

S 
 

S 
 

i) j) 

k) 

l) 



25 

 

corresponding to calcium silicates; (h) CP2018B corresponding to a matrix zone with high percentage of 

calcic lime; (j) CP2018C corresponding to a matrix zone with high percentage of earth; (l) CP2018D 

indicating iron oxide/hydroxide  

 

For plaster sample AM2 (Fig. 8c-d) the presence of two layers of different materials was also confirmed: the 

first one corresponds to a lime plaster and presents three different layers composed by calcium and magnesium, 

indicating the use of dolomitic air lime binder (detected in the two inner and oldest layers) and calcitic lime 

binder (only detected in the most external and recent layer); the other corresponds to a calcitic lime-earth 

mortar and presents two layers in which the composition of the binder (calcitic lime and earth) and the 

composition of the aggregates, constituted mostly by quartz, limestone, pyroxene and feldspar, are very similar. 

This similarity between the two layers leads to the conclusion that, in fact and as previously stated, those layers 

should have the same age. 

Regarding RE samples, the high percentage of calcitic lime and the presence of quartz, limestone, feldspars 

and mica aggregates was confirmed for sample AM10 (Fig. 9a-b). The composition of the matrix is relatively 

heterogeneous, indicates a lower homogenization between the clayish earth and the lime, and that potentiates 

the poor state of conservation of those samples [36]. The microstructure and chemical composition of RE 

sample AM11 is quite similar to RE sample AM10 also presenting some compositional heterogeneity (Fig. 9c-

d).  

RE samples CP2018A, CP2018B and CP2018D also present a matrix with high percentage of calcitic lime and 

with pores that are partially filled with a compound that presents a map-cracking, or pattern cracking, 

microstructure. This had already been observed with the petrographic microscope but allowing now to infer 

the composition of the compound which presents high percentages of calcium, carbon, silicon and oxygen 

(Fig. 9c-d-g). This compound is probably a calcium silicate, possibly having resulted from the 1986s 

intervention when ethyl silicate was used for the tower consolidation (Section 2.2). For RE sample CP2018D 

the presence of iron oxide/hydroxide was also detected (Fig. 9l).  

RE sample CP2018C also presents a high percentage of lime but here the pores are not filled by calcium 

silicates (Fig. 9i-j). The matrix is quite heterogeneous in terms of proportion lime/earth, possibly indicating an 

insufficient homogenization of the lime within the earth. 
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5. Conclusions 

Earth has been used as a construction material over the years and RE was one of the most widespread and 

important construction techniques. Lately, earth construction regained importance all around the world due to 

sustainability issues related to the material, that does not need to have thermal treatment. Ancient earth 

constructions show that durability can be assured with adequate maintenance. Together with cultural aspects, 

these facts were paramount for researchers to study RE-built heritage in order to obtain information about the 

materials and construction techniques used in the past that can be used to support future interventions in RE 

constructions, but also to improve the design of durable new earth buildings. The present research study aimed 

to gather information on the interventions performed since the 20th century on Paderne castle and their 

effectiveness, offer an extensive chemical, mineralogical and microstructural characterisation of samples 

collected from the castle, located in Algarve, south of Portugal, and classified as a monument of public interest. 

The samples were collected from a chapel located inside the castle, from the fortress wall and tower. The wall 

and the tower are mainly built in military RE. The main conclusions of this study are the following: 

• The Paderne castle was subjected to five documented interventions since the 20th century mainly to 

improve the durability of the RE that suffered physical degradation over time mostly caused by 

weathering. However, the information about previous interventions in the castle is very scarce. 

• Some of those interventions are not considered appropriate nowadays, e.g. in the first documented 

intervention it was reported the application of cement mortars in some areas of the fortress wall for gap 

filling. It is well known from previous studies that cement-based mortars are too rigid, hard and water 

vapour impermeable and that there is a lack of compatibility between the mortar and the RE wall. All 

of this may have contributed to increase the degradation process of the RE and further knowledge about 

the physical-chemical characterization of materials is needed.  

• New binder stabilised RE blocks built in 2004/2005 to repair very damaged sectors of the fortress walls, 

although being a questionable intervention on architectural heritage, after 15 years seem to have 

contributed to the preservation of those sectors of the wall and are now clearly identified but well 

integrated. Contrariwise, earthen material projected to fill lack of walls thickness have lost cohesion 

and, after 15 years, are detaching. Nevertheless, although not durable, it seems to be a reversible 

intervention. Further details regarding these interventions, with special focus on the intervention of 

2017/2018, will be provided in a forthcoming paper.  
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• Mortars used as plasters in the chapel present very similar stratigraphy, the aggregates mainly composed 

by subangular to roundness siliceous and calcareous grains. The presence of white nodules in the mortar 

was detected, meaning that lime was probably applied as quick lime and, afterwards, hydrated by mixing 

with a moistened sandy earth. No pozzolanic additions, namely ceramic powders, or ceramic aggregates 

were detected. SEM/EDS analysis indicated the presence of dolomitic lime in the finishing layer which 

is quite rare in Portugal, being that layer mostly produced with calcitic lime. 

• All masonry mortars present very similar composition. The presence of calcite and quartz minerals was 

detected in a relatively high proportion, indicating that those mortars present high percentages of quick 

lime. 

• RE samples present aggregates of variable length and less homogeneous distribution. The matrix binder 

is a mixture of clayey earth and lime, being the coarse aggregate mostly limestone. Therefore, the 

presence of clay minerals was detected, as expected. The presence of big white nodules in the RE was 

also found, indicating that quick lime was probably mixed with the moistened earth. That mixing would 

allow the causticity of the calcium oxide to attack the surface of aggregates, producing an improved 

bond between the clay-lime matrix and the coarser aggregates. 

• The composition of the RE samples is relatively heterogeneous, a fact that indicates a lower 

homogenization between the earth and the lime. Due to the high amount of materials that were needed 

to build the castle, that may be justified by the use of earth not only from the same pit, as well as air 

lime not always from the same kiln, or even different skilled masons that have produced the mixture of 

earth and lime for the RE production.  

• It was possible to infer that most of the samples presented calcareous and siliceous aggregates in their 

composition, except for samples collected from the fortress wall where no siliceous aggregates were 

detected. It is also worth mentioning that none of the RE samples presented ceramic fragments in their 

composition, although one could expect that the addition of those fragments would strongly contribute 

to the mechanical characteristics and hydraulic properties of the material.   

The characterisation results presented in this paper allow to draw conclusions about the materials and 

construction techniques used in the past. This data, together with complementary physical characterization of 

Paderne castle materials, postponed for a forthcoming article, will be available at DB-Heritage project database 



28 

 

and constitute a reference that can support future compatible, reversible and effective interventions in 

monumental RE constructions, certainly contributing to their efficient preservation.   
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