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Abstract

:

Global temperatures have led to an increasing need for air conditioning systems. So, because of this fact, buildings have been improved in terms of their thermal and energy efficiency. Regarding this, the Brazilian standard ABNT NBR 15.575-4/2013 set minimum parameters for the thermal transmittance and thermal capacity of sealing elements, which allow classifying the thermal efficiency of the building. In order to comply with the requirements, the usage and study of lightweight construction materials have been in focus. An example of these materials is vermiculite. The present research reviewed articles about expanded vermiculite. The study involved the examination and comparison of various articles to analyze the properties of vermiculite and the impact of its usage on coating mortars. It was possible to verify that using vermiculite in mortars caused bad workability and a decrease in mechanical strength. However, the porosity and water absorption in mortars increased. Additionally, it reduced the specific weight and the thermal conductivity of the mortars, allowing for a better thermal insulation of the rooms. As an alternative to decreasing the negative effects of vermiculite, it is possible to use chemical admixtures, mineral additions, and mix design with a greater consumption of binder or a combination of particle sizes.
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1. Introduction


The consumption of natural resources has greatly increased in recent times. Industrial activities have led to an increase in global temperature over the years. According to a report from the Intergovernmental Panel on Climate Change [1], global temperature has increased by 0.8 °C to 1.2 °C compared to the average temperature of the 20th century.



As a consequence of this temperature increase, warmer thermal sensations have been experienced by the world population, especially in tropical areas, where temperatures are naturally higher. To mitigate heat and improve environmental comfort, cooling systems have been widely used. According to a technical note from the Energy Research Company (ERC) [2], in 2014 and 2015, higher thermal waves in relation to previous years were recorded, and because of this, the number of air conditioner sales recorded peaks in the same period. In addition, the ERC’s study showed that in 2017, air conditioners were in fourth position among the devices that consumed the most energy in Brazilian homes, with this proportion increasing by 7% between the years 2005 and 2017.



In view of this temperature increase and thermal inconvenience, public policies were created to set up guidelines for improving buildings’ energy efficiency, providing well-being, and providing low costs to the end consumer. As an example, in Brazil, there is a law whose number is 10.295 [3] and a technical standard NBR 15.575-4/2013 [4] that described rules to achieve the ideal requirements for thermal comfort and others. The technical standard evaluates a building’s thermal performance based on the minimum parameters of thermal transmittance and thermal capacity of its wall elements, thereby categorizing its thermal efficiency using this information.



The building system has a significant impact on the thermal comfort of a house. In this regard, Lamberts [5] found that the heat transfer between a wall’s surfaces and the thermal comfort of a room enclosed by them is associated with the physical properties of the wall’s constituent materials (including brick masonry and coating mortar). These properties can include thermal conductivity, bulk density, and specific density. The author pointed out that the use of materials with low thermal conductivity provides a lower heat flow inside the wall, decreasing the heat exchange between the external and internal environment.



Several solutions that promote low thermal conductivity and greater thermal inertia in walls have been researched for reducing heat exchange between rooms. Some types of materials can be applied to promote this thermal insulation, such as glass, wool, rock wool, expanded polystyrene, cellular concrete, and mortars with lightweight aggregates. These materials present common characteristics such as low specific density, which, according to Stancato [6], is related to thermal conductivity and decreases as the amount of air inside the material increases, consequently reducing its specific weight.



Vermiculite belongs to this group of materials. Due to its chemical, mineralogical, and structural features, it is considered an excellent insulator, and when applied to other materials or components, it enhances their properties. It is nontoxic, noncombustible, capable of absorbing liquids, acts as a lubricant at high temperatures, and provides thermal and acoustic insulation [7]. This aggregate is already widely used in the construction industry with the aim of promoting thermal comfort; however, its use in cementitious materials is hampered by high water absorption. This fact becomes a problem because it can modify the workability of the mixes and, consequently, other properties in fresh and hardened states.



This paper aims to provide a comprehensive overview of vermiculite’s significance as a construction material, particularly its thermal insulation properties when it is used in mortar mixes. This review will focus on the characteristics of lightweight aggregate and its impact on the fresh and hardened properties of mortars, as well as the thermal conductivity of coating mortars.




2. Vermiculite


Vermiculite is the geological name given to a group of hydrated laminar minerals that are aluminum-iron-magnesium silicates, resembling mica in appearance [8]. The Encyclopedia Britannica (2018) [9] describes vermiculite as being a clay mineral with a structure similar to montmorillonite ((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2.nH2O), with a tendency to swell in the presence of water and with a high ion exchange capacity. Vermiculite is of supergene (chemical weathering) and/or hydrothermal (water and temperature action together) origin, produced from the alteration or substitution of phlogopite, biotite, and chlorite, among other mafic micas (volcanic origin) in various types of rock [10].



This clay mineral occurs in both macroscopic and microscopic categories, the first one being formed predominantly in natural deposits, and it can be found in four rock types: (1) ultramafic and mafic; (2) gneiss and schist; (3) carbonate rocks; and (4) granitic rocks [11]. Through an experimental and bibliographical search, Bassett (1961) [11] suggests that vermiculite formation occurs predominantly via supergene processes (chemical weathering).



Schulze (2005) [12] points out vermiculite as a clay silicate with particles smaller than 2 μm and a crystalline structure formed by layers of type 2:1. (Figure 1). Interlayer minerals such as mica and biotite have potassium atoms in their constitution, but in vermiculite, the interlayer has water molecules and magnesium [13].



Vermiculite presents a variety of chemical compositions because of the elements contained in the original mica formation and chemical changes during weathering and ion exchange [14]. Hindman [14] proposed a common chemical formula for vermiculites based on the analysis of over 60 vermiculites (Figure 2).



The properties of vermiculite are a function of the oxide contents. Nascimento (2008) [15] showed that there are possible variations in the constituent oxides of vermiculite and these are shown in Table 1. The presence of other minerals or higher concentrations of some oxide may cause changes in vermiculite’s chemical composition, and its mineralogical origin is one of the main factors for differences in the oxide contents. Ugarte et al. (2005) [16] state that one of the forms of emergence of vermiculite is due to a change in biotite, which has a large concentration of iron oxide. Because of the high iron oxide contents, a golden-red coloration or silver coloration in vermiculite is observed, contrasting the traditional light- or dark-brown coloration [17].



Another chemical element influential in the characteristics of vermiculite is potassium; if its contents amount to greater than 1%, material expansion will be increased [18]. In fact, samples with potassium contents less than 1% have a greater presence of the mineral vermiculite and a lower expansion rate, and for values of approximately 5%, there is a reduction in the amount of the mineral vermiculite and an increase in the expansion rate [19]. Samples containing approximately 5% potassium have more than one phase/mineral constituting the flake; mica is commonly found along with vermiculite, forming an intermediate phase called hydrobiotite, which commonly has a higher expansion rate.



A higher expansion rate is due to the presence of mica minerals and/or hydrobiotite in the vermiculite flake that will be expanded. These minerals act as barriers preventing the escape of water vapor generated by heating the vermiculite flake that forces the separation of octahedral and tetrahedral layers, expanding the vermiculite [19].



Figure 3 reports the potassium (K2O) contents and the expansion rate of vermiculites (K) from different authors, and it is observed that “Pure vermiculites” present a low potassium content and low expansion rate, but vermiculites with more than one constituent phase (polyphase samples) present a higher expansion rate. It is concluded that for vermiculite flake to have a higher expansion rate, it should present potassium contents between 3% and 5%; this range means that there are mica and/or hydrobiotite phases in the material.



Due to exposure, vermiculite originates from changes in the crystalline structure and atomic composition of other minerals. These changes in atoms can promote variations in the characteristics of vermiculite, such as coloration and expansion rate. These characteristics are appreciable for assessing the potential commercial use of vermiculite, especially when it is expanded, and this subject is discussed in the following topics.



2.1. Expanded Vermiculite


When expanded, vermiculite acquires characteristics that make its commercial consumption appreciable in several industry types. Some of these properties are low elasticity, low density, high surface area, porosity, high adsorption, and absorption capacity due to its negative surface charge [16]. These characteristics are obtained when vermiculite undergoes the expansion process.



The expansion procedure consists of dugging, crushing, and separation of the rock into flakes of different sizes; later, the flakes are heated in a vertical oven, and the expanded vermiculite is separated into different granulometries [20]. It is during the expansion process that vermiculite obtains characteristics such as low density and low thermal conductivity. The heating process causes a vermiculite mass loss which is due to the evaporation of water present inside, thus making the aggregate increase in volume and incorporate voids.



In order for vermiculite to reach its expanded stage, it is necessary for the material to be heated to a temperature between 800 and 1000 °C, which makes it expand by approximately 6 to 20 times its size [15,21]. The expansion temperature cannot be higher than 1000 °C because this can convert vermiculite into clinoenstatite, causing the loss of the thermal insulation property [22].



After the expansion process, vermiculite obtains different particle sizes. Table 2 [23,24] shows the coarse, medium, fine, super fine, and micron international system classification which is equivalent to the classification 1, 2, 3, 4, and 5, respectively, of the American system. The international vermiculite particle size classification system can be verified as follows:




	
In the American standard, the maximum sizes of the American diameter range are slightly smaller than the international system, and the minimum range is larger relative to the same parameter.



	
The Brazilian standard does not have maximum and minimum diameter ranges, but in relation to the particle size distribution range, it presents larger diameters for the same classification compared to the international system.








The water evaporation formed inside vermiculite is necessary for its expansion. Hillier (2013) [19] suggests that a better expansion of vermiculite happens when the mineral flake contains large particles and mica or hydrobiotite phases. Table 3 shows that samples with multiple phases, named in his study as VER-2, MK-1, and PB, had a higher expansion rate and, consequently, the generated product presented a greater reduction in the apparent weight. Samples containing mostly vermiculite and low levels of potassium, KL-2 (0.014%), and VER-18 (0.076%) presented bulk densities of 482 ± 18 kg/m3 and 241 ± 3 kg/m3 at 900 °C. These samples showed a considerable reduction in bulk density and this decrease occurred due to the loss of water from these vermiculites; they did not have a high expansion rate.



The samples with multiple constituent phases and potassium content of approximately 5% (VER-2 (4.68%), MK (4.63%) and PB (6%)) showed apparent densities of 169 kg/m3 (VER-2), 145 kg/m3 (MK-1), and 117 kg/m3 (PB), respectively, at 900 °C. Based on the loss of mass and expansion rate of these samples, it could be observed that they lost water via evaporation and had a large increase in their volume, confirming the idea that to have a great expansion, the presence of water and hydrobiotite in the flake in the vermiculite is necessary. In sample PHL-3 high levels of potassium in the flake were observed, and this fact is not enough if there is no presence of vermiculite mineral inside as water is necessary for expansion.



After the thermal process, vermiculite obtains the shape of a worm or accordion, as shown in Figure 4. In addition to appearance, Nascimento (2008) [15] and Gellert (2010) [25] point out that vermiculite, when expanded, presents changes in physical properties such as: a decrease in density (0.15–0.25 g/cm3) and an increase in specific surface area, water absorption, thermoacoustic insulation, and fire resistance. These characteristics give vermiculite the potential to be applied in the composition of fertilizers and soil formation for horticulture, the manufacture of tires and brake pads for the automobile industry, and the elaboration of materials for thermoacoustic insulation in civil construction [16]. With a focus on its application as a material for civil construction, the properties such as low density, thermoacoustic insulation, and fire resistance are very appreciable, leading to vermiculite being used for construction. According to Ugarte et al. [16], vermiculite can be used to produce precast blocks with plaster/vermiculite mortar used in internal partitions, coating mortars, refractory bricks, blocks, and plates resistant to high temperatures, as well as in the protection of steel structures at high temperatures.




2.2. Vermiculite and Other Lightweight Aggregates


In cementitious composites, vermiculite is commonly used as the inert fraction of the mixture, such as aggregate. According to Mehta and Monteiro (2014) [27], this fraction occupies about 60 to 80% of the volume of cementitious composites. Carneiro and Cincotto (1999) [28] highlight the aggregate as a fundamental part for some properties of cementitious composites, since they are responsible for water retention, reducing water consumption, maintaining workability, mitigating stresses from hardening, and reducing permeability, when they have continuous particle size distribution.



According to Ribeiro et al. (2013) [29], aggregates can be classified by how they were obtained, their bulk density, and their grain shape. Bauer (2008) [30] highlights that, considering the bulk density of aggregates, they can be divided into lightweight when this value is less than 1 kg/dm3, medium when it is between 1 and 2 kg/dm3, and heavy when it is higher than 2 kg/dm3.



Lightweight aggregates are characterized by open pores and higher water absorption, which increases the porosity of cementitious composites and decreases their specific mass due to the increase in voids in the internal structure of the material. Rossignolo (2009) [31] states these aggregates influence the decrease in mechanical strength and the increase in water loss and shrinkage in cementitious composites, but using these materials benefits the thermal conductivity because the air trapped in the pores decreases the absorption and transfer of heat inside the material. Due to these characteristics, lightweight aggregates are being studied and applied in construction systems with the purpose of reducing the weight of the building and providing thermoacoustic insulation. Thus, Sousa (2010) [32] highlights the following as lightweight aggregates: expanded clay, expanded shale, expanded vermiculite, expanded perlite, pumice stone, expanded blast furnace slag, fly ash, expanded polystyrene (EPS), expanded glass, and organic aggregates.



Blast furnace slag and fly ash, despite being widely known as mineral additions, can be used as aggregates depending on their manufacturing process. Neville and Brooks (2013) [33] explain that when blast furnace slag is projected by a water spray, it acquires pellet forms with a crystalline and porous structure, meaning it can be used as lightweight aggregate. According to Mehta and Monteiro (2014) [27], when it undergoes palletization and sintering processes at temperatures between 1000 °C and 1200 °C, fly ash can be used as lightweight aggregate. Besides these materials, Bezerra (2014) [34] demonstrates EVA (ethylene vinyl acetate) as an alternative to lightweight aggregates in cementitious composites; Table 4 shows some characteristics of these aggregates.




2.3. Vermiculite in Civil Construction


The properties of low bulk density and low thermal conductivity make vermiculite attractive in various industrial sectors and, according to ESMA (the European Specialty Minerals Association), have applications in different areas such as: construction, automotive, horticulture, and packaging.



Such diversity in applications makes vermiculite have a good commercial appreciation, with it being exploited in several countries. According to the United States Geological Survey (USGS) (2020) [35], its world production in 2019 was 500 thousand tons, and United States, South Africa and Brazil are the largest producers, corresponding to 40%, 36%, and 12%, respectively.



In the Brazilian territory, the National Mining Agency (NMA) (BRAZIL, 2017) [36] points out that the national reserves of vermiculite in 2016 were distributed in five states: Goiás (69.75%), Paraíba (17.31%), Bahia (12.07%), Piauí (0.84%), and Pernambuco (0.03%). In the same year, the national production of processed vermiculite was concentrated in the regions of Goiás (75.8%), Paraíba (21.2%), and Pernambuco (3.0%).



While unexpanded vermiculite has very few uses, expanded vermiculite can be used in the construction industry (as aggregate for concrete and mortar), in insulation (loose fill and acoustic tiles), in horticulture (aggregate, soil modification, and carrier fertilizer), and various other domains [13].



Vermiculite exploration and application date back to the early 20th century [37]. The material was used to promote thermal insulation in buildings, being mainly used as an alternative to mineral wool for filling walls and slabs; other applications of vermiculite came in the form of the production of lightweight blocks and covers for pipes [37].



Reports about the usage of vermiculite in cementitious composites in the first decades of the 20th century are virtually nonexistent. Pence and Blount (1944) [38] in their work pointed out that the use of vermiculite as a lightweight aggregate for concrete had already been well established, thus proposing the use of this material in the production of ceramic pieces and demonstrating the possibility of producing thermal insulating ceramic blocks.



Even though vermiculite’s usage in concrete is well known, the quantification of its influence on the properties of cementitious products has long remained a mystery. Because of this, Hansen (1953) [39] studied the influence of lightweight aggregates on the thermal conductivity of insulating concretes, and one of them was vermiculite. According to this research, it was shown that thermal conductivity follows a direct relationship with increasing temperature, and an inverse relationship with the vermiculite content in the mixture. This means that when there is more vermiculite in the mix, lower conductivity occurs.



Low (1984) [40] proved the influence of the size and packing of particles on thermal conductivity and the potential use of vermiculite in elements for construction. The author observed that the use of smaller particles of vermiculite provided a lower thermal conductivity than when using the same particles pressed to form a rigid element; in addition, the strength also decreased. A combination between vermiculite and binder was recommended to obtain a resistant material and low heat conduction.



Even though vermiculite presents a high capacity to be used in cementitious products, few studies focus on its influence and its peculiarities in mortars; we can highlight the research conducted by Silva et al. (2010) [41], which proposed the partial replacement of the fine conventional aggregate with vermiculite. Their study demonstrated a reduction in thermal conductivity in the mixed mortars and their mechanical performance. In view of this, some research in which vermiculite was applied in coat mortars for buildings will be presented in the following sections.




2.4. Coating Mortars with Vermiculite


In construction, coating mortar has the following functions: (a) protecting masonry and structures against the action of weathering, in the case of external coating; (b) assisting in the performance of wall systems, contributing several functions such as: thermal insulation, acoustic insulation, watertightness, fire safety, and resistance to wear and surface shaking; (c) regularizing the surface of wall elements and serving as a basis for decorative finishing, contributing to the esthetics of the building [42]. To improve the thermal properties in mortar coatings, several types of lightweight aggregates have been used, among which expanded vermiculite can be highlighted.



Lightweight aggregate usage in mortars promotes an improvement in thermoacoustic insulation properties and decreases the specific mass, which causes a reduction in mechanical properties and an increase in water absorption. To analyze the effects of vermiculite on mortars, information was compiled from several authors who studied the properties of mortars in their dry, fresh, and hardened states [7,17,41,43,44,45]. Table 5 shows the mortars studied by these authors, who presented mix designs with cement, lime, sand, and vermiculite, in which vermiculite was used as a partial and/or total replacement for sand.



Based on Table 5, it is noted that Silva et al. (2010) [41], Cintra et al. (2014) [7], and Gündüz and Kalkan (2019) [45] presented the mortar mixes containing a vermiculite mass corresponding to the total mass of dry materials.



Silva et al. (2010) [41] fixed the consumption of cement (12%) and lime (12%) and varied only the content of aggregates, which was formed by sand and vermiculite, in which sand was partially replaced by vermiculite in contents of 2%, 3.5%, 5%, and 10%. Similarly, Gündüz and Kalkan (2019) [45] set the cement (30%) and lime (7.2%) content and replaced sand with vermiculite at a fraction of 24%. Unlike the last two authors, Cintra et al. (2014) [7] varied the contents of all mortar components, when the amount of vermiculite changed from 40% to 34%.



Palomar et al. [43], Barros [17], and Sinhorelli [44] presented their mortar compositions’ rates by uniting the volume and the consumption of each material in kg/m3. Palomar et al. [43] presented a rate of 1:1:6 (cement/lime/aggregate) with the partial replacement of conventional aggregate with vermiculite at contents of 25% and 50%. In this study, there was a fixed consumption of cement (214 kg/m3) and lime (68 kg/m3), with variation only in the vermiculite content. However, the vermiculite volume increment reduced the total dry material mass which caused the cement mass to have a greater representation related to the total dry material as the use of vermiculite increased from 0% (P15V0) to 3% (P15V3) and 7% (P15V7).



Similarly, Barros [17] proposed the partial and total replacement of conventional aggregate with vermiculite in volume, using a 1:1:6 proportion with aggregate replacement levels of 25%, 50%, 75%, and 100%. However, there was an increasing variation in the binder contents with the increasing vermiculite content and this caused a significant increase in water consumption. As in Palomar et al.’s study [43], vermiculite reduced the total mass of dry material, so the cement mass had a greater representation in the mixture, going from 12.38% (B18V0) to 15.16% (B18V3); 19.55% (B18V7); 27.54% (B18V15); and 46.54% (B18V34).



Following the same reasoning of the previous author, Sinhorelli [44] conducted a study focusing on the rheology of mortars containing vermiculite as aggregate. Mortars with volume proportions of 1:1:6 (cement/lime/aggregate) were prepared, partially replacing the conventional aggregate with vermiculite in percentages of 40%, 60% and 80%, and cement and water consumption also increased.



Thus, based on the compilation of the results from these studies, in the following sections, their mortar properties are discussed; for a better comparative analysis, graphs were prepared relating the properties under analysis to other properties and/or to vermiculite and/or cement contents in order to demonstrate the varying impact of these characteristics on the mortar properties.



2.4.1. Workability and Water Consumption


Workability is the property of mortars in a fresh state that determines the facility with which they can be mixed, transported, applied, consolidated, and finished in a homogeneous condition [42]. The adverse effects caused on mortars’ workability by using lightweight aggregates are still little-discussed. Lanzón and Garcia-Ruiz [46] point out that lightweight aggregates have a porous structure with high water retention and, when they are used in mortars, it is necessary to increase water consumption to have good handling conditions.



In order to measure the workability of the mortars, Palomar et al. [43], Barros [17], and Sinhorelli [44] used a flow table and measured the flow diameter of the mortars [17,43,44]. Palomar et al. [43] produced mortars with a fixed cement and lime consumption and followed the recommendations by the UNE-EN 1015-3:2000 standard. For the samples P15V0, P15V3, and P15V7, they measured spreads of 169 mm, 175 mm, and 177 mm, respectively. On the other hand, Barros [17] and Sinhorelli [44] followed the recommendations by NBR 13.276 (ABNT, 2005) and sought to produce mortars with flow diameters close to or within the 260 ± 5 mm range. The mortars produced by these two authors showed an increasing consumption of cement, lime, and vermiculite, causing an increase in water consumption. Because they used fixed binder contents and smaller flow diameters, the samples studied by Palomar et al. [43] presented lower water consumption compared to the samples from the studies of Barros [17] and Sinhorelli [44].



As mentioned previously, to obtain minimally workable mortars that complied with the proposed technical recommendations, the authors measured increasing water consumption as the content of vermiculite and binders increased in the mixtures. Table 6 and Figure 5 relate the water consumption to the cement and vermiculite consumptions in these authors’ mixtures.



Palomar et al. [43] presented the smallest variations in water consumption; this was due to the fixed value of the cement (214 kg/m3) and lime (68 kg/m3) consumption and to using vermiculite in small amounts: about 3% of the total dry material in the P15V3 mixture and 6% in the P15V6 mixture. Although the vermiculite contents presented a small percentage related to the total dry material, its consumption variation caused an increase in the water amount from 140 kg/m3 (P15V0) to 270 kg/m3 (P15V3) and 300 kg/m3 (P15V6), representing a variation of 92% and 114%, respectively.



From Barros [17] and Sinhorelli’s [44] studies, it is notable that the cement consumption increased as the vermiculite content increased. The binder increasing was due to maintaining the same mortar volume. When the cement and vermiculite content in the mixes studied by Barros [17] increased, the water consumption also increased from 308.8 kg/m3 (B18V0) to 377 kg/m3 (B18V3), 526.8 kg/m3 (B18V7), 652.9 kg/m3 (B18V15), and 779.7 kg/m3 (B18V34). These values represented increases of 22%, 70%, 111%, and 152%, respectively.



Similarly to the previous study, the mixes evaluated by Sinhorelli [44] also presented increases in the cement and vermiculite contents, but these increases occurred in smaller amounts compared to Barros´s mixes [17]. This increasing behavior in the contents of these two materials caused gradual increases in water consumption. These values increased from 250.5 kg/m3 (S19V0) to 401 kg/m3 (S19V5); 460.4 kg/m3 (S19V9); and 524.3 kg/m3 (S19V17), compared to the standard sample, and this represented increases of 60%, 83.7%, and 109%, respectively.



Another factor for Sinhorelli’s [44] mortars presenting lower water consumption compared to Barros’s [17] mixtures is because the mixes of the last author used vermiculite with a thinner particle size, named superfine in the Brazilian standard, instead of the fine one used by Sinhorelli (2019). This particle size distinction, according to Silva et al (2010) [41] and Rojas-Ramírez et al (2019) [47] causes greater water absorption by the superfine vermiculite, because it presents greater surface area.



Although authors have shown important information about water consumption to keep the workability of mortars with vermiculite at ideal levels, studies about this subject are still scarce. To mitigate the effects of high-water-absorption content by the lightweight aggregate, Rossignolo [31] and Koksal et al. [48] recommend prewetting the lightweight aggregate to avoid their negative effects on the mixes.




2.4.2. Fresh Density and Incorporated Air Content


Density is a property that is intrinsically linked to the specific mass of the materials used and the air incorporated within the mixture. Cardoso [49] points out that the presence of air in the microstructure of cementitious compounds increases the volume occupied by the paste, facilitates spreading, and increases cohesion. According Struble and Jiang (2004) [50], the presence of air contents up to 25% can provide such benefits.



Silva et al. (2010) [41], Cintra et al. (2014) [7], Palomar et al. (2015) [43], Barros (2018) [17], Sinhorelli (2019) [44], and Gunduz and Kalkan (2019) [45] demonstrated that the incorporation of vermiculite in mortars causes a reduction in the fresh specific mass of these mixtures. This reduction in fresh density is due to the increase in incorporated air content caused by the addition of vermiculite. In Silva et al. (2010) [41], Cintra et al. (2014) [7], and Sinhorelli’s (2019) [44] studies (Table 7 and Figure 6), the relationship between vermiculite content in the mixtures and the fresh density, incorporated air content, and mortar properties was demonstrated.



Silva et al. (2010) [41] used vermiculite in small amounts such as 2%, 3.5%, 5%, and 10%. Compared to the reference mortar, the incorporated air content in the mixtures increased from 24%, to 30%, 31%, 36%, and 36%, respectively. These increments in the incorporated air in the mortars caused their fresh density to decrease from 1530 kg/m3 (SV10V0) to 1310 kg/m3 (SV10V2), 1220 kg/m3 (SV10V3.5), 1140 kg/m3 (SV10V5), and 1040 kg/m3 (SV10V10), respectively, compared to the reference mortar. So, the reductions were by 14.38%, 20%, 25%, and 32%, respectively.



Unlike the previous study, Cintra et al. (2014) [7] used high vermiculite contents, in the order of 34% (CT14V34) and 40% (CT14V40), and these mortars had incorporated air contents of 23.95% and 29.23%, respectively, which were lower than the values found in Silva et al.’s study (2010) [41]. The increase of approximately 6% in vermiculite content and incorporated air reduced the fresh density from 1270 kg/m3 to 1210 kg/m3, representing a variation of 5%. Despite the high vermiculite amount, Cintra et al. (2014) [7] presented samples with vermiculite presenting levels of incorporated air close to Silva et al.’s (2010) sample without vermiculite [41]. The reason for this behavior can be attributed to the high cement content in these mixes, which was used in proportions of 20% and 25% for samples CT14V34 and CT14V40, respectively, and also to the use of silica fume (3%) as a mineral addition, which improved the refinement of the voids.



In Sinhorelli´s (2019) [44] study, a reduction in fresh density from 2115 kg/m3 to 1753 kg/m3, 1576.30 kg/m3, and 1358.90 kg/m3 was noted, and these lower values occurred when the mixes contained vermiculite contents of 3%, 7%, 15%, and 34%, respectively. Despite the reduction in fresh density, the samples with vermiculite showed a fixed increase of approximately 6% in the air content compared to the standard sample (20%). In the other words, although the content of vermiculite increased and the specific mass gradually reduced, the incorporated air content in the samples with vermiculite showed values close to 26%. This fact can be attributed to the increasing cement and lime contents, which are materials with smaller particle sizes and that can favor void reduction.



The Brazilian standard does not set maximum and minimum limit values regarding the incorporated air content. It only specifically limits the density in the fresh state, through ABNT NBR 13.281/2005 [51], recommending the values of 2000 and 1400 kg/m3, respectively, as maximum and minimum limits. The American standard (ASTM C270/1999) [52] recommends values for air incorporation between 12% and 18%, and BS 4887/1986 [53] works with a range between 14% and 20%. Moreover, authors such as Gomes and Neves (2002) [54] recommend 8% and 17% as the ideal incorporated air content values for mortar.



By analyzing the mentioned works, we found that increasing the vermiculite content in mortars causes increases in the incorporated air content and, consequently, a reduction in fresh density. Additionally, through the works of Cintra et al. (2014) [7] and Sinhorelli (2019) [44], it was seen that one way to mitigate this increasing incorporated air content is the usage of binders or mineral admixtures.




2.4.3. Hardened Density and Porosity


The use of vermiculite caused a reduction not only in the fresh density, but in the hardened density, due to its ability to incorporate voids, that is, the porosity. Table 8 and Figure 7 compile the results from Silva et al. (2010) [41], Palomar et al. (2015) [43], and Barros (2018) [17]. In general, an increase in mortar porosity can be seen as the vermiculite content increases, and, consequently, the hardened density decreases.



Silva et al. (2010) [41] presented lower hardened density values compared to the ones found by Palomar et al. (2015) [43] and Barros (2018) [17]. The mortars produced by Silva et al. (2010) [41] had fixed cement and lime contents of 12% each, and the vermiculite content was increased in proportions of 2%, 3.5%, 5%, and 10%. This increase in vermiculite content caused an increase in porosity, which varied from 29.70% (SV10V0) to 43% (SV10V2), 56.80% (SV10V3.5), and 78.20% (SV10V5); for the sample with 10% vermiculite incorporation (SV10V10), the author did not present porosity results. Due to the increasing porosity, the samples SV10V0, SV10V2, SV10V3.5, SV10V5, and SV10V10 showed values of hardened density of 1330 kg/m3, 1150 kg/m3, 1020 kg/m3, 930 kg/m3, and 880 kg/m3, respectively, which corresponded to reductions in the order of 13.5%, 23.3%, 30%, and 33.8%, respectively.



In the study by Palomar et al. (2015) [43], mortars were prepared with cement and lime consumption fixed at 214 kg/m3 and 68 kg/m3, respectively, and vermiculite varied in content from 0 to 41 kg/m3 (3%) and 82 kg/m3 (7%). It can be noted that the vermiculite content in the mortars studied by Palomar et al. (2015) [43] was similar to that of Silva et al. (2010) [41]. However, the porosity measured by Palomar et al. (2015) [43] was lower, being in the order of 17.83% (P15V0), 24.79% (P15V3), and 29.16% (P15V7). This fact can be attributed to a lower water presence in these mixtures, which was perceived by comparing the w/c ratio to these mixes from the other two studies. Additionally, due to the small presence of vermiculite and relatively low w/c ratios, the mortars evaluated by Palomar et al. (2015) [43] showed higher hardened density than the other mixes studied by the authors previously cited here, but decreasing behavior could be seen as the vermiculite content increased, with the measured reductions being of the order of 12% and 24%, respectively, for samples P15V3 and P15V7.



Barros (2018) [17] presented mortars with vermiculite contents of 0%, 3%, 7%, 15%, and 34% related to the total mass of dry material. The porosity values obtained for the mixes were 28.90%, 34.30%, 47.70%, 59.60%, and 73.80%, respectively. From Table 8, the mortars studied by Barros (2018) [17] presented higher porosities than the ones studied by Palomar et al. (2015) [43]. The obtained hardened density values were close to each one, presenting for samples B18V0, B18V3, B18V7, B18V15, and B18V34 values of 1900 kg/m3, 1756.70 kg/m3, 1417.90 kg/m3, 1022 kg/m3, and 686.40 kg/m3, respectively. This similarity in hardened density values can be justified by the increasing binder consumption in Barros’ mortars [17] (2018). In other words, there was an increase in fine materials (cement and lime) as the vermiculite consumption content increased, thus mitigating the reduction in density caused by vermiculite.



From the presented studies, it is clear there is a direct relationship between porosity and vermiculite content; in other words, as vermiculite content increases, the porosity also increases. Additionally, because of this growth in porosity, there is a gradual decrease in the hardened density values of mortars. According to Koksal et al. (2020) [55], increasing the binder content in the consumption provides a lightweight aggregate consumption reduction and, consequently, also a reduction in the porosity. However, the use of vermiculite inevitably reduces the hardened density and provides an increase in mortar porosity, consequently affecting other properties such as capillarity coefficient, mechanical strength, and thermal conductivity.




2.4.4. Capillarity Coefficient


Carneiro (1993) [56] pointed out that one of the main functions of coating mortar is to be watertight, since water penetration occurs through pores and/or fissures present in the coating element. Salvador (2005) [57] explains that mortar permeability depends on the amount and type of binder used, the granulometry of the aggregate, and the characteristics of the substrate, and this property is directly proportional to the water/binder ratio and inversely proportional to the mortar strength. Baía and Sabbatini (2000) [58] confirmed that permeability not only depends on the composition and mortar design; it is necessary to have a good execution technique, good coating thickness, and final finishing. In general, capillarity depends on the porosity; the distribution, dimensions, and continuity of the pores [59]; and the materials and techniques employed in the preparation of the coating that aim to attenuate the porosity in the executed layer.



However, Silva et al. [41] explain that the permeability and porosity of mortars produced with lightweight aggregates are not directly linked to the porosity of the aggregate, but to its ability to incorporate voids in the mixture. Thus, to analyze the water permeability of mortars with vermiculite, the capillarity index of these cementitious mixes is used as a means to quantify and study this behavior. To analyze the effect of vermiculite on this property, the results from Silva et al. [41], Palomar et al. [43], Barros [17], and Sinhorelli [44] are compiled in Table 9 and Figure 8; the capillarity indexes presented were converted to a single common unit of kg/m2·min0.5.



In a peculiar way, Silva et al. [41] showed an increasing porosity as the vermiculite content increased. However, the mortars’ capillarity coefficients in this study showed a decreasing behavior and significantly low values. In this case, property values of 0.09 kg/m2·min0.5 (SV10V0); 0.07 kg/m2·min0.5 (SV10V2); 0.07 kg/m2·min0.5 (SV10V3.5); 0.06 kg/m2·min0.5 (SV10V5); and 0.05 kg/m2·min0.5 (SV10V10) were noted. Silva et al. [41] explained that the capillarity index decreased due to the fact that vermiculite used in the mixtures presented a very fine grain size; thus, it acted as a filler, which provided the refinement of the pores and mitigated the interconnection between them.



Different from the previous research, Palomar et al. (2015) [43], Barros (2018) [17], and Sinhorelli (2019) [44] observed that replacing conventional aggregate with vermiculite caused a noticeable increase in the capillary absorption in the mortars.



Analyzing the results obtained by Barros (2018) [17], a slight reduction in capillarity absorption was seen when up to 3% vermiculite content was used. The author believes this range is ideal to not have a large amount of absorption of water by capillarity, since for contents above 3%, the observed capillarity indexes were up to two times higher compared to the standard sample.



In the studies by Palomar et al. (2015) [43] and Sinhorelli (2019) [44], the samples P15V3 and S19V5 containing 3% and 5% vermiculite, respectively, presented an increase in capillarity compared to the reference samples. However, when the vermiculite content increased from 3% to 7% in the study by Palomar et al. (2015) [43] and from 5% to 9% in the study by Sinhorelli (2019) [44], a slight decrease in capillarity absorption was observed in the order of 12% and 9%, respectively.



With the exception of the study produced by Silva et al. [41], the other studies pointed out that the increase in capillarity absorption was due to the porosity generated by the addition of vermiculite in the mixture. In this context, Sinhorelli (2019) [44] highlighted the water/cement ratio influenced the mortar porosity, given that the use of vermiculite brings the need to increase the demand for water to make the mortar minimally workable. The evaporated water caused a greater number of voids in the internal structure of the mortar. The effect of water content can be seen by analyzing the result shown by Barros (2018) [17], where a higher water consumption in her mixes, together with vermiculite, contributed to a higher void content and capillarity index.



As an alternative way to minimize high water absorption, Koksal et al. (2015) [48] and Sinhorelli (2019) [44] demonstrated that the use of 5% silica fume or 20% metakaolin can reduce water absorption by between 20% and 30%; another alternative was demonstrated by Koksal et al. (2020) [55], when vermiculite was used in combination with waste-expanded polystyrene, it was possible to reduce water absorption as the content of waste-expanded polystyrene in the mortar increased. This fact occurred because polystyrene does not absorb water due to its polymeric and cellular microstructures with closed cells.




2.4.5. Compressive and Flexural Strength


Carasek (2010) [42] points out that one of the main characteristics of mortars should be the ability to resist impact and building deformations. Bauer et al. (2005) [60] points to Portland cement as one of the main binders to provide adhesion and strength to mortar. However, the author mentions that a high amount of cement in mortars worsens their workability and increases shrinkage and cracking by drying. The use of lime is an option to combat the adverse effect caused by excess cement. Rago and Cincotto (1999) [59] and the BPCA (2002) (Brazilian Portland Cement Association) [61] indicate that using lime in small proportions is beneficial in mixed mortars. Lime provides better workability, adherence, and resistance to deformation for the mortars. On the other hand, although lime improves the workability of mortars, it causes a decrease in the compressive strength [62]. However, Grist et al. (2013) [63] demonstrated that the use of lime and pozzolanic admixtures together provides an improvement in the mechanical properties of mortars and concretes by means of the pozzolanic reaction.



The type of aggregate has proven to be another influential factor in the mechanical properties of cementitious composites, such as lightweight aggregates. Rossignolo (2009) [31] showed that the use of expanded clay in cementitious composites promotes a reduction in mechanical properties due to an increase in the porosity of the material. To mitigate this effect, the author quotes the need to increase the binder content. In the case of mortars using vermiculite, authors such as Silva et al. (2010) [41], Cintra et al. (2014) [7], Palomar et al. (2015) [43], Barros (2018) [17], Sinhorelli (2019) [44], and Gündüz and Kalkan (2019) [45] demonstrated a compressive strength and flexural tensile strength reduction (Table 10, Figure 9, Table 11, and Figure 10) as the vermiculite content increased.



In mortars that had fixed cement contents such as in the studies by Silva et al. (2010) [41] and Gündüz and Kalkan (2019) [45], a significant decrease in compressive strength was noted. In the work by Silva et al. (2010) [41], the author fixed the cement and lime content, and varied the vermiculite content by 0%, 2%, 3.5%, 5%, and 10%. This small amount of this aggregate reduced the compressive strength from 3.56 Mpa (SV10V0) to 2.11 MPa (SV10V2); 1.42 MPa (SV10V3.5); 1.03 MPa (SV10V5); and 1.01 MPa (SV10V10), respectively, which represented decreases in the orders of 41%, 60%, 71%, and 72%, respectively.



Similarly, Gündüz and Kalkan (2019) [45] prepared mortars with a fixed cement content of 30% and a lime content of 7.20%, and varied the vermiculite content from 0% to 24%, which caused a reduction in the compressive strength in the order of 70%. Thus, mortars with fixed cement content have a significant drop in their compressive strength as the vermiculite content increases. To mitigate this behavior, it is necessary to increase the binder content as the vermiculite content increases or use some mineral admixtures.



The mortars studied by Cintra et al. (2014) [7], Palomar et al. (2015) [43], Barros (2018) [17], and Sinhorelli (2019) [44] showed increasing cement and vermiculite contents related to the total dry material. Additionally, although vermiculite caused a decrease in compressive strength in the mortars, the increasing cement contents prevented this reduction from reaching the levels cited by Silva et al. [41] and Gündüz and Kalkan [45] in their mortars.



Although Palomar et al. [43] used a fixed cement consumption of 214 kg/m3, the representativeness of consumption on the total dry material increased; thus, the cement content varied from 12% to 19.19%, while the vermiculite content varied from 0% to 7%. Due to the increase in cement content, the sample with 3% vermiculite (P15V3) showed no decrease in compressive strength. However, the one with 7% (P15V7) showed a reduction of nearly 39%.



Barros [17] presented samples with cement and vermiculite contents varying similarly to Palomar et al. (2015) [43], but with different cement and lime consumptions (kg/m3). As in the study by Palomar et al. (2015) [43], the mortar studied by Barros (2018) [17] containing 3% vermiculite did not show a significant change in compressive strength; however, the increase in vermiculite content of 7%, 15%, and 34% caused reductions in the compressive strength in the order of 46%, 61%, and 69%, respectively. Comparing the studies by Palomar et al. (2015) [43] and Barros (2018) [17] to that by Silva et al. (2010) [41], for mortars with vermiculite not to present significantly low strengths, it is necessary to have a high cement consumption.



Sinhorelli [44] also showed an increasing cement consumption as the vermiculite content increased from 0% to 5%, 9%, and 17%. The vermiculite content variation in mortars caused a decrease in the compressive strength from 6.14 MPa to 4.20 MPa, 2.72 MPa, and 2.25 MPa, respectively. Comparing the results from Palomar et al. [43] and Barros [17] to those from Sinhorelli (2019) [44], it can be noted that mortars with a minimum cement consumption of 214 kg/m3 and vermiculite content up to 3% of the total dry material did not present major changes in the compressive strength. However, mortars with a cement consumption lower than 200 kg/m3 and/or a vermiculite content higher than 3% presented a reduction in compressive strength.



In the study by Cintra et al. [7], the samples CT14V34 with 34% vermiculite and CT14V40 with 40% vermiculite showed the following values of compressive strength: 1.25 MPa and 1.36 MPa, respectively. Analysis of these authors’ article showed that, despite the increased vermiculite content, the CT14V40 sample had a higher content of binders and lower water consumption, which justifies the slightly increased compressive strength.



As with the compressive strength, vermiculite causes a negative influence on the flexural strength of mortars. The studies by Silva et al. (2010) [41], Barros (2018) [17], and Sinhorelli (2019) [44] demonstrated gradual reductions in this property as the vermiculite content increased.



In the study by Silva et al. (2010) [41], it was noted that the cement and lime content was fixed, and the vermiculite content varied from 0% to 10%. This increasing vermiculite content in the mixtures caused a reduction in the tensile strength from 1.56 MPa (SV10V0) to 0.45 MPa (SV10V10). Thus, as with compressive strength, one way to mitigate the decrease in tensile strength is by increasing the cement content of the mixtures; this is clear in the studies by Palomar et al. (2015) [43], Barros (2018) [17], and Sinhorelli (2019) [44].



The mortars of Palomar et al. (2015) [43] had a fixed cement consumption of 214 kg/m3, but although the consumption of this binder had been fixed, its share of the total dry material increased as the vermiculite increased; as a result, the mortars of Palomar et al. (2015) [43] showed no decrease in the flexural strength.



Barros (2018) [17] and Sinhorelli (2019) [44] showed increasing cement consumption as the consumption of vermiculite increased. So, the representation of this binder of the total dry mix showed increasing behavior. In the study by Barros (2018) [17], the cement content varied from 12.38% to 46.54% and the vermiculite content varied from 0% to 34%, and even with increased cement consumption, the flexural strength of the mortars, in this study, obtained lower values ranging from 1.90 MPa (B18V0) to 0.84 MPa (B18V34). In these samples, an increase in the w/c ratio occurred along with an increase in the vermiculite content. In the research by Sinhorelli (2019) [44], the cement content varied from 8.70% to 22.63%, and the vermiculite content varied from 0% to 17%, which provided reductions in tensile strength from 2.54 MPa to 1.18 MPa.



The reduction in mechanical properties was justified by Silva et al. (2009) [41] by the capacity of vermiculite to incorporate voids, since this material is porous and thin and, thus, promotes a higher water demand, consequently generating more voids after water evaporation.



To minimize the loss of resistance, some solutions can be considered. Rossignolo (2009) [31] points out that a solution for working with a lightweight material and controlling water demand is to presaturate the aggregate, preventing it from removing water intended for cement hydration. Koksal et al. (2020) [55] showed that the combined use of vermiculite (EV) with waste-expanded polystyrene (WEPS) in the proportions of 50% EV + 50% WEPS and 75% EV + 25% WEPS in 1:3, 1:4, and 1:5 (cement: EV + WEPS) mixtures by volume provided considerable mechanical strength gains compared to mortars containing only WEPS or vermiculite. However, a well-established solution is the use of mineral admixtures, as proposed by Sinhorelli (2019) [44], Koksal et al. (2015) [48], and Soda et al. [64]. All of these authors demonstrated that the use of mineral admixtures promotes the refinement of and a reduction in pores; this occurs due to the pozzolanic effect in the mineral admixtures, which enables the additional production of C–S–H [64,65], which can bring improvements in the mechanical properties of mortars, as can be seen in Figure 11.



Sinhorelli (2019) [44] used metakaolin (MK) in a 1:1:6 (cement/lime/aggregate) ratio mix design with 20% of MK. This amount of MK promoted an increase in the compressive strength in the range of 20% to 23%. The sample studied by Koksal et al. (2015) [48] presented higher compressive strength in mortars in a range between 12% and 25% with the use of silica fume in a proportion of 15% using ratios of 1:4, 1:6, and 1:8 (cement/aggregate). Additionally, Soda et al. [64] demonstrated that the addition of 5% nanosilica improved the compressive strength by between 14% and 84% when comparing mortars to one had the same vermiculite content.



Regarding compressive and tensile strength, the results showed that the use of vermiculite causes reductions in these properties. In general, the use of lightweight aggregates in mortars causes reductions in their mechanical properties, but according to the study by Gündüz and Kalkan (2019) [45], vermiculite causes smaller reductions compared to perlite, which is also a lightweight aggregate of mineral origin.




2.4.6. Thermal Conductivity and Thermal Transmittance


Studies on the use of thermal coating have been widely developed by the scientific community. Carneiro (1993) [56] points out that the thermal conductivity of a material is related to its density, and in a wall system, thermal insulation is guaranteed by a low thermal conductivity in the constituent elements and a guarantee of nonwetting.



The Brazilian standard NBR 15220-2 [66] specifies that common, cellular, cement-based, and gypsum mortars with vermiculite have a thermal conductivity (λ) of 1.15 W/(m·K), 0.40 W/(m·K), and 0.30 W/(m·K), respectively. In cement mortars containing vermiculite, the air present in the aggregate and in the voids formed in the hardened mixture produces low thermal conductivity and, consequently, high resistance to the heat passage [17]. Barros [17] still demonstrated that the replacement of sand with vermiculite benefited the thermal properties of mortars, as shown in Table 12.



In the research carried out by Palomar et al. (2015) [43], Koksal et al. (2015) [48], Barros (2018) [17], Sinhorelli (2019) [44], Gündüz and Kalkan (2019) [45], and Koksal et al. (2020) [55], an indirect relationship between the vermiculite content and thermal conductivity of lightweight mortars can be seen. The decrease in thermal conductivity as the vermiculite content increases is justified by the increasing porosity of the mortars caused by the addition of this lightweight aggregate.



In Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19, the results of the thermal conductivity and porosity of mortars, found by Palomar et al. (2015) [43], Koksal et al. (2015) [48], Barros (2018) [17], and Koksal et al. (2020) [55], are presented, and it is clear there is a linear correlation between increasing porosity and decreasing thermal conductivity.



As can be seen in Figure 12, Palomar et al. (2015) [43] obtained a low thermal conductivity for the mortar without vermiculite (0.37 W/m·K); despite this, with the addition of vermiculite contents of 3% and 7%, the thermal conductivity reduced to 0.27 W/m·K and 0.20 W/m·K, respectively. This reduction had a strong correlation with the increase in porosity, as seen in Figure 13, and is defined by a first-degree function with a high coefficient of determination (R2 = 1).



The mortars studied by Barros [17] containing vermiculite contents of 0%, 3%, 7%, 15%, and 34% reached porosity values ranging from 28.90% to 73.80%. The increase in porosity caused a reduction in the thermal conductivity from 1.34 W/m·K to 0.24 W/m·K (Figure 14). As observed by Palomar et al. [43], the results from Barros’s study (2018) [17] also reached a very good correlation between porosity and thermal conductivity (Figure 15). The function that best explained this correlation between these two variables is the exponential equation, which obtained a coefficient of determination equal to 0.997.



The mortars produced by Koksal et al. (2015) [48] showed varying porosity of 37.50%, 39.49%, and 43.20% as the vermiculite content increased from 16% to 22% and 30%, respectively. This increase in the number of pores reduced the thermal conductivity from 0.61 W/m·K to 0.25 W/m·K, and the porosity and thermal conductivity values also showed a strong correlation with a coefficient of determination equal to 0.9995.



Different from the previous study, in the one by Koksal et al. (2020) [55], the mortars presented higher vermiculite contents varying from 75% to 88%, and, consequently, the porosity was also higher and varied from 45% to 65%, providing a reduction in the thermal conductivity from 0.38 W/m·K to 0.10 W/m·K.



In the previously mentioned studies, it was clear that mortars with vermiculite had higher porosity contents, which can be attributed to the porous nature and high water absorption capacity of this aggregate. Thus, as the vermiculite content increased, the porosity also showed an increasing behavior. Because of the increasing porosity, the thermal conductivity reduced in the mortars, and through the coefficients of determination (R2), a strong correlation between the porosity and thermal conductivity was noted.



To conclude, the use of vermiculite proved to be beneficial for reducing the thermal conductivity of mortars. The thermal insulation of walls reduced the thermal transmittance and heat exchange between faces, thus contributing to a better thermal performance of the building. According to Gündüz and Kalkan (2019) [45], the use of this aggregate can contribute to reducing the thermal transmittance of the wall element (coating mortar + masonry block) by approximately 13% compared to when it is used traditional mortar.



In Table 13, it can be seen from Barros’s results (2018) [17] that the use of mortars with vermiculite and low thermal conductivity enables a reduction in thermal transmittance and thermal capacity of wall systems produced with ceramic bricks or concrete blocks. It can be observed that for the thermal transmittance in the wall system with a “ceramic brick + mortar coating on both sides”, there was a reduction between 2.5% and 28.5% when sand was replaced by vermiculite (in volume) contents of 25%, 50%, 75%, and 100%. For the system with a “concrete block + mortar coating on both sides”, the reduction was between 2.4% and 30.6%. In the Brazilian standard ABNT NBR 15.575-4 (2013) [4], the buildings located in the midwest, southeast, south, and northeast regions must have a wall system with thermal transmittance lower than 2.5 W/m2K and a thermal capacity higher than 130 kJ/m2K; thus, in the system with ceramic brick, the mortars with 0%, 25%, 50%, and 75% vermiculite comply with these requirements. In the system with concrete blocks, the samples with 75% and 100% vermiculite meet the minimum requirements of the Brazilian standard (NBR 15.575-4, 2013) [4].



Because of the decreasing thermal transmittance, room-heating and -cooling equipment may have diminished use. Bastos (2018) [67] showed that the use of vermiculite mortars for external and internal coating provides an energy consumption reduction to cool a room by approximately 20%, improving the building’s energy efficiency.






3. Conclusions


According to this article review, the following conclusions can be made:




	
Vermiculite is a mineral originating from the alteration of micaceous minerals by chemical weathering and hydrothermal action. When it is heated to temperatures close to 1000 °C, it undergoes an expansion process, that is, an increase in volume caused by water vapor formed inside the vermiculite, which causes internal stresses, separating the octahedral and tetrahedral plates that compose the vermiculite.



	
When undergoing the expansion process, the volume of vermiculite increases and acquires a porous structure. Because of its expansion, there is a decrease in the density of the material to 0.15–0.25 g/cm3. The specific surface area and the ability to be inert, absorbent, a thermoacoustic insulator, and fire-resistant increase. In addition to these characteristics, when it is expanded, it acquires different granulometry sizes, and the particle size can be classified as large, medium, fine, super fine, and micron, depending on the classification system.



	
These properties make vermiculite a promising material for use in civil construction. It can be used, with little negative impact, to produce precast blocks with plaster/vermiculite mortar used in internal partitions, refractory bricks, blocks, and plates resistant to high temperatures, as well as in the protection of steel structures at high temperatures. However, when used in mortars, it can mitigate some fresh and hardened properties; however, this does not make the application of mortars with this type of aggregate unfeasible.



	
In the fresh state, the lack of workability of mortars with vermiculite is noticeable due to the high water absorption of this aggregate. Due to this adverse effect, in order to make them workable, mortars with vermiculite have a higher water consumption. To improve this property, the vermiculite can be prewetted, and chemical additives or a combination of granulometries (to have a continuous particle size distribution) can be used.



	
In the hardened state, vermiculite promotes an increase in the number of pores due to the increase in water consumption. This fact causes a growth in the w/c ratio, and as a consequence of this, the mechanical strength decreases when the vermiculite content increases in the mixture. To mitigate the loss of mechanical strength, some measures can be adopted, such as working with lightweight presaturated aggregate, combining the use of vermiculite (EV) with waste-expanded polystyrene (WEPS), or adding mineral admixtures such as metakaolin or silica fume.



	
Despite causing negative effects on the workability and mechanical strength, vermiculite promotes a thermal conductivity reduction in mortars by making the composite more porous. This can be seen as a viable option when aiming for thermal insulation in an environment because it can reduce the thermal transmittance of wall elements and, consequently, reduce energy consumption and improve the building’s energy efficiency.












Author Contributions


Conceptualization, P.C.d.A.N., A.F.d.N., and A.M.P.C.; Validation, P.C.d.A.N. and P.K.S.O.; Formal analysis, P.C.d.A.N., L.P.B.S., A.F.d.N., and A.M.P.C.; Investigation, P.C.d.A.N., P.K.S.O., I.C.d.S., and I.M.d.S.B.; Data curation, P.C.d.A.N., L.P.B.S., I.C.d.S., and I.M.d.S.B.; Writing—original draft preparation, P.C.d.A.N. and A.M.P.C.; Writing—review and editing, P.C.d.A.N., A.F.d.N., and L.P.B.S.; Visualization, A.F.d.N. and A.M.P.C.; Supervision, A.M.P.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to thank CAPES, the Federal University of Pernambuco (UFPE), and the Federal University of Paraíba (UFPB) for their support.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Allen, M.; Babiker, M.; Chen, Y.; Coninck, H.; Connors, S.; Diemen, R.V.; Dube, O.P.; Ebi, K.; Engelbrecht, F.; Ferrat, M.; et al. 1.5 °C Global Warming; Intergovernmental Panel on Climate Change: Incheon, Republic of Korea, 6 October 2018. [Google Scholar]

	



Energy Research Company (ERC). Brasília/DF. 2018. Available online: https://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-341/NT%20EPE%20030_2018_18Dez2018.pdf (accessed on 10 April 2021).

	



Brazil. Lei Federal Nº 10.295, de 17 de Outubro de 2001. Provides for the National Policy for Conservation and Rational Use of Energy and Makes Other Provisions. Available online: http://www.planalto.gov.br/ccivil_03/leis/leis_2001/l10295.htm#:~:text=LEI%20No%2010.295%2C%20DE%2017%20DE%20OUTUBRO%20DE%202001.&text=Disp%C3%B5e%20sobre%20a%20Pol%C3%ADtica%20Nacional (accessed on 15 April 2021).

	



NBR 15.575-4—Residential Buildings—Performance Part 4: Requirements for Internal and External Wall Systems; Associação Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2013.

	



Lamberts, R. Desempenho Térmico de Edificações; Universidade Federal de Santa Catarina (UFSC): Florianópolis, Brazil, 2016. [Google Scholar]

	



Stancato, A.C. Determinação da Condutividade Térmica e da Resistência Mecânica em Argamassa Leve. Master’s Thesis, Universidade Estadual de Campinas—UNICAMP, Campinas, SP, Brazil, 2000. [Google Scholar]

	



Cintra, C.L.D.; Paiva, A.E.M.; Baldo, J.B. Masonry mortars containing expanded vermiculite and rubber aggregates from recycled tires—Relevant properties. Rev. Cerâmica 2014, 60, 69–76. [Google Scholar] [CrossRef]

	



França, S.C.A.; Braga, P.F.A.; Couto, H.J.B.; Gonçalves, C.C. Vermiculita, mais que um mineral termo acústico. In Proceedings of the IV Simpósio de Minerais Industriais do Nordeste, João Pessoa, PB, Brazil, 30 October 2016. [Google Scholar]

	



Britannica—The Editors of Encyclopaedia. Vermiculite. In Encyclopedia Britannica. Available online: https://www.britannica.com/science/vermiculite (accessed on 10 June 2021).

	



Navarro, G.R.B.; Zanardo, A.; Montibeller, C.C.; Leme, T.G. Livro de Referência de Minerais Comuns e Economicamente Relevantes: Filossilicatos, 1st ed.; Museu de Minerais, Minérios e Rochas Prof. Dr. Heinz Ebert: Rio Claro, Brazil, 2017; pp. 1–11. [Google Scholar]

	



Basset, W.A. The Geology of vermiculite ocurrences. Clays Clay Miner. 1961, 10, 61–69. [Google Scholar] [CrossRef]

	



Schulze, D.G. Clay Minerals. In Encycl. Soils Environ, 1st ed.; Hillel, D., Ed.; Elsevier: West Lafayette, IN, USA, 2005; Volume 1, pp. 246–254. [Google Scholar] [CrossRef]

	



Bush, A.L. Construction Materials: Lightweight Aggregates. In Encyclopedia of Materials: Science and Technology, 2nd ed.; Jürgen Buschow, K.H., Cahn, R.W., Flemings, M.C., Ilschner, B., Kramer, E.J., Mahajan, S., Veyssière, P., Eds.; Elsevier: Lakewood, CA, USA, 2001; Volume 1, pp. 1550–1558. [Google Scholar] [CrossRef]

	



Hindman, J.R. Vermiculite. In Industrial Minerals e Rocks: Commodities, Markets and Uses, 7th ed.; Kogel, J.E., Trivedi, N.C., Barker, J.M., Krukowski, S.T., Eds.; SME: Littleton, CO, USA, 2009; Volume 1, pp. 1015–1026. [Google Scholar]

	



Nascimento, M.C.B. Thermal Mortars Produced with Residues from Kaolin Mining and Mineral Processing and Expanded Vermiculite. Master’s Thesis, Universidade Federal de Pernambuco, Recife, PE, Brazil, 2008. [Google Scholar]

	



Ugarte, J.F.O.; Sampaio, J.A.; França, S.C.A. Vermiculita. In Rochas & Minerais Industriais: Usos e Especificações, 2nd ed.; Luz, A.B., Lins, F.A.F., Eds.; CETEM/MCT: Rio de Janeiro, Brazil, 2005; Volume 1, pp. 677–698. [Google Scholar]

	



Barros, I.M.S. Thermal and Mechanical Analysis of Coating Mortars with Addition of Expanded Vermiculite as a Substitute for Aggregate. Master’s Thesis, Universidade Federal do Rio Grande do Norte, Natal, RN, Brazil, 9 March 2018. [Google Scholar]

	



Marcos, C.; Rodríguez, I. Expansion Behaviour of comercial vermiculites at 1000 °C. Appl. Clay Sci. 2010, 48, 492–498. [Google Scholar] [CrossRef]

	



Hillier, S.; Marwa, E.; Rice, C.M. On the mechanism of exfoliation of vermiculite. Clay Miner. 2013, 48, 563–582. [Google Scholar] [CrossRef]

	



Rashad, A.M. Vermiculite as a construction material—A short guide for civil engineer. Constr. Build. Mater. 2016, 125, 53–62. [Google Scholar] [CrossRef]

	



Campos, A.; Moreno, S.; Molina, R. Characterization of vermiculite by XRD and Spectroscopic techniques. Earth Sci. Res. J. 2009, 13, 108–118. [Google Scholar]

	



Hornbostel, C. Vermiculita. In Construction Materials: Types, Uses and Applications, 2nd ed.; Hornbostel, C., Ed.; John Wiley & Sons, Inc.: Toronto, ON, Canada, 1991; Volume 1, pp. 890–893. [Google Scholar]

	



Reis, E. Vermiculite in Brazil—Current Situation. Center for Management and Strategic Studies (CMSS). 2002. Available online: http://www.finep.gov.br/images/a-finep/fontes-de-orcamento/fundos-setoriais/ct-mineral/vermiculita-no-brasil.pdf (accessed on 7 August 2020).

	



TVA—The Vermiculite Association. Exfoliated Vermiculite Data. Harrisburg/EUA. 2020. Available online: https://www.vermiculite.org/wp-content/uploads/2014/10/Exfoliated-Vermiculite-Data.pdf (accessed on 6 August 2020).

	



Gellert, R. 8—Inorganic mineral materials for insulation in buildings. In Materials for Energy Efficiency and Thermal Comfort in Buildings, 1st ed.; Hall, M.R., Ed.; Elsevier: München, Germany, 2010; Volume 1, pp. 193–228. [Google Scholar] [CrossRef]

	



Quartarone, P.; Neves, M.A.F.S.; Caldas, L.F.S. Study of vermiculite as an adsorbent of copper (II) ions in aqueous solution. Perspectiva da Ciência e Tecnologia 2012, 4, 2–11. [Google Scholar]

	



Mehta, P.K.; Monteiro, P.J.M. 7—Agregados. In Concreto—Microestrutura, Propriedades e Materiais, 2nd ed.; Hasparyk, N.P., Ed.; IBRACON: São Paulo, Brazil, 2014; pp. 275–286. [Google Scholar]

	



Carneiro, A.M.P.; Cincotto, M.A. Mortar Dosage Through Granulometric Curves, 1st ed.; EPUSP: São Paulo, Brazil, 1999; pp. 1–14. [Google Scholar]

	



Ribeiro, C.C.; Pinto, J.D.S.; Starling, T. Agregados. In Materiais de Construção Civil, 4th ed.; Gannam, M., Trindade, B., Eds.; Editora UFMG: Belo Horizonte, MG, Brazil, 2013; Volume 1, pp. 15–17. [Google Scholar]

	



Bauer, L.A. Materiais de Construção, 5th ed.; LTC: Rio de janeiro, RJ, Brazil, 2008; Volume 1, pp. 63–119. [Google Scholar]

	



Rossignolo, J.A. Concreto Leve Estrutural: Produção, Propriedades, Microestrutura e Aplicações, 1st ed.; Pini: São Paulo, Brazil, 2009; pp. 33–76. [Google Scholar]

	



Sousa, A.J.C.S. Application of Light Mortars for Plastering and Laying in Masonry. Master’s Thesis, Faculdade de Engenharia da Universidade de Porto, Porto, Portugal, March 2010. [Google Scholar]

	



Neville, A.M.; Broos, J.J. 18—Concreto Leve In. Concrete Technology, 2nd ed.; Cremonini, R.A., Ed.; Bookman: Porto Alegre, Brazil, 2013; Volume 1, pp. 339–341. [Google Scholar]

	



Bezerra, A.J.V. Concrete with Partial Replacement of Natural Aggregate by EVA Residue—Influence on Physical, Mechanical, Microstructural and Durability Properties. Master’s Thesis, Federal University of Pernambuco, Recife, PE, Brazil, 28 February 2014. [Google Scholar]

	



United States Geological Survey—USGS. Mineral Commodity Summaries. Available online: https://www.usgs.gov/centers/nmic/vermiculite-statistics-and-information (accessed on 14 April 2020).

	



Brazil—National Mining Agency. Mineral Summary 2017; NMA: Brasília, Brazil, 2017. [Google Scholar]

	



Schaeffer, J.A. Mineral Wool na Vermiculite as Insulation. Ind. Eng. Chem. 1935, 27, 1298–1303. [Google Scholar] [CrossRef]

	



Pence, F.K.; Blount, E.B. Vermiculite as a raw material in ceramic manufacture. J. Am. Ceremic Soc. 1944, 27, 50–52. [Google Scholar] [CrossRef]

	



Hansen, W.C.; Livovich, A.F. Thermal conductivity of refractory insulating concrete. J. Am. Ceremic Soc. 1953, 36, 356–362. [Google Scholar] [CrossRef]

	



Low, N.M.P. The Thermal Insulating Properties of Vermiculite. J. Build. Phys. 1984, 8, 107–115. [Google Scholar] [CrossRef]

	



Silva, L.M.; Ribeiro, R.A.; Labrincha, J.A.; Ferreira, V.M. Role of lightweight fillers on the properties of a mixes-binder morta. Cem. Concr. Compos. 2009, 32, 19–24. [Google Scholar] [CrossRef]

	



Carasek, H. Argamassas. In Materiais de Construção Civil e Princípios de Ciência e Engenharia de Materiais, 2nd ed.; Isaia, G.C., Ed.; IBRACON: São Paulo, Brazil, 2010; Volume 1, pp. 893–943. [Google Scholar]

	



Palomar, I.; Barluenga, G.; Puentes, J. Lime–cement mortars for coating with improved thermal and acoustic performance. Constr. Build. Mater. 2015, 75, 306–314. [Google Scholar] [CrossRef]

	



Sinhorelli, K.S. Influence of Mineral Additions and Vermiculite on the Rheology and Thermal Properties of Coating Mortar. Master’s Thesis, Universidade Federal da Paraíba, João Pessoa, PB, Brazil, August 2019. [Google Scholar]

	



Gunduz, L.; Kalkan, S.O. A technical evaluation on the determination of thermal comfort parametric properties of different originated expanded and exfoliated aggregates. Arab. J. Geosci. 2019, 12, 119. [Google Scholar] [CrossRef]

	



Lanzón, M.; García-Ruiz, P.A. Lightweight cement mortars: Advantages and inconveniences of expanded perlite and its influence on fresh and hardened state and durability. Constr. Build. Mater. 2008, 22, 1798–1806. [Google Scholar] [CrossRef]

	



Rojas-ramírez, R.A.; Maciel, M.H.; Romano, R.C.O.; Pileggi, R.G.; Coelho, A.C.V. Impact of the use of vermiculite residue in the hardened properties of mortar. Cerâmica 2019, 65, 107–116. [Google Scholar] [CrossRef]

	



Koksal, F.; Gencel, O.; Kaya, M. Combined effect of silica fume and expanded vermiculite on properties of lightweight mortars at ambient and elevated temperatures. Constr. Build. Mater. 2015, 88, 175–187. [Google Scholar] [CrossRef]

	



Cardoso, F.A. Formulation Method for Coating Mortars Based on Granulometric Distribution and Rheological Behavior. Doctoral’s Thesis, Polytechnic School, University of São Paulo, São Paulo, Brazil, 11 September 2009. [Google Scholar] [CrossRef]

	



Struble, L.J.; Jiang, Q. Effects of air entrainment on rheology. ACI Mater. J. 2004, 101, 448–456. [Google Scholar] [CrossRef]

	



NBR 13.281—Argamassa para Assentamento e Revestimento de Paredes e Tetos—Requisitos; Associação Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005.

	



ASTM 270; Standard Specification for Mortar for Unit Masonry. American Society for Testing and Materials: West Conshohocken, PA, USA, 1999.

	



BS 4887-1; Mortar Admixtures. Specification for Air-Entraining (Plasticizing) Admixtures. British Standards Institution: London, UK, 1986.

	



de Oliveira Gomes, G.; Neves, C.M.M. Proposal of a rational dosage method for mortars containing argillominerals. Ambiente Construído 2002, 2, 19–30. [Google Scholar]

	



Koksal, F.; Mutluay, E.; Gencel, O. Characteristic of isolation mortars produced with expanded vermiculite and waste expanded polystyrene. Constr. Build. Mater. 2020, 236, 117789. [Google Scholar] [CrossRef]

	



Carneiro, A.M.P. External Coating in Cement, Lime and Sand Mortar-Systematic of the Construction Companies of Porto Alegre. Master’s Thesis, Federal University of Rio Grande do Sul, Porto Alegre, Brazil, 1993. [Google Scholar]

	



Salvador, G.A.B. Optimization of the Particle Size Distribution of Fine Aggregate for Use in Mortar Coatings in the City of Sant’Ana of Livramento—RS. Master’s Thesis, Engineering School, Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil, April 2005. [Google Scholar]

	



Sabbatini, F.H.; Baía, L.L.M. Project and Execution of Mortar Coating, 1st ed.; O Nome da Rosa: São Paulo, Brazil, 2000; pp. 1–81. [Google Scholar]

	



Rago, F.; Cincotto, M.A. Influence of Hydrated Lime Type on Pulp Rheology, 1st ed.; EPUSP: São Paulo, Brazil, 1999; pp. 1–24. [Google Scholar]

	



Bauer, E.; Pereira, C.H.; Ramos, D.; Santos, C.; Paes, I.L.; Sousa, J.G.G.; Alves, N.; do, Ó.; Gonçalves, S.R.C.; Lara, P.L.O.A. Mortar Coatings—Characteristics and Peculiarities, 1st ed.; LEM-UnB-Sinduscon/DF: Brasília, Brazil, 2005; pp. 1–56. [Google Scholar]

	



Brazilian Portland Cement Association—BPCA. Basic Guide to Portland Cement Use, 7th ed.; ABCP: São Paulo, Brazil, 2002; pp. 1–27. [Google Scholar]

	



Silva, N.G.; Campiteli, V.C. Influence of fines and lime on mortar properties. Ann. XI Natl. Meet. Technol. Built Environ. 2006, 11, 4343–4358. [Google Scholar]

	



Grist, E.R.; Paine, K.A.; Heath, A.; Norman, J.; Pinder, H. Compressive strengh development of binary and ternary lime-pozzolan mortars. Mater. Des. 2013, 52, 514–523. [Google Scholar] [CrossRef]

	



Kumar Soda, P.R.; Chakravarthi, K.; Mini, K.M. Experimental and statistical investigation on strength and microcracks remediation in cement mortar using expanded vermiculite as a bacterial carrier. J. Build. Eng. 2023, 63, 105567. [Google Scholar] [CrossRef]

	



Heikal, M.; Abd El Aleem, S.; Morsi, W.M. Characteristics of blended cements containing nano-silica. HBRC J. 2013, 9, 243–255. [Google Scholar] [CrossRef]

	



NBR 15220; Thermal Performance in Buildings Part 2: Calculation Methods of Thermal Transmittance, Thermal Capacity, Thermal Delay and Solar Heat Factor of Elements and Components of Buildings. Associação Brasileira de Normas Técnicas (ABNT): Rio de Janeiro, Brazil, 2003.

	



Bastos, P.K.X.; Castro, E.B.P.; Zambrano, L.M.A. Potential for reducing energy consumption in Brazilian buildings through the use of insulating mortar coating. Ann. XII Braz. Symp. Mortar Technol. 2017, 12, 1–10. [Google Scholar]








[image: Buildings 13 00823 g001 550] 





Figure 1. Molecular structure of vermiculite and mica. Font: Schulze (2005) [12]. 






Figure 1. Molecular structure of vermiculite and mica. Font: Schulze (2005) [12].



[image: Buildings 13 00823 g001]







[image: Buildings 13 00823 g002 550] 





Figure 2. Chemical composition of vermiculite [12,14]. 
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Figure 3. Relationship between potassium content and expansion rate, showing that vermiculites with more than one constituent phase (polyphase samples) show greater expansion rate in relation to “Pure” vermiculites [19]. 
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Figure 4. Fragments of crude vermiculite (A) and expanded vermiculite (B) under a microscope [26]. 
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Figure 5. Correlation of water, cement, and vermiculite consumption [17,43,44]. 
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Figure 6. Correlation of the fresh density, air content, cement, and vermiculite [7,41,44]. 
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Figure 7. Correlation of the porosity, hardened density, and vermiculite content [17,41,43]. 
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Figure 8. Correlation of the values of capillarity index and vermiculite content of the studied articles [17,41,43,44]. 
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Figure 9. Correlation of the values of compressive strength and cement and vermiculite content of the studied articles [7,17,41,43,44,45]. 
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Figure 10. Correlation of the flexural strength values and cement and vermiculite content of the studied articles [17,41,43,44]. 
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Figure 11. Correlation between vermiculite content in the mixture and compressive strength in samples with and without mineral addition [44,48,64]. 
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Figure 12. Correlation of vermiculite content, thermal conductivity, and porosity results from the study by Palomar et al. (2015) [43]. 
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Figure 13. Correlation between thermal conductivity and porosity from the study by Palomar et al. (2015) [43]. 
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Figure 14. Correlation of vermiculite content, thermal conductivity, and porosity results from the study by Koksal et al. (2015) [48]. 
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Figure 15. Relationship between thermal conductivity and porosity results from the study by Koksal et al. (2015) [48]. 
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Figure 16. Correlation of vermiculite content, thermal conductivity, and porosity results from the study by Barros (2018) [17]. 
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Figure 17. Thermal conductivity and porosity correlation from the study by Barros (2018) [17]. 
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Figure 18. Correlation of vermiculite content, thermal conductivity, and porosity from the study by Koksal et al. (2020) [55]. 
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Figure 19. Thermal conductivity and porosity correlation from the study by Koksal et al. (2020) [55]. 
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Table 1. Constituent elements of vermiculite [15].
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	Element
	% By Weight





	SiO2
	38.00–46.00



	Al2O3
	10.00–16.00



	MgO
	16.00–35.00



	CaO
	1.00–5.00



	K2O
	1.00–6.00



	Fe2O3
	6.00–13.00



	TiO2
	1.00–3.00



	H2O
	8.00–16.00



	Others
	0.20–1.20
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Table 2. Particle size classification of vermiculite [23,24].
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System

	
Classification

	
Diameter Range (mm)

	
Particle Size Distribution Range




	
Maximum

	
Minimum






	
American

	
1

	
7

	
3.33

	
-




	
2

	
3.5

	
1.75

	
-




	
3

	
2.0

	
0.6

	
80% of the particles are greater than 0.6 mm




	
4

	
0.85

	
0.212

	
80% of the particles are greater than 0.3 mm




	
5

	
0.3

	
-

	
55% of the particles are greater than 0.3 mm




	
International

	
Large

	
8

	
2.8

	
60~70% of the particles are greater than 4.0 mm




	
Medium

	
4

	
1.4

	
60~70% of the particles are greater than 2.0 mm




	
Fine

	
2

	
0.71

	
60~70% of the particles are greater than 1.0 mm




	
Superfine

	
1

	
0.355

	
60~70% of the particles are greater than 0.5 mm




	
Micron

	
0.71

	
0.25

	
60~70% of the particles are greater than 0.25 mm




	
Brazilian

	
-

	
-

	
-

	
-




	
Medium

	
-

	
-

	
55~95% of the particles are greater than 2.4 mm




	
Fine

	
-

	
-

	
65~95% of the particles are greater than 1.2 mm




	
Superfine

	
-

	
-

	
70~95% of the particles are greater than 0.6 mm




	
Micron

	
-

	
-

	
80~100% of the particles are greater than 0.3 mm
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Table 3. Relationship between vermiculite composition and its properties when heated [19].
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Predominant Composition

	
Sample

	
Average Potassium Content (%)

	
Bulk Density (kg/m3)

	
Loss Mass (%)

	
Expansion (K)




	
20 °C

	
400 °C

	
900 °C

	
400 °C

	
900 °C

	
400 °C

	
900 °C






	
Vermiculite

	
KL-2

	
0.014

	
689 ± 15

	
644 ± 17

	
482 ± 18

	
13.8 ± 0.3

	
19.8 ± 0.7

	
1.1 ± 0.02

	
1.5 ± 0.05




	
VER-18

	
0.076

	
818 ± 9

	
680 ± 14

	
241 ± 3

	
10.7 ± 0.3

	
19.5 ± 0.4

	
1.2 ± 0.03

	
3.4 ± 0.02




	
Hydrobiotite

	
VER-2

	
4.68

	
827 ± 21

	
466 ± 8

	
169 ± 1

	
9.3 ± 0.0

	
14.0 ± 0.4

	
1.7 ± 0.04

	
5.0 ± 0.06




	
MK-1

	
4.63

	
852 ± 25

	
262 ± 8

	
145 ± 2

	
10.9 ± 0.3

	
15.2 ± 0.4

	
3.2 ± 0.04

	
6.0 ± 0.05




	
PB

	
6.00

	
491 ± 9

	
219 ± 4

	
117 ± 1

	
5.8 ± 0.5

	
8.2 ± 0.7

	
2.2 ± 0.04

	
4.2 ± 0.12




	
Phlogopite

	
PHL-3

	
10.16

	
214 ± 6

	
225 ± 6

	
201 ± 3

	
0.5 ± 0.0

	
0.7 ± 0.3

	
0.9 ± 0.09

	
1.1 ± 0.09
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Table 4. Characteristics of lightweight aggregates [32,34].
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Aggregate

	
Bulk Density (kg/m3)

	
Thermal Conductivity (W/m·K)






	
Expanded clay

	
966~1118

	
0.81




	
Expanded shale

	
450~1050

	
0.13~0.93




	
Expanded vermiculite (less than 1 mm)

	
125

	
0.04 ~0.05




	
Expanded vermiculite (1–2 mm)

	
95




	
Expanded vermiculite (3–6 mm)

	
80




	
Expanded vermiculite (3–10 mm)

	
65




	
Expanded perlite (less than 0.9 mm)

	
40~50

	
0.05




	
Expanded perlite (less than 1.2 mm)

	
50~60




	
Expanded perlite (less than 2 mm)

	
75~85




	
Pumice stone

	
400~ 900

	
0.09 ~ 0.17




	
Expanded blast furnace granular slag (less than 6.3 mm)

	
1000

	
0.13




	
Expanded blast furnace granular slag (6.3–12.5 mm)

	
900




	
Expanded blast furnace granular slag (12.5–25 mm)

	
800




	
Fly ash (less than 5 mm)

	
1040

	
0.14




	
Fly ash (5–8 mm)

	
835




	
Fly ash (8–13mm)

	
770




	
EVA (ethylene vinyl acetate)

	
100~350

	
-




	
Expanded polystyrene (EPS)

	
12~14

	
0.035
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Table 5. Mix designs’ compositions [7,17,41,43,44,45].
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Author (s)

	
Samples

	
Mix Ratio

(Cem/Lime/Sand/Verm.)

	
Material Content

	
w/c




	
Cement

	
Lime

	
Sand

	
Verm.

	
Water






	
Silva et al. (2010) [41]

	
SV10V0

	
1:1:6.33:0 (weight)

	
12%

	
12%

	
76%

	
0%

	
-

	
1.9




	
-

	
-

	
-

	
-

	
-




	
SV10V2

	
1:1:6.17:0.16 (weight)

	
12%

	
12%

	
74%

	
2%

	
-

	
2.25




	
-

	
-

	
-

	
-

	
-




	
SV10V3.5

	
1:1:6.08:0.33 (weight)

	
12%

	
12%

	
72,5%

	
3.5%

	
-

	
2.5




	
-

	
-

	
-

	
-

	
-




	
SV10V5

	
1:1:5.92:0.42 (weight)

	
12%

	
12%

	
71%

	
5%

	
-

	
2.8




	
-

	
-

	
-

	
-

	
-




	
SV10V10

	
1:1:5.5:0.83 (weight)

	
12%

	
12%

	
66%

	
10%

	
-

	
3.5




	
-

	
-

	
-

	
-

	
-




	
Cintra et al. (2014) [7]

	
CT14V40

	
1:0.8:0.48:1.6 (weight)

	
25%

	
20%

	
12%

	
40%

	
80%

	
3.2




	
-

	
-

	
-

	
-

	
-




	
CT14V40

	
1:0.75:1.4:1.7 (weight)

	
20%

	
15%

	
28%

	
34%

	
70%

	
3.5




	
-

	
-

	
-

	
-

	
-




	
Palomar et al. (2015) [43]

	
P15V0

	
1:1:6 (vol.)

1:0.32:7:0 (weight)

	
12%

	
3.81%

	
84.19%

	
0%

	
-

	
0.65




	
214 kg/m3

	
68 kg/m3

	
1502 kg/m3

	
0.00 kg/m3

	
140 kg/m3




	
P15V3

	
1:1:6 (vol.)

1:0.32:5.2:0.19 (weight)

	
14.76%

	
4.69%

	
77.72%

	
2.83%

	
-

	
1.26




	
214 kg/m3

	
68 kg/m3

	
1127 kg/m3

	
41 kg/m3

	
270 kg/m3




	
P15V7

	
1:1:6 (vol.)

1:0.32:3.5:0.38 (weight)

	
19.19%

	
6.10%

	
67.35%

	
7.35%

	
-

	
1.40




	
214 kg/m3

	
68 kg/m3

	
751 kg/m3

	
82 kg/m3

	
300 kg/m3




	
Barros (2018) [17]

	
B18V0

	
1:1:6 (vol.)

1:0.42:6.66:0 (weight)

	
12.38%

	
5.16%

	
82.46%

	
0%

	
-

	
1.44




	
214.5 kg/m3

	
89.4 kg/m3

	
1428.8 kg/m3

	
0.00 kg/m3

	
308.8 kg/m3




	
B18V3

	
1:1:6 (vol.)

1:0.42:5:0.18 (weight)

	
15.16%

	
6.32%

	
75.74%

	
2.78%

	
-

	
1.58




	
238.6 kg/m3

	
99.5 kg/m3

	
1192.1 kg/m3

	
43.7 kg/m3

	
377.0 kg/m3




	
B18V7

	
1:1:6 (vol.)

1:0.42:3.33:0.37 (weight)

	
19.55%

	
8.16%

	
65.14%

	
7.15%

	
-

	
2.20




	
239.4 kg/m3

	
99.9 kg/m3

	
797.6 kg/m3

	
87.6 kg/m3

	
526.8 kg/m3




	
B18V15

	
1:1:6 (vol.)

1:0.42:1.67:0.55 (weight)

	
27.54%

	
11.48%

	
45.86%

	
15.12%

	
-

	
2.65




	
246.4 kg/m3

	
102.7 kg/m3

	
410.4 kg/m3

	
135.3 kg/m3

	
652.9 kg/m3




	
B15V34

	
1:1:6 (vol.)

1:0.42:0:0.73 (weight)

	
46.54%

	
19.40%

	
0%

	
34.06%

	
-

	
3.25




	
239.9 kg/m3

	
100 kg/m3

	
0.00 kg/m3

	
175.6 kg/m3

	
779.7 kg/m3




	
Sinhorelli (2019) [44]

	
S19V0

	
1:1:6 (vol.)

1:0.7:9.8:0 (weight)

	
8.70%

	
6.09%

	
85.22%

	
0%

	
-

	
1.44




	
174 kg/m3

	
121.8 kg/m3

	
1704.9 kg/m3

	
0 kg/m3

	
250.5 kg/m3




	
S19V5

	
1:1:6 (vol.)

1:0.7:5.85:0.38 (weight)

	
12.60%

	
8.82%

	
73.80%

	
4.78%

	
-

	
2.24




	
179.3 kg/m3

	
125.5 kg/m3

	
1050.6 kg/m3

	
68.1 kg/m3

	
401 kg/m3




	
S19V9

	
1:1:6 (vol.)

1:0.7:3.91:0.58 (weight)

	
16.15%

	
11.31%

	
63.17%

	
9.37%

	
-

	
2.46




	
187.4 kg/m3

	
131.2 kg/m3

	
732.9 kg/m3

	
108.7 kg/m3

	
108.7 kg/m3




	
S19V17

	
1:1:6 (vol.)

1:0.7:1.95:0.77 (weight)

	
22.63%

	
15.84%

	
44.11%

	
17.42%

	
-

	
2.64




	
198.3 kg/m3

	
138.8 kg/m3

	
386.6 kg/m3

	
152.7 kg/m3

	
524.3 kg/m3




	
Gündüz e

Kalkan

(2019) [45]

	
G19V0

	
1:024:2.07:0 (weight)

	
30%

	
7.2%

	
62%

	
0

	
-

	
1.22




	
-

	
-

	
-

	
-

	
-




	
G19V24

	
1:0.24:1.26:0.8 (weight)

	
30%

	
7.2%

	
38%

	
24%

	
-

	
2.48




	
-

	
-

	
-

	
-

	
-
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Table 6. Cement, vermiculite, and water consumption for mortars [17,43,44].






Table 6. Cement, vermiculite, and water consumption for mortars [17,43,44].





	
Author

	
Samples

	
Cement Consumption (kg/m3)

	
Vermiculite Consumption (kg/m3)

	
Water Consumption (kg/m3)






	
Palomar (2015) [43]

	
P15V0

	
214

	
0

	
140




	
P15V3

	
214

	
41

	
270




	
P15V7

	
214

	
82

	
300




	
Barros (2018) [17]

	
B18V0

	
214.5

	
0

	
308.8




	
B18V3

	
238.6

	
43.7

	
377




	
B18V7

	
239.4

	
87.6

	
526.8




	
B18V15

	
246.4

	
135.3

	
652.9




	
B18V34

	
239.9

	
175.6

	
779.7




	
Sinhorelli (2019) [44]

	
S19V0

	
174

	
0

	
250.5




	
S19V5

	
179.3

	
68.1

	
401




	
S19V9

	
187.4

	
108.7

	
460.4




	
S19V17

	
198.3

	
152.7

	
524.3
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Table 7. Fresh density, incorporated air content, cement, and vermiculite content from different authors’ studies [7,41,44].






Table 7. Fresh density, incorporated air content, cement, and vermiculite content from different authors’ studies [7,41,44].





	
Author

	
Samples

	
Cement Content (%)

	
Vermiculite Content (%)

	
Fresh Density (kg/m3)

	
Incorporated Air Content (%)






	
Sinhorelli (2019) [44]

	
S19V0

	
8.70%

	
0.00%

	
2115.00

	
20.80%




	
S19V5

	
12.60%

	
5.00%

	
1753.20

	
26.10%




	
S19V9

	
16.15%

	
9.00%

	
1576.30

	
26.70%




	
S19V17

	
22.63%

	
17.00%

	
1358.90

	
26.30%




	
Cintra et al. (2014) [7]

	
CT14V34

	
20.00%

	
34.00%

	
1270.00

	
23.95%




	
CT14V40

	
25.00%

	
40.00%

	
1210.00

	
29.23%




	
Silva et al. (2010) [41]

	
SV10V0

	
12.00%

	
0.00%

	
1530.00

	
24.00%




	
SV10V2

	
12.00%

	
2.00%

	
1310.00

	
30.00%




	
SV10V3.5

	
12.00%

	
3.50%

	
1220.00

	
31.00%




	
SV10V5

	
12.00%

	
5.00%

	
1140.00

	
36.00%




	
SV10V10

	
12.00%

	
10.00%

	
1040.00

	
36.00%
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Table 8. Correlation of porosity, hardened density, and vermiculite content [17,41,43].






Table 8. Correlation of porosity, hardened density, and vermiculite content [17,41,43].





	
Author

	
Samples

	
Vermiculite Content (%)

	
Hardened Density (kg/m3)

	
Porosity (%)






	
Silva et al. (2010) [41]

	
SV10V0

	
0.00%

	
1330.00

	
29.70%




	
SV10V2

	
2.00%

	
1150.00

	
43.00%




	
SV10V3.5

	
3.50%

	
1020.00

	
56.80%




	
SV10V5

	
5.00%

	
930.00

	
78.20%




	
SV10V10

	
10.00%

	
880.00

	
-




	
Palomar (2015) [43]

	
P15V0

	
0.00%

	
1880.00

	
17.83%




	
P15V3

	
3.00%

	
1650.00

	
24.79%




	
P15V7

	
7.00%

	
1420.00

	
29.16%




	
Barros (2018) [17]

	
B18V0

	
0.00%

	
1900.30

	
28.90%




	
B18V3

	
3.00%

	
1756.70

	
34.30%




	
B18V7

	
7.00%

	
1417.90

	
47.70%




	
B18V15

	
15.00%

	
1022.20

	
59.60%




	
B18V34

	
34.00%

	
686.40

	
73.80%
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Table 9. Values of capillarity index and vermiculite content from the reviewed articles [17,41,43,44].






Table 9. Values of capillarity index and vermiculite content from the reviewed articles [17,41,43,44].





	
Author

	
Samples

	
Vermiculite Content (%)

	
Capillarity Index (kg/m2·min0.5)






	
Silva et al. (2010) [41]

	
SV10V0

	
0.00%

	
0.09




	
SV10V2

	
2.00%

	
0.07




	
SV10V3.5

	
3.50%

	
0.07




	
SV10V5

	
5.00%

	
0.06




	
SV10V10

	
10.00%

	
0.05




	
Palomar (2015) [43]

	
P15V0

	
0.00%

	
0.53




	
P15V3

	
2.83%

	
1.48




	
P15V7

	
7.35%

	
1.30




	
Barros (2018) [17]

	
B18V0

	
0.00%

	
1.35




	
B18V3

	
3.00%

	
1.20




	
B18V7

	
7.00%

	
1.77




	
B18V15

	
15.00%

	
2.91




	
B18V34

	
34.00%

	
2.69




	
Sinhorelli (2019) [44]

	
S19V0

	
0.00%

	
1.09




	
S19V5

	
5.00%

	
1.41




	
S19V9

	
9.00%

	
1.28




	
S19V17

	
17.00%

	
1.45
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Table 10. Values of compressive strength and cement and vermiculite content in the articles studied [7,17,41,43,44,45].






Table 10. Values of compressive strength and cement and vermiculite content in the articles studied [7,17,41,43,44,45].





	
Author

	
Sample

	
Cement Content (%)

	
Vermiculite Content (%)

	
Compressive Strength (MPa)






	
Silva et al. (2010) [41]

	
SV10V0

	
12.00%

	
0.00%

	
3.56




	
SV10V2

	
12.00%

	
2.00%

	
2.11




	
SV10V3.5

	
12.00%

	
3.50%

	
1.42




	
SV10V5

	
12.00%

	
5.00%

	
1.03




	
SV10V10

	
12.00%

	
10.00%

	
1.01




	
Cintra et al. (2014) [7]

	
CT14V34

	
20.00%

	
34.00%

	
1.25




	
CT14V40

	
25.00%

	
40.00%

	
1.36




	
Palomar (2015) [43]

	
P15V0

	
12.00%

	
0.00%

	
4.89




	
P15V3

	
14.76%

	
2.83%

	
5.00




	
P15V7

	
19.19%

	
7.35%

	
3.00




	
Barros (2018) [17]

	
B18V0

	
12.38%

	
0.00%

	
5.58




	
B18V3

	
15.16%

	
3.00%

	
5.70




	
B18V7

	
19.55%

	
7.00%

	
2.99




	
B18V15

	
27.54%

	
15.00%

	
2.16




	
B18V34

	
46.54%

	
34.00%

	
1.74




	
Sinhorelli (2019) [44]

	
S19V0

	
8.70%

	
0.00%

	
6.14




	
S19V5

	
12.60%

	
5.00%

	
4.20




	
S19V9

	
16.15%

	
9.00%

	
2.72




	
S19V17

	
22.63%

	
17.00%

	
2.25




	
Gündüz and Kalkan (2019). [45]

	
G19V0

	
30.00%

	
0.00%

	
3.19




	
G19V24

	
30.00%

	
24.00%

	
0.96
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Table 11. Values of flexural strength and cement and vermiculite content of the studied articles [17,41,43,44].






Table 11. Values of flexural strength and cement and vermiculite content of the studied articles [17,41,43,44].





	
Author

	
Sample

	
Cement Content (%)

	
Vermiculite Content (%)

	
Tensile Strength (MPa)






	
Silva et al. (2010) [41]

	
SV10V0

	
12.00%

	
0.00%

	
1.56




	
SV10V2

	
12.00%

	
2.00%

	
1.14




	
SV10V3.5

	
12.00%

	
3.50%

	
0.79




	
SV10V5

	
12.00%

	
5.00%

	
0.55




	
SV10V10

	
12.00%

	
10.00%

	
0.45




	
Palomar (2015) [43]

	
P15V0

	
12.00%

	
0.00%

	
1.59




	
P15V3

	
14.76%

	
2.83%

	
1.57




	
P15V7

	
19.19%

	
7.35%

	
1.74




	
Barros (2018) [17]

	
B18V0

	
12.38%

	
0.00%

	
1.90




	
B18V3

	
15.16%

	
3.00%

	
1.84




	
B18V7

	
19.55%

	
7.00%

	
1.46




	
B18V15

	
27.54%

	
15.00%

	
1.11




	
B18V34

	
46.54%

	
34.00%

	
0.84




	
Sinhorelli (2019) [44]

	
S19V0

	
8.70%

	
0.00%

	
2.54




	
S19V5

	
12.60%

	
5.00%

	
1.86




	
S19V9

	
16.15%

	
9.00%

	
1.50




	
S19V17

	
22.63%

	
17.00%

	
1.18
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Table 12. Thermal property of mortars with vermiculite [17].






Table 12. Thermal property of mortars with vermiculite [17].





	
Properties

	
Mix Design




	
0%

	
25%

	
50%

	
75%

	
100%






	
Thermal conductivity (W/m·K)

	
1.34

	
1.08

	
0.62

	
0.34

	
0.24




	
Thermal resistivity (m·K/W)

	
0.746

	
0.927

	
1.605

	
2.981

	
4.256




	
Volumetric heat capacity (MJ/m3K)

	
2.42

	
2.18

	
1.50

	
1.32

	
1.23




	
Thermal diffusivity (mm2/s)

	
0.57

	
0.50

	
0.42

	
0.26

	
0.19
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Table 13. Thermal mortar performance in EVSS [17].






Table 13. Thermal mortar performance in EVSS [17].





	
External Vertical Sealing Systems (EVSS)

	
Properties

	
Mix Design




	
0%

	
25%

	
50%

	
75%

	
100%






	
-

	
Thermal conductivity of the coating mortar (W/m·K)

	
1.34

	
1.08

	
0.62

	
0.34

	
0.24




	
Ceramic bricks coated on both sides

	
Thermal transmittance (W/m2K)

	
2.42

	
2.36

	
2.18

	
1.92

	
1.73




	
Thermal capacity (kJ/m2K)

	
177.7

	
167.7

	
139,0

	
131.3

	
127.5




	
Concrete blocks coated on both sides

	
Thermal transmittance (W/m2K)

	
2.94

	
2.87

	
2.63

	
2.28

	
2,04




	
Thermal capacity (kJ/m2K)

	
204.9

	
195.1

	
167.2

	
159.8

	
156.1
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