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ABSTRACT 
 
Historical buildings are made of traditional materials such as mud bricks, lime mortars, stone, and wood. Mud brick is not a 

durable material against water and compression effects. This study aims to increase the usage of natural pumice in both mortar 
and block production to obtain efficient restoration material in this area. The specimens obtained by using pumice, slaked lime, 
tile dust, gypsum and expanded clay at certain ratios were cured in both steam and laboratory conditions. The characterization 
of the raw materials and specimens were carried out by using BET, XRD, SEM analyses. Also, the physical and mechanical 
properties of the mortar and block specimens were determined with laboratory tests. The test results showed that the highest 
compressive strength values were obtained from steam cured specimens. It was observed that the water absorption values of 
the specimens which were steam cured slightly better than the naturally cured specimens. 
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1. INTRODUCTION 
 

Depending on the time and environmental factor significant damage was occurring on historic buildings 

that are rather rich in Turkey [1]. Therefore, the importance of the protection of historical buildings is 

an increasing fact. One of the important considerations in the restoration of historical buildings is that 
the material used in the restoration phase is a material close to the original material [2]. Historical 

buildings are often deteriorated due to various reasons and can be destroyed by the effect of time and 

harmful environmental conditions [3, 4]. However, some historical buildings have today a very good 

condition, depending on the good conservation and accurate materials selection for restoration works 
and specific technology. Historic mortars composition has a basic role in the preservation of cultural 

heritage. Therefore the knowledge about the materials used, their performance in their environment and 

materials for conservation purposes is very important [5]. It is also a very complex matter to protect the 
historic structural members against climate changes [6]. 
 

The physical qualities of historical materials lose their properties over time and they cannot fulfill their 

purpose of use. Therefore refurbishment is becoming one of the most important sectors offer chance the 
building to be fit for its aim of use [7, 8]. In historical buildings, restoration works have become 

necessary to provide their life cycle of structural and non-structural members [9]. 
 

Most of the buildings that defined as historical heritage was built by masonry techniques [10-13]. 
Nowadays, more than 60% of social buildings and 90% of cultural heritage buildings are made of 

masonry [14-19]. Brick and stone masonry have been substantially used for structural aims up to the 

mid-20th century, because of the increased labor costs, it became less attractive than other more modern 

materials such as concrete, glass, and steel. Throughout history, traditional bricks, lime mortars and 
stones have been widely used all over the world for structures [20-21]. It is possible to say that the 

addition of brick and tile dust or brick fragments improves the mechanical properties of lime mortars 

[22].  
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The use of lime mortars in buildings dates back to antique ages from 12.000 BC [23-26].  Also, lime 
mortars were used mainly in countries like India, Italy, Greece, and Egypt. Lime mortars were used 

continuously in construction up until the 21st century [27]. The type of lime, the granulometry of 

aggregate and the amount of mixing water used in the prepared mortar play an important role in the 
properties of this material. For instance, large and small pores within the lime mortar absorb the volume 

expansion during the carbonation [28]. Hydraulic lime mortars are hardened by chemical reaction with 

water in aqueous and humid environments [29]. While the use of air scale decreases the strength values 

of the material, the water lime usage is well adapted to the historical structure and the mechanical values 
are higher [30-31]. The most important disadvantage of lime mortars is the slower setting behavior.  

Around the 1800s, a significant decrease was observed in the use of lime mortars with the invention of 

Portland cement. It was a more preferred product due to the high mechanical strength of the cement 
even though the setting time of the cement was very short. In recent years, since cement has been 

damaged to historical structures [32], lime mortars have been re-used in restoration works.  

 

Soluble salts in cement form volume expansions in historical buildings and cause flaking and 
salinization on the surface. When this expansion occurs, the surrounding materials and structural 

elements will be damaged. [23, 33, and 34]. In the restoration work, original or similar materials should 

be used to adopt new materials to old materials [35]. If lime mortars usually contain brick dust and brick 
fragments, these are called Khorasan or Byzantine mortar [36]. The percentage of bricks fragments in 

the mortar varies between 40-60% [32, 36, and 37]. Clay bricks have better mechanical properties than 

autoclaved aerated concrete and pumice blocks however poor thermal insulation property is the 
disadvantage of these bricks. For this reason, the use of clay bricks in buildings is increasingly losing 

its popularity, which causes the market share of clay brick manufacturers to decrease [38]. 

 

Pumice is not only used as a construction material but also in medicine and agriculture areas. Besides 
this, it can be used for landscaping in the construction of the garden wall or the steps on the ground for 

visualization. The most important features of pumice stone are lightness and good insulation [39]. 

 
Pumice is a porous and light rock type due to volcanic activities [40, 41]. The world's leading producers 

of pumice are Italy, Greece, Turkey, USA, Germany, Mexico and France [42]. Table 1 shows the major 

pumice reserves over the world.   
 

Table 1. The world reserves of pumice [3] 
 

Countries 
Amount 
(Million tons) 

North America 12.000 
Turkey 2.836 
Italy 2.000 
Australia 500 
South America 80 

 
Turkey contains very rich pumice reserves in its geography [43-45]. The pumice is easy to grind in finer 

particle sizes. But it is difficult to grind in micro-dimensions [46]. Specimens were produced with 

ground pumice, cement, gypsum, and lime. The physical and mechanical properties of these specimens 
were better compared to conventional building materials [47]. Briquettes are obtained from a mixture 

of cement and pumice.  The briquette production process is more economical and easier than both 

aerated concrete and bricks. Nevertheless, the utilization rate is low compared to other materials in the 
construction industry. Because most of the historical buildings are made of adobe, their resistance 

against water is very vulnerable [48, 49]. 

 

Slaked lime, stream sand, brick dust, and polypropylene fiber materials were used in determining 
proportions for produce restoration plaster [50]. In this study; pumice based plaster and blocks are used 

to increase the usage area of the pumice for the restoration and landscape of the historical buildings. 
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Another aim of this work is to obtain environmentally sensitive products without using cement and to 
be an alternative to other blocks used in the construction industry.  

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

2.1.1. Pumice 

 

Pumice was obtained from the Pumice Research Center Suleyman Demirel University in Isparta-Turkey. 

Pumice was ground and used in the powder form by sieving it from 0.25 mm sieve.  
 

2.1.2. Expanded clay 

 

In this study, expanded clay was supplied from the Entes Company. The material is ground before using 
in masonry block production. The ground clay is sieved from 0.25 mm sieve before using the material 

in the mix design. 

 

2.1.3. Tile dust 

 

The tile used in powder form was obtained from the Turgutlu tile factory. The material is ground in ball 
mill and screened from 0.25 mm sieve-like other powder ingredients. 

 

2.1.4. Lime and plaster 

 
Slaked lime and plaster were used as a binder in block production. These materials were supplied from 

SANCIM Cement Factory. 

 

2.2. Method 

 

This study was composed of three experimental steps. In the first step, the fineness of the raw material 
is determined by BET analyses and mortar mixtures were produced in different ratios by weight of 

pumice, slaked lime, tile dust, gypsum, and expanded clay respectively as presented in Table 2. Pumice 

was used fine to gather the pozzolanic activity of this volcanic origin material. It is observed that the 

unit volume weight of the briquette produced with coarse grain pumice is higher than all samples 
produced with ground fine pumice.  The reason for this is thought to be using only cement as a binder 

in the briquette, alternatively not using construction materials such as gypsum and lime. The produced 

mortar bar specimens in dimension with 40x40x160 mm were cured in two different conditions for 28 
days. The first curing period was conducted under in-situ conditions of the natural weather conditions.  

The second curing condition is steam curing inside a special furnace at 100°C.  At the end of the curing 

period, the mortar specimens are immersed in water for 48 hours to determine the water absorption 

capacity of the specimens.  The mechanical properties of the hardened prismatic specimens are 
determined by compressive strength tests on mortar bar specimens. In the third step of the study 

mineralogical and microstructure properties of masonry blocks are determined by XRD and SEM 

analysis in Bilecik Seyh Edebali University central research laboratory. 
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Table 2. The mix ratios of specimens by weight  

 

Components  Pumice 
Slaked 

lime 

Tile 

Dust 
Gypsum 

Expanded 

clay 

M1 65 20 10 5 - 

M2 55 30 10 5 - 

M3 45 40 10 5 - 

T1 65 10 20 5 - 

T2 55 10 30 5 - 

T3 45 10 40 5 - 
EC1 60 20 10 5 5 

EC2 60 15 10 5 10 

EC3 60 10 10 5 15 

 

 

3. TEST RESULTS 

 

3.1. BET analyses results 
 

The particle size distribution of the powder materials is given in Table 3. As seen from the results the 
slaked lime is the finest material of the mortar mix content. Tile dust and gypsum have similar specific 

surface areas. The fineness of the powder material affects the pozzolanic activity of the raw material 

due to the increased surface area. Fineness also affects the water requirement of the plaster mixes.  

 
Table 3. BET analyses results of the materials 

 

Material 
Specific surface area  

(cm2/gr) 

Gypsum 3.668 

Clay 18.681 

Slaked lime 22.544 

Tile dust 3.304 

Pumice 1.008 

 

3.2. Unit Weight  
 

The unit weight of lightweight concretes varies between 1200-2200 kg/m3 in Norway, a maximum of 

1800 kg/m3 in America and Australia, 800-2000 kg/m3 in Russia and, 900-2000 kg/m3 in European 

standards. In Turkey, it is 800-2000 kg/m3 according to TS EN 206-1[51]. The unit weights of the 
produced specimens are given in Figure 1. The briquette specimens have the highest unit weight whereas 

the aerated concrete has the lowest unit weight. In weather conditions, the unit weights of the cured 

specimens were close to each other. All specimens had lower unit weights than the traditional bricks 

and briquettes. In this case, the production of lightweight blocks will save labor costs in the construction 
site. 
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Figure 1. Unit weight weights of specimens’ natural weather and steam cure conditions 

 

3.3. Water Absorption Test 
 

Water absorption tests were applied to the specimens which were immersed in water for 48 hours. The 

results are given in Figure 2. The EC2 specimen was disintegrated during the curing period, thus no data 

can be obtained from this mixture. The water absorption values of the steam-cured specimens showed 
better results than the cured specimens in the laboratory conditions. The water absorption values of all 

specimens were higher than bricks and briquettes and less than aerated concrete. Slightly better water 

absorption values were obtained from M2 and M3 specimens with steam-curing. In this case, the brick 
dust and expanded clay used specimens did not show a positive effect on water absorption behavior. 

However, the graph in Figure 2 shows that the steam-cured effect is a positive effect on water absorption 

values. 

 

 
Figure 2. Water absorption results of the specimens  
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3.4. Strength Test  
 

The compressive strength values of the specimens cured under natural weather and steam cured 

conditions are presented in Figure 3. The required minimum compressive strength of the masonry units 

in the European Code is 5 N / mm2  [21]. The strength test was failed for the EC2 specimen because of 
the disintegration of this specimen during natural curing. Compressive strength values obtained from all 

M samples were seen to give better results than other samples. The lowest compressive strength values 

were obtained from the samples with brick dust content. According to test results, strength values 
obtained with steam curing conditions showed better results than brick, aerated concrete and briquette. 

 

 

 
Figure 3. Compressive strength values of the specimens  

 

3.5. Microstructural and Mineralogical Characterization 
 

The microstructure properties and mineralogical characterization of the mortar specimens are 

determined by SEM and XRD analyses respectively. The SEM images are given in Figs. 4-6. As seen 
in Fig. 4. The microstructure of pumice used mixtures with constant tile dust ratio, the positive effect of 

steam curing can be seen clearly. The bonding and CSH distribution of steam-cured M1 specimens 

showed a more dense and stiff structure. This difference also discloses the mechanical improvement of 

the steam-cured specimen. There is also ettringite needle formation that occurred inside the pore 
structure of the M1.  

 

   
 

Figure 4. SEM image of M1 specimen: (a) Naturally cured, (b) Steam cured 
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The microstructure of the T3 specimen is presented in Fig. 5. According to the images, there is no 
significant internal structure difference between natural or steam cured T3 specimens when compared 

with the M1 mixture. This behavior can be attributed to the increase of the tile dust amount. The 

reactivity of the tile dust with lime showed lower performance and this result is also supported by the 
compressive strength development as given in Figure 3. 

   

   
 

Figure 5. SEM image of T3 specimen: (a) Naturally cured, (b) Steam cured 

 

Another mixture with expanded clay showed similar behavior as an M1 mixture.  As seen in Fig. 6. The 

microstructure of the EC1 specimen cured under steam showed a more dense structure. This structural 
improvement also complies with the mechanical and physical test results of expanded clay specimens 

 

   
 

Figure 6. SEM image of EC1 specimen: (a) Naturally cured, (b) Steam cured 

 

XRD patterns of M1, T1, and EC1 specimens are given in Figs. 7-9. The XRD results present that the 
SiO2 amount of the mixtures are reduced with the steam curing. This means that the Ca(OH) 2 content 

of the mixture reacted with reactive SiO2 of the mixtures thus the internal structure formed tobermorite 

gels to form rigid bonding effect. These results are similar to mechanical and microstructure properties.    
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Figure 7. XRD analyses of naturally and steam cured M1 specimen 

 

 

 

Figure 8. XRD analyses of naturally and steam cured T1 specimen 
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Figure 9. XRD analyses of naturally and steam cured EC1 specimen 

 

4. CONCLUSIONS  

 

The following conclusions can be drawn out from the study. 
 

 The test results showed that all specimens’ unit weights are lower than the traditional bricks 

and briquettes.   

 

 The best water absorption values were obtained from specimens of M2 and M3 which are 

not tile powder and expanded clay. As can be seen from SEM analysis, it was observed that 
M samples were denser. Besides, the water absorption performance of all specimens showed 

better results than briquettes and conventional bricks. 

 

 The lowest compressive strength values were obtained from natural weather cured 

specimens. The strength values are very close to the strength values aerated concrete and 

briquettes, while slightly less than traditional bricks. This result can be attributed to the 

insufficient curing effect on the strength development of the composite. 

 

 The compressive strength values of the M specimens were better than the other specimens. 

The better pozzolanic activity of pumice influenced the strength behavior of the mortar 
specimens.  

 

 

 The highest compressive strength values were obtained from the samples cured by steam. 

This behavior can be attributed to the increased hydration products under steam curing at 

an early age. 

 

 Comparing the curing conditions, the compressive strength values of the steam cure 

specimens gave higher values than natural weather cure specimens. In both curing 

conditions, lower strength values were obtained from tile dust used specimens. 
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 To be able to compare with the Khorasan (lime-containing Ottoman mortar) mortar, an 

alternative study can be done to compare the curing times and curing conditions of both 
mortars. 
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