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ABSTRACT 

Lightweight concrete plays a significant role in the safety of maintaining human life. It is 

composed of cement and aggregates. The lightweight concrete can reduce the density of the 

whole structural building and improve thermal and sound insulation properties while 

maintaining adequate strength. The lightweight aggregates can be produced from porous 

stone, fly ash, expanded slag, volcanic scoria, perlite, and clay. In this research, the 

aggregates component is naturally formed, such as expanded clay, perlite, tuff, and 

bentonite. 

This study focuses on the investigation of expanded clays and lightweight aggregates made 

from them and how the properties of the aggregates can be influenced. This study also aims 

to build a model capable of predicting the characteristics of LWAs. Furthermore, 

examination of the applicability of some natural additive materials (perlite, rhyolite tuff, and 

bentonite) to enhance the physical and mechanical properties of lightweight aggregates 

(LWAs) and lightweight concrete (LWCs). Finally, this study shows the effect of the mineral 

phases of aggregates on the properties of LWAs. 

To achieve these objectives, fifteen expanded clays were collected and tested from clay 

deposits in Egypt and Hungary. All these clays were suitable for the manufacture of 

lightweight aggregate. Besides the raw clay materials, three different additive materials 

(perlite, rhyolite tuff, and bentonite) were mined from Hungary. X-ray fluorescence 

spectroscopy (XRF) and X-ray powder diffraction (XRD, Rietveld method) were used to 

analyze the chemical and mineral composition of these samples. 

The heating microscope (HM) was used to assess the expansion capacity of the samples. 

After determining the optimal amount of the natural additives (10 wt%), the green pellets 

were produced by hand rolling and a handmade pelletizer by combining 90 wt% of expanded 

clay with 10 wt% of the additive materials. The green pellets were fired at various 

temperatures. The required firing temperatures to manufacture LWAs are 1225ºC for the 

Hungarian clays (low kaolinite content) and 1275ºC for the Egyptian clays (high kaolinite 

content). The physical and mechanical properties were distinguished based on the European 

standard. Moreover, the pore structure was studied by scanning electron microscope (SEM). 

After defining all the properties of the lightweight aggregate, the lightweight concrete cubes 

were manufactured based on the standard. 
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Based on the results of this research, an integrated model can be derived statistically to 

predict the density of LWAs. With a modified Riley diagram, it is also possible to estimate 

the density of samples using chemical and mineral composition. The additives' application 

affected the expansion process of the clays, density, and mechanical strength of the LWAs. 

The results showed a strong correlation between the amount of amorphous phase in LWA 

samples and the density of LWAs. Finally, the bulk density and uniaxial compressive 

strength of lightweight concrete made it suitable for use as lightweight structural concrete. 
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CHAPTER 1 

Introduction and literature review 

1.1 Introduction  

Lightweight concretes (LWCs) are promising structural materials nowadays. They can 

produce structures, bridges, and buildings with reduced density. The essential component of 

LWCs is the lightweight aggregate (LWAs), which can divide into the following groups: 1) 

natural aggregates, 2) industrial waste lightweight aggregates, and 3) artificial lightweight 

aggregates [1].  

Lightweight aggregates can be processed or produced from porous stone, fly ash, expanded 

slag, volcanic scoria, perlite, and clay. The LWA is also an ideal primary material for LWCs 

products (masonry blocks, slab elements, etc.), lightweight load-bearing concrete, backfill, 

green roofs, and soil for ornamental plants and vegetable gardening.    

Due to their thermal performance, sound insulation, and good fire resistance, lightweight 

aggregates are becoming the focus of interest worldwide [1, 2, 3]. Lightweight aggregates 

are made from clay, shale, slag, natural pumice, tuff, and perlite. The prepared LWAs from 

expanded clay must expand to approximately twice their original volume [3]. 

During the industrial process, clay is crushed, screened to size, and fired in a rotary kiln. The 

LWA manufacturing process is divided into three major stages: pellet formation, sintering 

(firing), and defining the properties of these LWA.  

In the first stage, specific proportions of clay materials are grounded. The pelletizer or hand 

with a suitable water addition is used for forming the unfired granules [4, 5]. Unfired 

granules are typically dried and sintered after granulation. The typical sintering temperatures 

for LWA are between 1000°C and 1300°C [6].  

The sintering is the second stage for processing the LWA. With sintering, the most critical 

factors in the processing of LWA production are pyro-plastic deformation, gas generation, 

and gas retention. All these factors can be controlled in aggregate expansion (bloating). The 

mechanism of expansion in LWAs, which takes place in several steps, was described by 

Riley [7]. The first step is the evolution of gasses at a specific temperature where the material 

is in its visco-plastic state. The gas generation sources in this process can be the reduction 

of ferric oxide, the combustion of organic matter, or the thermal decomposition of carbonates 

[8, 9, 10]. In the second step, a partially molten state of the clay prevents the escape of gases. 

Finally, after cooling, the molten phases remain as amorphous content containing different 
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crystalline compounds depending on the composition of the raw material [5]. When the 

temperature is too high during sintering, excess gas can evolve through the surface of the 

aggregates, improving the overall porosity and creating continuous pores [11].  

Moreover, further rises in temperature beyond the pyro-plastic range can lead to viscous 

flow, reducing porosity and pore size [12]. Expanded aggregates produced by heat treatment 

have a lower density than unfired aggregates and result in lighter concrete products. 

It is difficult to determine which components cause bloating, but the ratio of silica and 

alumina content to flux content is usually considered a significant parameter [7]. However, 

the proportion of alumina-iron oxides-alkaline earth elements, regardless of silica content, 

is also informed to control bloating.  

Finally, a clinker cooler is used to decline rapidly the temperature of the aggregates, which 

are finally crushed and screened if necessary. The properties of the produced aggregates are 

the final stage in defining the LWA. These properties of LWAs will discuss later. 

Figure 1.1 summarizes the processes of lightweight aggregate formation from start to finish. 

 

 

Figure 1.1 Flowchart of LWA production (http://www.ftmmachinery.com) 

 

http://www.ftmmachinery.com/
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1.2 The objectives of the thesis  

This research aims to create an integrated statistical model based on chemical oxides and 

expansion data to predict the properties of LWAs (bulk density and uniaxial compressive 

strength). Furthermore, enhancing the properties of LWAs with additive materials (perlite, 

tuff, and bentonite), such as bulk and particle density, uniaxial compressive strength, and 

expansion, as well as determining which amounts are suitable for use as additives. Moreover, 

providing information and studying the development of mineral phases and their effect on 

the properties of LWAs. Finally, producing lightweight concrete using lightweight 

aggregates with some additive materials to improve the properties of LWC.  

1.3 Theoretical background and literature overview 

The literature review aims to show and introduce the theoretical background on expanded 

clay's chemical and mineral composition and its effect on LWA expansion. The properties 

of the LWA and LWC and the effect of their additives were also mentioned. Finally, the 

interfacial transition zone (ITZ), which affects the properties of the concrete cubes, is being 

studied. 

1.3.1 Chemical composition and bloating mechanism of LWAs 

The chemical composition of the expanded clay is the most crucial factor affecting the 

bloating mechanism. This mechanism is determined by the ratio of three chemical oxide 

groups; these oxides are as follows:  

– SiO2,  

– Al2O3,  

– Total flux (Fe2O3 + MgO + CaO + Na2O + K2O) [7, 12]. 

Riley [7] proposed that bloating factors are: 

1- The raw materials have a chemical composition that allows for the formation of 

amorphous content. 

2- Gases are produced and trapped by the liquid phase formed by high temperatures. 

Riley's study includes a bloating area where bloating behavior occurs in a ternary diagram 

composed of SiO2, Al2O3, and total flux (Figure 1.2). 

 



                                                    4 

 

Figure 1.2 Riley Ternary diagram with the bloating area [7] 

 

Many studies have investigated the effect of the chemical oxide group on the bloating 

mechanism. Further rises in temperature beyond the pyro-plastic range can lead to viscous 

flow, reducing porosity and pore size [13]. It can also be affected in terms of viscosity [14]. 

There was a positive relationship between the bloating mechanism and total porosity. A non-

porous vitrified surface layer (shell) must have an effective bloating mechanism to trap the 

gases released [15]. Furthermore, the chemical composition was used to predict the bloating 

mechanism in expanded clay minerals. 

Dondi et al. [12] attempted to improve the schemes of the Riley and Cougny based on the 

bulk chemical composition of expanded clay bodies. These schemes are used to determine 

the bloating characteristics of lightweight aggregates. They attempted to predict and control 

the technological performance of LWA during firing by controlling the sintering and 

expansion of LWA. Aggregate expansion influences bulk density, uniaxial compressive 

strength, and water absorption in various applications (such as structural and non-structural 

lightweight concretes).  

1.3.2 Mineralogical characterization of clays and its effect on the properties of LWAs  

The mineral composition is the second factor that influences the properties of LWA. During 

sintering, the mineralogy of the LWA changes. Clay minerals are the most common minerals 

found near the Earth's surface. They form in soils and sediments and through diagenetic and 

hydrothermal rock alteration. Most clay minerals are hydrous aluminum silicates. Clay 

minerals are composed structurally of planes of cations arranged in sheets that can be 

tetrahedral or octahedral coordinated (with oxygen), which are then arranged into layers that 
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are often described as 2:1 if they involve units composed of two tetrahedral and one 

octahedral sheet or 1:1 if they involve units of alternating tetrahedral and octahedral sheets. 

Some 2:1 clay mineral has interlayer sites between successive 2:1 unit that hydrated 

interlayer cations can occupy.  

The mineralogical composition of the expanded clay deposits includes smectite, kaolinite, 

chlorite, and illite, as well as quartz, feldspars, and calcite. Besides, some mineral phases, 

such as muscovite and vermiculite, are associated with clay minerals. Many clay mineral 

deposits have been bloated and can be used to form LWA [16, 17]. The influence of CO2 

produced by heating calcite and dolomite in clay rocks on bloating is strong; illitic clay was 

a more effective trap, resulting in more liquid phase generation than kaolinitic clays [12]. 

Most initial phases are transformed into neo-formed minerals during the thermal treatment. 

Based on previous research discussions, there is a link between mineral phases and the 

physical and mechanical properties of lightweight aggregates. 

The following are some examples of mineral transformations with temperature and their 

effects on the properties of LWA:  

– Zhang et al. [18] stated that the forsterite mineral, which belongs to the olivine group of 

nesosilicates, has some effects on strength. Forsterite mineral has poor thermal shock 

resistance, and if this phase forms, internal stresses during cooling can form micro-

cracks, reducing uniaxial compressive strength. 

– On the contrary, the mullite phase, formed during the thermal decomposition of illitic 

and kaolinitic clays, has been linked to improved strength [13]. Nonetheless, the impact 

of neo-formed phases on the physical properties of lightweight aggregates has received 

little attention. 

On the other hand, as the temperature grew, the intensity of the quartz mineral phase 

diminished. The intensity of the quartz phase reduced after the following: 

1. Forming the amorphous content. 

2. The reaction with calcium ions results in the formation of an anorthite mineral [2]. 

1.3.3 The effect of firing treatment and cooling on the properties of LWAs 

Temperatures above the pyro-plasticity range can cause viscous flow, reducing porosity and 

pore structure. The heating rate also affects the microstructure of expanded clay in 

lightweight aggregates. If the required heating rate did not achieve, the materials would not 

be able to complete vitrifying, allowing any produced gases to escape without causing 

expansion or bloating [19]. 
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Furthermore, the uniaxial compressive strength values of the LWAs must be higher than 1 

MPa [2]. The water adsorption values of the samples were initially lower than (4%) and 

declined with rising temperature due to the formation of the amorphous content, which 

softened the walls of the pores and sealed the tiny pores (0.1 mm) that were connected to 

large pores (>0.2 mm). In addition, as the temperature rose, the aggregates' uniaxial 

compressive strength and density diminished. On the other hand, the amorphous phases in 

lightweight aggregates originate from various sources. One of these sources is the high 

temperatures. The amount of amorphous phases increases with a very high temperature [2]. 

Finally, the temperature strongly correlates with pore size towards the surface; as 

temperature rises, pore size diminishes towards the surface. In contrast, as the sintering 

temperature grew, the total porosity improved, and extra gas was generated [10].  

Fast cooling is one of the most important keys in the cooling stage, which resulted in the 

formation of micro-cracks and weakened materials. Slow cooling could be enhanced the 

uniaxial compressive strength of lightweight aggregates by 114% if the cooling rate was 7°C 

/min. The difference in average oxidation state in the matrix phases between 700°C and 

900°C led to substantial changes in the thermal behavior of the matrix phase. The highly 

oxidized state and a decreased core verified to development of the strength of lightweight 

aggregates [20]. 

1.3.4 Properties of LWAs  

The current knowledge of using expanded clays as the primary raw materials for LWA/LWC 

production. The properties of the LWA/LWC depend on the characterization of the used raw 

material as a unique body. Based on the literature, the models for predicting the properties 

of LWA were absent. Moreover, these models need a lot of physical, mechanical, and 

mineralogical data to build them. Therefore, in this section, I highlight the different 

mentioned properties of lightweight aggregates and concrete.  

The properties of the aggregates are the final stage in defining the LWA. According to the 

definition, lightweight aggregates have the following physical and mechanical properties: 

1) The bulk density is less than 1.2 g/cm3, and the particle density is less than 2 g/cm3 

(according to European Union regulation EN 13055-1:2002) [21, 22]. 

2) The uniaxial compressive strength (UCS) exceeds 1 MPa [17]. 

3) Lightweight expanded clay aggregates are porous ceramic products with a high 

uniform pore structure. The enormous numbers of small and air-filled cavities in 
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LWAs diminished the density and gave its lightweight rising in thermal and sound 

isolation [3, 13]. 

4) The ideal clay lightweight aggregates for use in concrete must be roughly spherical, 

have a diameter of the pellet of 4–14 mm, have a porous, sintered core, and have an 

impermeable rough surface to improve the bond between cement and aggregate [3, 

22] (Figure 1.3). 

 

Figure 1.3 Interconnected holes and air-filled cavities of different sizes [3] 

5) The sintering is the most crucial process for increasing porosity and water absorption. 

The increase in porosity reduced the value of the uniaxial compressive strength of 

lightweight clay aggregates [23, 24]. The uniaxial compressive strength of 

lightweight clay aggregates can improve with uniform pore size, which causes 

uniform stress distribution throughout the microstructure. 

6) The plasticity of clay aggregates is high, followed by reducing the bulk density of 

the fired aggregates. At high temperatures, the bloating mechanism in clay minerals 

occurs when the viscous silicate-containing phase traps the gases released [20, 25]. 

1.3.5 Effect of additive materials on the properties of LWAs  

On the other hand, additive materials can enhance the physical, mechanical, or expansion 

properties of lightweight aggregates [26, 27]. Many researchers used additive materials to 

enhance the properties of the LWAs. Some additives, such as iron, can improve expansion, 

but bulk density and uniaxial compressive strength are simultaneously reduced [24]. 

Generally, adding iron contents to LWA generated large pores in the middle part of the pellet 

but did not influence the uniaxial compressive strength, density, or total porosity of the 

aggregates [24].  

With the mixing of CaF2, growth in the amorphous content was achievable, but it declined 

the sintering and melting temperature by 125-200°C lower than the temperature used in the 

production of LWAs [28, 29, 30].  
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According to Moreno-Maroto et al. [31], carbon fibers positively influence the different 

properties of LWA, such as particle density, porosity, and uniaxial compressive strength, 

and they lower sintering temperature, reducing energy consumption. The particle density can 

reduce by replacing 5-10 wt% of the carbon fiber with LWA. A reduction in particle density 

is directly related to growth in total porosity. Furthermore, carbon fibers enhanced the 

uniaxial compressive strength of aggregates.  

Islam et al. [32] attempted to improve some properties of lightweight expanded clay 

aggregates by partially substituting clay with 20 wt%, 35 wt%, and 50 wt% soda lime silica 

glass. After adding soda lime silica glass, the sintering temperatures were 850°C, 950°C, and 

1050°C. Also, the crushing resistance of lightweight expanded clay aggregates improves. In 

contrast, bulk density and water absorption were both reduced. Table 1.1 summarizes the 

additives and their effects according to the literature overview.  

Table 1.1 The influence of the additive materials on the properties of LWAs 

Author(s) 
Additive 

types 

Amount, 

[wt%] 
Effect 

Moreno-Maroto. et 

al., [2017] [31] 

Carbon 

fibers 
5-10 

• Drop in particle density, 

• Improve in total porosity, 

• Enhanced uniaxial compressive strength, 

•  Carbon fiber can achieve energy savings. 

Bernhardt et al., 

[2014] [24] 

Na2CO3, 2 • High open porosity with poor expansion. 

SiO2, 5 • Rise in porosity. 

Fe2O3 and 

Fe 
5 • Enhanced porosity and a high expansion. 

Lee and Liu [2009] 

[28] 
CaF2 10–20 

• Enhanced the uniaxial compressive 

strength. 

Wei. et al., [2018] 

[30] 
CaF2 10–20 • Temperature takes down by 200°C. 

Islam et al., [2016] 

[32] 

Soda-lime 

silica glass 
20-50 

• Bulk density and water absorption 

declined, 

• Improvement in crushing resistance of 

LWA. 

 Lee, [2016] [10]  

Carbon and 

kerosene 
2-4-6 

• Decline in density, 

• Lower expanding and sintering 

temperature. 

Liu et al., [2017] [33] Autoplastic 1 
• Increased porosity by 39.5%, 

• Bulk density declined by 28.5%. 

Fakhfakh et al., 

[2007] [34] 

Quartz + 

automobile 

oil 

15+1 
• Drop in bloating temperature. 

• High water absorption capacity. 

Abdelfattah, et al., 

[2020] [35] 
Bentonite 5-10-20 

• Decreased in density, 

• High uniaxial compressive strength, 

• High expansion 

 

https://www.jkcs.or.kr/articles/search_result.php?term=author&f_name=Ki%20Gang&l_name=Lee
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1.3.6 Literature reviews on additive materials used in this research 

In this research, perlite, tuff, and bentonite were natural additive materials that can be mixed 

with clays to improve the properties of lightweight aggregates and concrete. Perlite and tuff 

are volcanic rocks composed of amorphous glass and have a chemical composition similar 

to rhyolite [36, 37, 38, 39]. Perlite materials have a high silica content (above 70 wt%) and 

a low equilibrium water content (2–5 wt%) [40]. Expanded perlite (EP) and non-expanded 

perlite (NEP) are the two types of perlite. The perlite material can be expanded to 10–20 

times its initial volume after rapid heating to 850–1150°C [40]. The structure will change 

due to trapped gases during a liquid-vapour phase transition [41], forming lightweight porous 

expanded perlite. 

According to some researchers, perlite can be used as micro-fillers to improve the 

mechanical, thermal, and rheological properties of the polymers. Expanded perlite (EP) can 

use in construction, such as brick, plaster, wall, and floor block [42, 43, 44].  

The expanded perlite aggregates can be blended with regular aggregates in appropriate 

proportions to achieve various benefits. Perlite materials have a spherical shape, which 

provides significant benefits such as low sound transmission, high fire resistance, large 

surface area, low moisture retention, and low density [39, 40, 41, 42, 43, 44, 45, 46, 47, 48].   

Another advantage of perlite material is that earthquake damage to high-rise structures can 

take down since the unit weight of the concrete can diminish once conventional aggregates 

are replaced with perlite [49, 50, 51]. The natural perlite powder has a considerable 

pozzolanic action, is thermally stable, and is an excellent active mineral admixture for 

concrete [42, 43, 44].  

Moreover, the tuffs can produce lightweight aggregates without any gas-releasing additive 

[52]. The high-water content of tuffs makes them particularly desirable for producing LWA. 

Due to this content, there is a high porosity level, which helps reduce the density of the LWA 

[53].  

Tuff materials are crystalline aluminosilicates classified into two groups: IA and IIA based 

on distinct components such as Na, Ba, and Ca [53, 54]. Tuffs have a high SiO2/Al2O3 ratio 

and a three-dimensional structure (3D) of massive porosity channels. The most notable 

benefits of tuffs are their excellent thermal and hydrothermal stability and their resistance to 

pore obstruction [55]. Tuffs have a heating temperature range of 750-1150°C. When fired at 

low temperatures, the glass formation had a substantially lower number of pores than when 

fired at higher temperatures [56]. Due to natural zeolites being promising alternatives for 
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feldspathic fluxes in ceramic bodies, Dondi et al. [57] examined their usage in ceramic tiles. 

Their further research focused on the effect of zeolites on sintering and the technical 

properties of porcelain stoneware tiles [58]. Dondi et al. [59] investigated LWA from zeolitic 

tuff with density (0.5–0.7 g/cm3) at 1350–1500°C; moreover, the firing expansion of tuffs 

was determined by their chemical composition and water content [59]. Zeolitic tuffs can use 

as lightweight concrete aggregates for enhanced properties of the concrete [60].  

Bentonite is the third additive material used in this research. The chemical formula of 

bentonite is Al2H2O12Si4. Bentonite formed by weathering effect on volcanic ash mainly 

consists of montmorillonite and different composition of other minerals, such as quartz, 

sodium, and calcium feldspar [61]. Generally, bentonite types are Ca-bentonite and Na-

bentonite. Na-bentonite had high-swelling clay, while Ca-bentonite had less swelling 

capacity upon hydration with water [62]. Structurally, montmorillonite is classified as 2:1 

layered aluminosilicate and consists ideally of one alumina octahedral sheet between two 

silica tetrahedral sheets [63, 64].  

Bentonite material has significant engineering claims, especially in municipal construction 

and barriers for storing spent nuclear fuel [62, 65, 66, 67, 68, 69]. 

In construction and building material application, which is vital for my research, some 

studies deal with the effect of calcined bentonite on fresh and hardened concrete properties. 

Research shows that the workability, fresh density, and water absorption of concrete 

declined while the uniaxial compressive strength grew as the amount of bentonite increased 

[70, 71]. Taylor-Lange et al. [72] and Rajczyk and Langier [73] mentioned the positive 

influence of calcined bentonite as a cement substitute for its physical and mechanical 

properties. This calcined bentonite greatly affected the pozzolanic activity, consistency, and 

setting time of cement paste; bulk density and uniaxial compressive strength improved, and 

apparent porosity diminished by replacing a part of the cement [74]. The strength activity 

index of the cement with bentonite in its natural state and after heating at 500°C and 900°C 

was determined, and the results showed that the strength activity index would meet the 

requirements (over 75% at 28 days of curing) [75]. 

1.4 Literature review of LWCs  

One of the essential materials in building and construction is lightweight structural concrete 

(LWC). Based on many advantages, including a higher strength-to-weight ratio, improved 

tensile strength, low thermal expansion, and good insulation properties due to the air pores 

in the lightweight aggregate [76, 77]. Furthermore, using lightweight aggregates in concrete 
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could reduce the unit weight of construction in the cross-section of steel-reinforced beams, 

plates, and foundations [78]. The lightweight concrete consists of two main components, 

aggregates, and cement. The interfacial transition zone (ITZ) is the microstructure zone 

formed from hydrated cement paste surrounding the aggregates. Lightweight concrete limits 

are as follows:  

- The bulk density is lower than 1840 kg/m3  

- The uniaxial compressive strength is higher than 18 MPa [79].  

The produced type of LWCs depends on the availability of the material [6], as observed in 

those considered to have been used, such as expanded clay [80,81], expanded shale [82], and 

sintered fly ash [83]. Moreover, natural materials such as pumice [84, 85, 86], volcanic scoria 

[87], perlite [88, 89], volcanic slag [90], and tuff [91] have also been used.   

1.4.1 Interfacial transition zone (ITZ) 

The interfacial transition zone (ITZ) is a layer formed between cement and aggregate, 

consisting of a 1 µm thick double layer of calcium hydroxide crystals Ca(OH)2 and calcium 

silicate hydrate (C-S-H) gel. The microstructure of the interfacial transition zone can affect 

the properties of the aggregates, specifically their porosity and water absorption [92]. The 

thickness of the interfacial transition zone is about 40–50 µm, which is farthest from the 

aggregates and contains larger calcium hydroxide crystals [6]. Figure 1.4 shows the 

components of the LWC patches [92]. 

 

Figure 1.4 (a) ITZ formation of curing clay concrete. (b) Enlargement of ITZ area [92] 

The cement particles are unable to bind strongly enough with the relatively large aggregate 

particles in this zone, resulting in the "wall effect"; as a result, the ITZ has a much higher 

porosity (2 to 3 times) than the hardened cement paste farthest from the aggregate particles 

[93]. The aggregate and cementitious matrix properties also impact the ITZ properties. 
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Several researchers have discovered that the grain size distribution, water/cement ratio, 

aggregate size, and aggregate type all significantly impact ITZ properties [94, 95]. 

The physical properties, chemical composition, crystalline structure, and morphological 

structure of lightweight aggregates all contribute to ITZ densification (lower porosity and a 

more significant number of hydrated phases). Physical properties such as surface porosity 

contributed to the deposition of cement particles, reducing the wall effect of ITZ formation. 

Due to the chemical composition and crystallinity degree, pozzolanic reactivity between the 

cementitious paste and the surface of the pumice aggregates can occur, resulting in the 

interlacing of hydrated phases on the surface [92]. 

1.4.2 Properties of LWCs 

Many researchers measured the properties of lightweight concrete. From these literature 

reviews, the main properties of lightweight concrete are bulk density, porosity, water 

absorption, and uniaxial compressive strength (UCS). The previously mentioned properties, 

the modulus of elasticity, and uniaxial compressive strength range in the lightweight clay 

concrete aggregates were 22.6 GPa –30.2 GPa, and 20.8 MPa –28.5 MPa, respectively. The 

density range of this concrete is 1890 kg/m3 to 1870 kg/m3 [78, 96].  

The thermal conductivity of the lightweight expanded clay concrete was mentioned in many 

references. Bastos et al. [97] mentioned there is an increase in the percentage of water 

absorption of concrete cubes by adding more lightweight expanded clay aggregates. Besides, 

they mentioned that the thermal conductivity values for concrete containing 65 wt%, 70 

wt%, and 80 wt% of lightweight clay aggregates as coarse aggregate were 0.51, 0.44, and 

0.33 W/m·K when the amount of cement was 214 kg/m3.  

The concrete includes lightweight clay aggregates (part of the aggregates), indicating high 

sound and thermal insulation. The thermal conductivity reached up to 0.5 W/m·K with the 

combination of lightweight aggregates [98]. The thermal conductivity range of the 

lightweight expanded clay concrete was 0.16- 0.25 W/m⋅K [99, 100, 101]. Based on previous 

literature, bulk density and uniaxial compressive strength are the most properties to define 

the LWCs types. The standard limits for lightweight structural concrete have a bulk density 

of less than 1.8 g/cm3 and a uniaxial compressive strength greater than 18 MPa [78, 102, 

103].  

Table 1.2 summarizes some of the physical and mechanical properties of concrete made of 

lightweight expanded clay aggregates in the previous literature overview. 
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Table 1.2 Literature review of the changing properties of concrete using expanded clay 

Author(s) 
Contents of expanded 

clay, [%] 
Size, [mm] UCS, [%] 

Density 

change, 

[%] 

Ali and Mohamad [2016] [103] 

10 4–10 +19 +11.5 

20 4–11 +29.10 +18.95 

25 4–12 +36.90 +26.13 

Campione et al. [2001] [104] 100 3–7, 7–17 -0.80 -34.92 

Salem et al. [2014] [105] 100 4–16 -37 -16.36 

Jόz´wiak-Niedz´wiedzka [2005] 

[106] 
33.3-50 0-2 -12.4 -6.26 

-3.4 and -

4.2 

Bogas et al. [2014] [107] 100 4 to 12 
-34.5 -

36.22 

-24.3 and -

24.38 

Khafaga [2012] [108] 50-50 NA -3.40 ND 

Cavaleri et al. [2003] [109] 100-100 3–7, 7–15 -8.30 -27.74 

Wegian [2012] [110] 100+100 
2–4, 4–8, 

8–20 

-37.59 -

69.45 

-28.4 -

26.36 

Nováková et al. [2015] [111] 100+100 0–4, 4–8 -48.73 ND 

Hodhod and Abdeen [2010] [112] 100+100 2.4–4.76 -49 -55.97 -44.40 

Yoon et al. [2015] [113] 100 10 -30.10 -18.20 

Malešev et al. [2014] [114] 100 4 to15 -21.20 -21 

Moravia et al. [2010] [115] 100 <19 
-17.23 -

35.83 
-29.68 -32 

Bogas and Gomes [2015] [116] 100 <12.5 
-15.22 -

50.79 

-21.2 -

24.38 

Shankar [2016] [117] 5-20 ND -1.4: -31.24 -0.8: -3.97 

Youm et al. [2014] [118] 100 <8 
-19.1 -

20.65 
ND 

Fenyvesi [2011] [119] 100 4 to 15 -20 -18.70 

Youm et al. [2016] [120] 100 <8 
-32.8 -

35.75 

-16.14 and 

-21.4 

*(+): increasing, (-): decreasing, ND: not determined  

1.4.3 Effect of additive materials on lightweight concrete  

Many additive materials are added to the lightweight concrete to improve the uniaxial 

compressive strength and diminish the density. Nano-silica, silica fume, and fly ash are 

essential additive materials. In general, there are two ways to incorporate additive materials 

into concrete. The first is to replace a portion of the cement with additive materials. The 

additive materials are used as part of the aggregates and mixed with the cement in the second 

method. 

Wang et al. [121] stated that adding 1-3 wt% nano-silica to LWC positively influences 

uniaxial compressive strength, shrinkage, and early cracking. Adding nano-silica particles 

enhanced the uniaxial compressive strength of LWC at the early ages. The total early cracks 

strongly relate to the increasing nano-silica; the total cracking area of LWC declined with 3 
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wt% nano-silica incorporations. Partially replacing 1.8 wt% from cement with nano-silica in 

concrete containing lightweight expanded clay aggregates as coarse aggregates reduced the 

long-term total shrinkage. Also, nano-silica diminished the total shrinkage by 5% (at 28 

days) [114]. 

Silica fume can also be used as an additive for concrete (SF). Silica fume is one of the most 

well-known additives used to improve the physical and mechanical properties of lightweight 

concrete. Partial substitution (3.5-7 wt% of silica fumes) of cement in concrete containing 

LWA improved the uniaxial compressive strength and prevented chloride penetration. 

Values of UCS at 28 days were improved and reached 3.9% with the mixed concrete 

containing 7 wt% silica fume, respectively, while splitting tensile strength at the same age 

was improved by 2.23%. In contrast, the slump and the density values in the mixture of 

concrete containing 7 wt% silica fume declined by 30.43% and 2.29%, respectively. The 

modulus of elasticity improved by 3.5% [108]. Mahdy [122] mentioned 30.16%, 37.4%, and 

32.55% enhancement in the uniaxial compressive strength values, at the aged of 3 days, of 

concretes containing expanded clay (size 2.36–10 mm) as coarse aggregate by adding 5 wt%, 

10 wt% and 15 wt% SF, respectively. 

Mohammadi et al. [123] observed an improvement in the uniaxial compressive strength 

values of lightweight concrete in 90 days, reaching up to 12.97%, containing expanded clay 

as a fine aggregate by partially replacing the cement with silica fume by 15 wt%. While the 

absorption coefficient declined by 1.86% by partial replacement in cement by 9 wt% SF 

[124]. Generally, the uniaxial compressive strength of the concrete was enhanced after 

adding SF with a percentage reached 15% [125, 126]  

The third additive material is fly ash (FA). Fly ash is a fine residue produced from burning 

coal powder, then moved from the burning chamber by exhaust gases. The influence of fly 

ash on the mechanical properties of concrete is very strong. As a result, there are many 

research results about the effect of fly ash on lightweight concrete.  

Using the FA reduced the density of fresh concrete mixture containing lightweight expanded 

clay aggregates (as coarse aggregate) by 2.1% and 4.1% when cement was replaced with 

22 wt% and 40 wt%. The dry density declined by 2.13% and 4.14%, respectively. In contrast, 

the partial substitution of cement with 22 wt% and 40 wt% FA improved the chloride 

penetration at 360 days by 4.9% and 73.17%, respectively [111].  

The density of concrete with lightweight expanded clay aggregates as coarse aggregates was 

diminished by 2.13% and 23.66%, respectively, when cement was substituted by 22 wt% 

and 40 wt% FA [102]. Subasi [127] stated that partially replacing cement with 10 wt% fly 
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ash can diminish the porosity and improve the uniaxial compressive strength of concretes 

containing lightweight expanded clay aggregates as coarse and fine aggregate. The porosity 

of the concrete containing the lightweight expanded clay aggregates was reduced by 46.15%. 

In contrast, there is an enhancement of the uniaxial compressive strength at 28 days by 

7.51%. Table 1.3 summarizes different types of additives affecting some properties of LWC 

matrices. 

Table 1.3 Influence of different types of additives on some properties of LWC matrices 

*SF: silica fume, FA: fly ash. 

 

 

Author(s)  Additive, wt%  Effect 

Wang et al., [2018] [121]   1-3, nano-silica 

• Enhanced uniaxial compressive strength   

• Reduced total cracking area  

Bogas et al [2014][102]  1.8 nano-silica   • Declined long-term total shrinkage 

Youm et al. [2016] [120] 3.5-7, (SF) 

• Improved uniaxial compressive and tensile 

strength    

• Diminished slump and density  

Mahdy [2016] [122] 
5, 10%and 15, 

(SF) 
• Improved uniaxial compressive strength   

Mohammadi et al. [2015] 

[123] 

5, 10, and 15, 

(SF) 
• Enhanced uniaxial compressive strength   

Real et al. [2015] [124] 6 and 9, (SF) • Reducing the absorption coefficient  

Hosseinpoor [2007] [125] 10 and 15, (SF) 
• Enhanced uniaxial compressive and tensile 

strength    
Sarkar [1992] [126] 4.7, (SF) 

Bogas and Gomes [2015] 

[111] 
22 and 40, (FA) 

• Increased chloride penetration  

• Reduced density  

Bogas et al [2014] [102]  22 and 40, (FA) • Decreased density  

Subasi [2009] [127] 10, (FA) 
• Improved uniaxial compressive strength   

• Declined porosity  

Kumer and Prakash [2015] 

[128] 
20, slag • Enhanced uniaxial compressive strength   
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1.5 Knowledge gap and goals  

Based on the literature review, most studies deal with the production and characterization of 

LWAs and LWCs; another group of articles deals with modifying the properties of LWAs 

with artificial additives. However, no research on modeling the properties of LWAs can be 

found. There is no integrated model that predicts the properties (bulk density and uniaxial 

compressive strength) of the LWAs based on the characterization of the clay 

(chemical, mineral analysis, and expansion data).  

The effect of natural additive materials on lightweight clay aggregates and concrete's 

physical, mechanical, and expansion properties is also not studied.  

There are few studies about the change in different mineral phases formed from the reaction 

between the additive materials and clay minerals at high temperatures in lightweight 

aggregates. Therefore, from the discussion above, some questions must be answered: 

• Are there any advantages to predict the properties of the LWA?  

• Is it possible to enhance the properties of LWAs by using natural additive materials? 

• What kind of natural additive materials can be used with LWAs? 

• What kind of phases can be developed after firing? Furthermore, which of these 

phases can be affected the properties of the LWAs? 

The questions mentioned above determine the goals of my research: 

• Examination of expanded clays as a raw material used in the sample preparation of 

LWAs. 

• Use additive materials such as volcanic rocks (tuff and perlite) and sedimentary rock 

(bentonite) to improve the properties of LWA (such as bulk and particle density, 

uniaxial compressive strength, and expansion). 

• Providing information and studying the development of mineral phases and their 

effect on the properties of LWAs.  

• Creating an integrated statistical model to predict the properties (bulk density and 

uniaxial compressive strength) based on chemical oxides and expansion data. 

• Finally, producing lightweight concrete using lightweight aggregates with some 

additive materials to improve the properties of LWC. 
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CHAPTER 2 

Materials and methods 

2.1 Geological setting of the raw materials  

This chapter presents the materials and methods I used to prepare and characterize LWAs.   

I produced LWAs based on expanded clays from different locations during my experiments. 

With the help of some natural additives, this research aimed to modify the expansion process.  

Fifteen raw clay materials were collected from the Mályi quarry, Hungary (labelled Yellow 

(Y), Grey (G), and Blue (B)), as well as the quarries from Giza (1), Fayum (2), Marsa-

matrouh (3), El- Alamin (4), Sinai (5), Helwan (6, 7), and El-Saf (8, 9, 10, 11, 12) in Egypt. 

Besides, three different additive materials (perlite, rhyolite tuff, and bentonite) were used as 

natural additives to modify the properties of the produced LWAs. The additive materials 

were also collected from Hungary. The perlite mineral deposit is collected near Cser-hegy, 

while the rhyolite tuff mine is near Bodrogkeresztúr. The third additive material was 

bentonite. The bentonite originated from a deposit in Hungary (Istenmezeje). Figure 2.1 

gives an overview of the location of the raw materials, including clays and additives. 

Moreover, the location and topographic maps for each site are presented in Appendix A.  

 

Figure 2.1 Location map of the clay samples and additive materials in a) Hungary, b) Egypt 
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Geologically, the Hungarian samples were of the Lower and Upper Pannonian age [129]. 

The ages of the three samples vary slightly, the yellow sample being older (lower 

Pannonian) than the other two (upper Pannonian). Due to these age alterations, the 

composition and texture of the samples were distinct. Moreover, this change in age was 

reflected in the color and composition of the samples. For example, the grey sample had a 

dense and complex texture. In contrast, the porosity of the yellow sample was more 

significant than the others. 

In Egypt, due to their different geochemical and physical properties, clay rocks along the 

two banks of the Nile have piqued the interest of many researchers [130, 131, 132, 133]. 

These rocks are Quaternary in age. It contained a group of minerals, including smectite, 

illite, montmorillonite, and carbonate minerals, which aid in bloating. The carbonate 

minerals containing a percentage of CO2 can help the bloating process. This study collected 

samples from three places along the Nile River (Giza, Helwan, and El-Saf). Fayum clay 

rocks ranged in age from the upper Eocene to the late Pliocene. This type of clay rock 

comprises one main component, bentonite, and some sediments that contain a percentage of 

kaolin, affecting the final density of the rocks [134]. Many authors have dealt with the 

stratigraphic sequence of El-Fayum province [135]. Qasr El-Sagha Formation is divided into 

five units from top to base: Sandy limestone, Loose sands, clay with calcareous sandstone 

and limestone intercalations, Interbedded purple clay with fine sand interbeds, and 

Gypsiferous sandy clay with fossiliferous calcareous. 

The following location was El-Alamine (Sample 4) (Wadi El-Faregh). The geological age 

for this sample was the Miocene age. This rock was the oldest in this area [136]. This clay 

rock consisted of montmorillonite, kaolinite, and illite as clay minerals. In addition, the non-

clay minerals are quartz, plagioclase, gypsum, and calcite [137]. Besides El-alamine, the 

following collected sample was from Marsa-matrouh (Al-Garawlah area) (Sample 3).  

The last location from which samples were collected from Sinai. The geological age of the 

clay rocks collected from this area was Senonian and consisted of a significant proportion of 

kaolin, montmorillonite, illite, and quartz [138].  

Two different rocks of volcanic origin, perlite, and rhyolite tuff, were used for the tests and 

applied as natural additives for the production of LWA. Both additive materials come from 

Hungary, from the volcanic Zemplén Mountains. Perlite and tuff are volcanic rocks 

composed of amorphous glass and have a chemical composition similar to rhyolite [36, 37, 

139].   
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The third additive material was bentonite. Bentonite has a high SiO2/Al2O3 ratio and a three-

dimensional (3D) (Appendix A) structure of massive porosity channels.  

2.2 Sample preparation and testing methods 

Clays were dried for 24 hours at 105°C in an air-circulating electric drying chamber before 

forming into aggregates. They were easily ground for 15 minutes at 200 rpm on a Retsch PM 

400 planetary ball mill to reduce particle agglomeration and milled to pass through a 100 

µm opening sieve for further measurement [2, 24]. Figure 2.2 shows the flow chart steps for 

processing and producing the LWA/LWC in this research.  

All major and minor oxides and trace elements in raw clay materials were chemically 

characterized using XRF on the Rigaku Supermini 200 WDXRF model. The ground raw 

clay materials samples were dried to a powder of d<0.063 mm, and 5 grams of powder and 

1 gram of filler material were made. This mixture was placed in a lead ring and compressed 

at a force of 3-12 tons/cm2. Moreover, the Riley diagram was used to plot the results of the 

chemical composition after the calcined base of the chemical analysis.  

The mineralogical analysis for raw clay materials and lightweight aggregates at different 

temperatures (400°C, 800°C, 1200°C, 1225°C, and 1275°C) and the crushed lightweight 

concrete was examined using the X-ray diffraction (XRD) reference Rigaku Miniflex II using 

Cu-Kα radiation, λ = 1.5418Å, in an interval of 1h between 3° and 90°. The phase 

identification and quantitative Rietveld refinements calculating goodness of fit (GOF) were 

achieved using the Profex 4.3 software.  

The thermal characterization, comprising concurrent differential and thermogravimetric 

studies (TG/DTA), was measured by Setsys evolution, 1750 SETARAM. The heating rate for 

the thermal analyzer was 10°C/min in a stable oxygen atmosphere across a temperature range 

of 38–1200 °C.  

A heating microscope (Camar Elettronica) (Figure 2.3) was used to observe the sintering, 

melting properties, and dimensional changes of the raw clay materials (with and without 

additives) up to 1400°C with a heating rate of 10°C/min. This technique also characterized 

the bloating behavior of the clays and clay-volcanic rock mix samples. The expansion of the 

samples is the ratio of the actual height (L) of the sample during heat treatment to the original 

height (L0) according to equation (2.1).  

HE = (L - L0) / L0·100 [%]     (2.1) 

Its maximum value is the maximum height expansion (MHE). 
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Figure 2.3 Schematics diagram of the heating microscope 

*The schematics of the used instrument: (1) frame, (2) light source, (3) tube furnace, (4) high-

resolution CCD camera, (5) sample holder, (6) sample, (7) control and registering unit (computer 

with control and image evaluation software).  

After analyzing the raw materials, the green pellets were made by hand rolling and handmade 

pelletizer (formed from cylindrical mold carried by a hand roller motor and a water 

sprinkler to control the water rate; this technique is used for producing thousands of 

aggregates). The diameter of the green pellets ranged from 6 to 14 mm were used to create 

them according to [24, 34]. The processing of LWAs is summarized in Figure 2.4. 

 

Figure 2.4 Processing of the LWAs 

The pellets were dried in a drying chamber at 105°C. This method was used for clay without 

additive 1(additive-free) materials. Then the clays were mixed with 10 wt% of perlite, tuff, 

and bentonite materials (Figure 2.5).  

 

1 The term ‘additive-free’ is used instead of ‘without additives' in the tables and figures of the 

thesis. 
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Figure 2.5 a) Perlite, b) Tuff, c) Bentonite  

Dried pellets were sintered in an air atmosphere using an electrical furnace for 10 minutes 

at temperatures ranging from 1150°C to 1275°C with a heating/cooling rate of 10°C/min. In 

this study, the beneficial properties (such as bulk density, particle density, and uniaxial 

compressive strength) of the samples were achieved at 1225°C for Hungarian and 1275°C 

for Egyptian samples. Lastly, sintered products were naturally cooled down in the furnace 

after heating.  

2.2.1 The properties of the LWA 

The bulk density (BD) and particle density (PD) water absorption (WA) of the aggregates 

were measured according to the identification of standard and similar to previous literature 

studies [21] and meet European requirements.  

The bulk density was measured using the Archimedes method using equation (2.2):     

BD= WD/ (WS –WI); [g/cm3]        (2.2) 

Where: WD: dry weight of the LWAs, Ws: 24 h saturated surface-dry weight, WI: weight of 

the sample immersed in water, measured by hydrostatic balance. 

The particle density was calculated using a sand pycnometer. At least 10 pellets were put 

into a flask and covered by fine sand to measure the volume. The particle density was 

calculated by dividing the mass of the material by the measured volume, according to 

equation (2.3): 

PD = M / V; [g/cm3]             (2.3) 
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Where M is the mass of the single pellet and V is the volume of the pellet. 

Water absorption of the aggregates was determined according to equation (2.4):  

                                            WA = (WS- WD)/WD ·100 [%]                     (2.4) 

Similar to other studies [2, 11, 140, and 141], the uniaxial compressive strength (UCS) of 

the aggregates was measured on spherical aggregates individually. The aggregates were 

placed into a cylindrical mold, and an INSTRON 5566-type universal tester (Figure 2.6) with 

a crosshead speed of 0.1 mm/s was used to apply and register the fracture force. The results 

were calculated using the following formula (2.5): 

 UCS = 2,8·FL / π·D2; [MPa]    (2.5)  

Where: FL: load belongs to fracture, D: diameter of the LWA. 

 

 

Figure 2.6 INSTRON universal testing machine 

2.2.2 Modeling 

From the previous research, many models study the different parameters of lightweight 

aggregate. Riley [7] built up his specific model to define the bloating of the different 

materials depending on the chemical analysis. Dondi [12] improved the schemes of the Riley 

and Cougny based on the bulk chemical composition of expanded clay bodies. As a result, 

in this research, I build an integrated statistical model to predict the properties (bulk density 

and uniaxial compressive strength) based on chemical oxides and expansion data. As a 

result, in this research, I emphasize the various model steps for developing the statistical 

model using the previously mentioned LWA properties.  All the data extracted from previous 

experiments were collected in one statistical model. Three significant steps must be taken to 

implement this model: correlation, ANOVA test, and multilinear regression.  
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2.2.2.1 Correlation  

Correlation is a measure of the strength of an association between variables in its broadest 

sense. In correlated data, a change in one magnitude variable is associated with a change in 

the magnitude of another variable, either in the exact (positive correlation) or opposite 

(negative correlation) direction. Correlation is most used to refer to a linear relationship 

between two continuous variables, which is expressed as Pearson product-moment 

correlation. The Pearson correlation coefficient is commonly used for jointly customarily 

distributed data (data that follow a bivariate normal distribution). 

The scale of correlation coefficients is from –1 to +1, where 0 indicates no linear relation. 

As the coefficient approaches an absolute value of 1, the relationship becomes more robust 

and eventually approaches a straight line (Pearson correlation) [142].  

2.2.2.2 The analysis of variance (ANOVA) 

The analysis of variance (ANOVA) is a statistical procedure for comparing the means of 

multiple samples. It is analogous to extending the t-test for two independent samples to more 

than two groups [143]. The goal is to examine the variances to see if there are any significant 

differences between the means of the groups. The hypothesis is tested using ANOVA by 

comparing two independent estimates of the population variance. 

The following assumptions must be met when performing an ANOVA procedure: 

1- The observations are unrelated to one another. 

2- Each group's observations are drawn from a normal distribution. 

3- Each group's population variances are the same. 

2.2.2.3 Multilinear regression 

Regression analysis is the correlation determination between two or more variables that have 

a cause-effect relationship and makes predictions for the topic based on the relationship. This 

research seeks answers to questions such as, "Are there any relationships between the bulk 

density and UCS of the aggregates and the other chemical, expansion, and mineralogical 

composition of these aggregates? What is the power of this relationship? 

The regression using a single independent variable is known as univariate regression 

analysis, whereas the regression using multiple independent variables is known as 

multivariate regression analysis [144].  

The relation between the dependent and the independent variables is analyzed through 

univariate regression analysis, and the equation representing the linear relations between the 
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dependent and the independent is formulated. The regression models can determine by one 

dependent variable and more than one independent variable. 

2.2.3 Concrete mixing batches   

Following the firing, the fired pellets were mixed with cement and water to create concrete. 

The cement used was ordinary portland cement (OPC), with a uniaxial compressive strength 

of 42.5 MPa after 28 days. The concrete components ratio was 1:2:4 (water: cement: 

aggregates) with aggregates size from (4.0-8.0 mm), with a water/cement ratio of 0.5. Three 

cubes (30 mm x30 mm x30 mm) were made for each coarse aggregate type (Figure 2.7).   

 

Figure 2.7 a) Hardened cubic concrete sample, b) Fracture surface of the cube after compression 

test 

After one day of molding, the concrete cubes were removed from the mold and placed in a 

water tank for 28 days of curing. The cubes were cured following the identification of 

standard [145]. After 28 days, the concrete cubes were subjected to three different 

temperatures: 200°C, 300 °C, and 500°C, to determine the effect of these temperatures on 

the properties of the cubes. 

2.2.3.1 Physical-mechanical properties of LWCs. 

The physical and mechanical properties of the lightweight concrete samples were measured 

at 28 days. The bulk density was calculated using equation (2.6) [146]:  

BD = D / V; [g/cm3]      (2.6) 

Where D is the weight of the concrete cube, and V is the volume of the concrete cube. 

The water absorption (WA) was measured using equation (2.7) [147, 148]:    

    WA = [BW - AW/AW] · 100; [%]     (2.7) 

Where A is the weight of the oven-dry test sample in air, and B is the weight of the saturated-

surface-dry test sample in air. 
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The apparent porosity (P) was measured using equation (2.8) [146]   

                   P= BD · WA; [%]      (2.8) 

The apparent specific gravity was measured using equation (2.9) [146]  

                                         SG = AW/BW                                                      (2.9)     

Where AW is the weight of a given volume of material, and BW is the weight of an equal 

volume of water.  

An INSTRON universal tester measured the uniaxial compressive strength (UCS) of 

concrete samples with a crosshead speed of 0.1 mm/s. The uniaxial compressive strength of 

the LWCs was calculated using equation (2.10) [145]: 

                        UCS = FL/A; [MPa]     (2.10) 

Where FL is the load belonging to fracture, A is the area of the LWC cubes 

2.2.3.2 Mineralogical investigation and microstructure of LWCs 

The mineralogical analysis of the crushed lightweight concrete samples was examined using 

the X-ray diffraction (XRD) reference Rigaku Miniflex II using Cu-Kα radiation, λ = 

1.5418Å, in an interval of 1h between 3° and 90°.  Finally, the microstructure, surface 

morphology, and pore size of the different LWAs and LWCs were examined by an optical 

microscope (Carl Zeiss Discovery V.12) and scanning electron microscope (SEM) under 

high vacuum mode (Carl Zeiss EVO MA10). Samples were coated with gold for SEM, and 

carbon tape was used to hold samples on the sample holder. The elemental composition was 

measured using an EDAX unit attached to the SEM microscope. 

Table 2.1 provides a summary of the total number of each sample that was utilized for the 

various experiments. Furthermore, the total number of mixtures in this research was 375, as 

mentioned in Table 2.2. 
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Table 2.1 Number of the samples of each experiment 

Name of experiment 

Type of the components  

Raw 

materials 
Aggregates Concrete 

XRF 18   

XRD 18 111 70 

Height expansion 111   

TG/DTA 18   

Hand rolling pelletizing  2350  

Pelletizer using   thousands  

Bulk density  156 50 

Particle density  156  

Water absorption  156 50 

Uniaxial compressive strength  987 150 

Specific gravity  156 50 

Porosity  156 50 

SEM  47 35 

Optical microscope  47 10 

 

Table 2.2 Number of the measured mixtures in this research  

Type Samples B Y G 1 2 3 4 5 6 7 8 9 10 11 12 Total 

Raw 

materials 

Additive-

free 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 

Perlite 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Tuff 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Bentonite 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Aggregates 

Additive-

free 
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 75 

Perlite 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Tuff 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Bentonite 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Concrete 

Additive-

free 
1 1 1 1       1               5 

Perlite 1 1 1 1       1               5 

Tuff 1 1 1 1       1               5 

*3 (Raw materials): Mix between 5, 10, and 20 wt.%, 5: Different temperature (1175, 1200, 1225, 

1250, and 1275 °C), 3 (aggregates): Optimized temperature (1175, 1225, and 1275 °C) 
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CHAPTER 3 

Characterization of raw materials, LWAs, and modeling 

In the first part of this section, I focused on the characterization of clays and additive 

materials. The second part of this chapter presents the analysis results of LWAs prepared 

without additive materials. At last, based on the statistical analysis of the measurement 

results, the statistical model and a modification of the Riley diagram were demonstrated.  

3.1 Material characterization 

3.1.1 Chemical analysis, mineralogical characterization, and thermal analysis of clays 

and additive materials 

Table 3.1 summarizes the chemical composition of the fifteen raw clay materials. 

Table 3.1 Chemical composition of the raw clay materials 

Sample  

Amount of chemical oxides in the raw clay materials [wt%]  

S
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B 62.23 17.73 2.89 4.69 0.79 3.96 6.99 0.13 0.05 19.32 0.61 

Y 64.97 17.36 2.21 2.86 0.74 3.6 7.95 0.1 0.07 17.36 0.14 

G 62.91 17.94 2.79 4.43 0.77 3.96 6.5 0.08 0.01 18.45 0.61 

1 56.4 20.75 2.48 5.33 1.92 1.84 9.88 0.04 1.12 21.45 0.24 

2 61.09 19.33 1.73 1.49 1.59 1.77 11.27 0.03 1.51 17.85 0.19 

3 59.29 22 2.11 0.4 1.25 2.22 9.99 0.03 2.59 15.97 0.12 

4 57.35 21.85 2.07 0.44 1.53 2.32 11.67 0.03 2.42 18.03 0.32 

5 62.05 19.54 2.93 3.83 0.64 3.53 5.82 0.07 0.96 16.75 0.63 

6 61.5 19 2.72 1.65 1.24 1.39 9.9 0.08 2.19 16.9 0.33 

7 58.69 22.53 2.44 0.65 1.25 1.45 10.97 0.04 1.72 16.76 0.26 

8 55.15 22.18 2.84 1.4 0.84 1.6 13.36 0.1 2.08 20.04 0.45 

9 56.07 22.03 2.13 0.87 1.5 1.45 13.85 0.07 1.82 19.8 0.31 

10 59.1 18.48 2.67 1.94 0.93 1.39 12.25 0.13 2.91 19.18 0.2 

11 55.4 21.47 2.38 1.42 0.84 1.5 14.21 0.17 2.11 20.35 0.5 

12 59.14 17.29 2.87 2.04 1.19 1.32 12.81 0.15 2.89 20.22 0.3 

*FX (=Flux): CaO+Fe2O3+ Na2O + K2O +MgO.   
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The main oxide groups that could affect bloating process were silica, alumina, and total flux. 

Ranges are as follows: SiO2 range (55.15–64.97 wt%), followed by Al2O3 range (17.29–

22.53 wt%) and total flux range (CaO+Fe2O3+Na2O+K2O+MgO) (15.96–21.24 wt%).  

The iron content range of the samples is also indicated (5.82-14.21 wt%). Concerning the 

Riley diagram [7], all 15 clays were in the bloating area (red contour area), which means 

that these clays can expand/bloat upon firing below 1300°C [25, 149], as exhibited in Figure 

3.1.  

 

Figure 3.1 Chemical composition of the technological sample as plotted on Riley's diagram [7] 

 

Samples can obtain a suitable viscosity to trap a significant amount of the gaseous 

components, leading to the formation of the expanded structure of LWA [150]. Therefore, 

fifteen raw clay materials were plotted in the red zone area for expanding range (Figure 3.1). 

Table 3.2 shows the amount of silica, aluminum oxide, and total flux for perlite, tuff, and 

bentonite.  

Table 3.2 Chemical composition of the additive materials [wt%] 

Additive 

materials 
SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 MnO TiO2 FX 

Other 

oxides 

Perlite  77.84 12.9 0.14 0.9 2.37 4.42 1.29 0.03 0.07 9.22 0.04 

Tuff  75.76 14.68 0.26 0.34 3.26 4.49 1.09 0.01 0.09 9.54 0.02 

Bentonite  56.5 19.7 1.1 2.04 1.19 1.32 14.55 0.01 0.09 20.2 3.5 

The perlite and tuff materials had a very high amount of silicon oxide, 77.84 wt% and 77.67 

wt%, respectively, while bentonite contains less than 20 wt% of silica. According to the 
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chemical composition, it can also be stated that bentonite has a high amount of Fe2O3 (14.55 

wt%), while perlite and tuff contain iron oxide of around 1 wt%. XRD characterized the 

mineral phases of the clay samples, as shown in Figure 3.2.  

 

 

Figure 3.2 XRD pattern chart of the clay samples before firing 

This chart showed that the major mineral phases in all raw clay materials samples are quartz, 

illite, montmorillonite, kaolinite, calcite, albite, and smectite. Other phases like muscovite, 

halite, orthoclase, goethite, clinochlore, and hematite were also detected in the clays. The 

amount of the quartz and kaolinite phases were calculated from the XRD results using the 

Rietveld method (Table 3.3). The kaolinite phase can be divided the clay samples to high 

kaolinite content (Egyptian samples) and low kaolinite content (Hungarian samples). 

According to the XRD results, the amount of the amorphous content in volcanic perlite, tuff, 

and bentonite was 70 wt%, 65 wt%, and 11 wt%, respectively. Table 3.3 illustrates the 

mineralogical composition of the raw clays and additive materials.  
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  Table 3.3 Mineral phases of raw clay materials and additive materials 

Phases 
Qz Ill Kaol Alb/Ano Calc Smec Hal Ortho /Micro Goe Dolo Clino Musc Rut Hema Amour 

[wt%] 

B 26.53 31.23 2.57 2.55 4.73 6.81    3.05 2.5 10.21 0.82  9 

G 30.8 30.36 3.2 4.08 3.65 3.32    2.85 2.97 12.52 0.24  6.01 

Y 32.5 29.22 1.68 5.79 1.36 5.18    0.49 3.08 7.71 1  11.99 

1 11.35 23.51 27.23 4.41 6.79 9.97 0.97 3.72 2.05      10 

2 19.23 22.97 18.35 6.68 2.62 13.52 0 3.5 5.28    0.85  7 

3 13.6 18.97 24.35 6.68 6.62 10.52 0 3.5 3.28  3  2.85  6.63 

4 21.23 20.97 13.35 6.68 2.62 18.52 1 2.5 2.28    3.85  7 

5 22.01 15.62 22.87 5.86 10.92 11.96 0.8 2.6 0.5    0.84  6.02 

6 14.44 27.36 21.74 6.9 1.2 12.92 0.26 1.66 0.78    2.76  9.98 

7 6.27 23.83 34 3.42 2.68 12.1  3.81 3.8      10 

8 2.99 34.87 33.46 0.02 0.23 9.64 0.57 2.56 0    6.65  9.01 

9 3.96 32.36 33.3 2.57 3.8 9.59 0 2.56     5.85  6.01 

10 11.92 32.71 31.04 9.99 1.07   1.48 1.27    3.79 0.73 6 

11 4.14 36.28 32.09 2.41 2.43 7.97 0.53 1.59 0    6.31 0.25 6 

12 14.64 30.43 15.81 8.84 3.12 10.64 0 3.45 1.06    7  5.01 

Perlite 8.1   9.6  9.9      2.4   70 

Tuff 10.25   3.18  9.46  10.22    1.89   65 

Bentonite 8.18 38.35  5.6  36.84         11 

Qz: Quartz, Ill: Illite, Kaol: Kaolinite, Alb: Albite, Ano: Anorthite, Calc: Calcite, smec: smectite, Hal: Halite, Ortho: Orthoclase, Micro: Microcline, Goe: Goethite, Dolo: 

Dolomite, Clino: Clinochlore, Musc: Muscovite, Rut: Rutile, Hema: hematite, Amour: Amorphous 
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Figure 3.3 shows the typical curve of the DTA/TGA of the Blue sample.  

 

Figure 3.3 DTA/TG curves of the Blue sample 

Up to 550°C, the DTA curve has the first wide exothermic peak, which represents the 

burning out of the organic contents, and parallel to this, the decomposition of the structure 

of the raw clay minerals begins. At about 800°C, the decompositions of carbonates ended. 

These decompositions were marked with point 1 on the TG curve. Above 1000°C (Point 2), 

a strong endothermic process begins, indicating that the melting of the sample begins. 

According to the TG test, the total weight loss for the clay samples was between 8-19%. 

3.1.2 The height expansion of the raw clay material 

A heating microscope was used to characterize the melting and bloating behavior of the raw 

clay materials samples. The bloating process began in the Hungarian samples at 1220°C, as 

in the Blue sample. On the other hand, the case of the Egyptian samples at 1160°C as in 

Sample 1. Table 3.4 shows the maximum height expansion for the clay samples.  

Table 3.4 Maximum height expansion (MHE) and sintering temperature (ST) of clay samples 

Sample 

Hungarian Egyptian 

B Y G 1 2 3 4 5 6 7 8 9 10 11 12 

MHE 

[%] 
138 122 123 129 122 108 120 122 122 118 126 112 144 123 121 

ST, 

[°C] 
1220 1250 1253 1165 1245 1220 1245 1265 1255 1315 1282 1266 1195 1260 1250 

 

The highest height expansion of the Blue, Grey and Yellow clay samples were 138%, 123%, 

and 122%, respectively. At the same time, the Egyptian raw clay materials ranged from 108 

to 144 % (Table 3.4). As shown in Figure 3.4, the height expansion of the Hungarian clay 
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samples improved as the temperature raised to a specific temperature, after which it began 

to drop to melt the material. 

 

Figure 3.4 Relationship between height expansions of clay samples with the temperature 

Image analysis revealed the samples' characteristic temperatures (T) and actual height (H), 

shown in Figure 3.5. 

 
Figure 3.5 The height expansion of clay Sample 1 at different temperatures 

3.2 Characterization of LWAs without additive materials 

The green pellet samples were fired at 1175°C and 1275°C. The Hungarian samples loosened 

their regular shapes at 1250°C, but the Egyptian samples kept the spheroidal shape to more 

than 1300°C. According to this, the beneficial properties (like bulk density) of the fired 

pellets without additives were measured for three Hungarian samples at 1225°C and twelve 

Egyptian samples at 1275°C (Table 3.5 highlighted The values of BD and UCS with light 

blue). The physical and mechanical parameters of the expanded clay aggregates were 

measured according to the requirements specified in the European standards. Figure 3.6 

presents the shape of the aggregates after firing.   
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Figure 3.6 Optical images showing the cross-section of a) Blue sample (fired at 1225°C), b) 

Sample 1 (fired at 1275°C) 

3.2.1 Bulk and particle density and uniaxial compressive strength of the LWAs 

without additives 

The results of the density measurements and uniaxial compressive strength of the 15 

different aggregates samples were summarized in Table 3.5. 

Table 3.5 Bulk and particle density and uniaxial compressive strength of LWAs without additives at 

different temperatures 

Samples 
BD, [g/cm3] UCS, [MPa] 

PD, 

[g/cm3] 

1175°C 1225°C 1250°C 1275°C 1225°C 1250°C 1275°C  

H
u

n
g

a
ri

a
n

 

B 1.2 0.57 NA NA 1.54 NA NA 0.5 

Y 1.6 1.2 NA NA 4.82 NA NA 1.15 

G 1.5 0.84 NA NA 2.09 NA NA 0.74 

E
g

y
p

ti
a

n
 

1 0.9 0.75 0.71 0.71 3.47 3.1 1.18 0.61 

2 1.6 1.2 1 0.95 2.19 2 1.1 0.88 

3 1.2 1.12 1.12 1.11 3.2 3.2 3.19 1 

4 1.2 1 0.92 0.92 4.99 4.2 0.8 0.95 

5 1.1 0.84 0.71 0.71 4 3.2 3.04 0.66 

6 1.2 1.18 1 0.99 14.5 11.28 5 0.67 

7 1.24 1.19 1.13 1.12 3.65 2.5 1.6 1.15 

8 1.2 1.15 0.93 0.93 3.98 3.1 1.7 0.63 

9 1.2 1.12 1.1 0.9 12.05 9.32 4 0.9 

10 1.29 1.2 1.03 0.88 5.6 3.2 3.1 0.9 

11 1.27 1 0.96 0.89 14.2 13.6 5.8 0.92 

12 1.35 1.3 1.16 1.1 14.58 10.81 10.4 1.05 

 Mean 1.27 1.04 0.98 0.93 6.32 5.79 3.41 0.85 

 SD(±) 0.18 0.21 0.15 0.14 4.84 4.17 2.71 0.20 

*BD: Bulk density, UCS: Uniaxial compressive strength, PD: Particle density. SD: Standard 

deviation.  
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The first observation was that the densities of all clays and clay mixtures tested were below 

(or equal) 1.2 g/cm3. All the LWAs produced met the requirements for lightweight 

aggregates according to EN 13055-1: (2002). Figure 3.7 shows the reduction of the different 

aggregates with the three temperatures, showing the percentage of decrease in each sample 

compared to the density of the same sample at the first firing temperature. 

 

Figure 3.7 Bar chart of bulk density of expanded clay aggregates  

 

The bulk density of the clay aggregates declined as the temperature grew; the bulk density 

of the aggregates ranged between 0.9 and 1.6 g/cm3 at the first firing temperature (1175°C). 

When the temperature was raised to 1225°C, the density was reduced to 0.57-1.3 g/cm3. 

Above this temperature, the Hungarian aggregates samples (Blue, Grey, and Yellow) were 

melted completely. However, as the temperature remained high until 1275°C, the Egyptian 

aggregate samples dropped to 0.71-1.12 g/cm3 (Table 3.5). 

The lower density of the Blue clay aggregates was related to its higher liquid phase content, 

which is characterized by its low viscosity during firing [150]. The bulk density of the 

bloated LWAs dropped as the firing temperature raised (Figure 3.8). 

The particle density for the aggregates without additives materials ranged from 0.5 to 1.15 

g/cm3, as shown in Table 3.5. 
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Figure 3.8 Relations between firing temperature-bulk densities of LWAs  

Similarly to density, the uniaxial compressive strength of the LWAs is another crucial 

parameter for their application. According to the test results, the uniaxial compressive 

strength of the aggregates diminished with the temperature rise. However, this did not make 

the aggregates unsuitable as lightweight aggregates because the minimum uniaxial 

compressive strength should be higher than 1 MPa [2]. The uniaxial compressive strength of 

all the LWAs at the final firing temperature is higher than this required limit (1MPa), except 

for Sample 4 (UCS= 0.8 MPa). The uniaxial compressive strength values of the fired LWAs 

without additives (Table 3.5) were between 1.54–4.82 MPa for the Hungarian aggregates 

(fired at 1225°C) and were in the range of 1.1–10.4 MPa for the Egyptian aggregates (fired 

at 1275°C). Therefore, these aggregates are suitable for use as lightweight aggregates. Both 

the bulk density and UCS declined when the temperature raised.  The mean and standard 

deviation of bulk density and UCS of the LWAs with different temperatures were presented 

in Table 3.5.  

 

Figure 3.9 Relations between temperature-uniaxial compressive strength of LWA 



37 

3.2.2 Mineralogical characterization and microstructure of LWAs 

Five clay samples were chosen to examine the changes in the constituent phases following 

firing at 800°C, 1000°C, and above 1200°C. Blue, gray, yellow, Sample 1, and Sample 5 are 

the chosen examples. Table 3.5 displays the selection of samples based on the bulk density 

data. Compared to the other clay aggregates, Blue has the lowest bulk density (0.57 g/cm3), 

and Samples 1 and 5 have the lowest density for Egyptian samples (0.71 g/cm3). Compared 

to all clay aggregates, the Grey sample had an average bulk density value (0.84 g/cm3). 

Finally, the Yellow sample possessed the highest density (1.2 g/cm3). Table 3.6 summarizes 

the amorphous and crystallinity contents of LWAs fired at different temperatures.   

 

Table 3.6 Amorphous and crystallinity contents in wt% of LWAs fired at different temperatures 

  800°C 1000°C >1200°C 

Samples 
Amorpho

us 

Crystallini

ty 

Amorpho

us 

Crystallini

ty 

Amorpho

us 

Crystallini

ty 

Blue 40 60 49 51 73 27 

Grey 38 62 46 54 74 26 

Yellow 34 66 38 62 70.2 29.8 

1 39 61 45 55 74 26 

5 36 64 41 59 76 24 

Mean  37.4 62.6 43.8 56.2 73.44 26.56 

Standard 

deviation  2.40 2.40 4.32 4.32 2.11 2.11 

 

As the temperature rises, the structure of the minerals in the crystalline phase decomposes 

and gradually transforms into the glassy (amorphous) phase in the presence of fluidizing 

oxides. The ratio of the crystalline phase to the amorphous phase declined with increasing 

temperature. Figure 3.10 shows the amount of amorphous phase growth as a function of heat 

treatment temperature.  

 

Figure 3.10 Change in the amount of amorphous content (*SD: standard deviation) 
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The mineral phases of the clay aggregates are quartz, hematite, anorthite, tridymite, 

microcline, cristobalite, and mullite, with some minor phases such as albite, cordierite, and 

corundum (Table 3.7).  

 

Table 3.7 Mineral crystalline phase of clay aggregates without additives materials 

Samples 
AM, 

[wt%] 
Cry, [wt%] 

Crystalline mineral phases, [wt%] 

Cristo Hema Mic QZ Anor Mull Trid Alb Cor Cord 

B 73 27 8.1 9.4 15 6.7 25 13.9 5.9 15  1 

Y 70.2 29.8 4.7 9.9 10.5 29.4 14.1 21 10.4    

G 74 26 7 10.5 17 7 22.5 15 5 16   

1 74 26 5.9 8.2 6.6 10.4 30.2 10.5 2.2 18 5 3 

2 71 29 3.6 13.1 3.1 9.2 2.6 59.6 8.8    

3 65 35 3.7 16.2 4.7 9.7 4.1 52.6 9    

4 65.5 34.5 2.7 17.2 4.7 17.4 4.1 45 9    

5 76 24 5.9 7.1 4.6 11.7 27 5.6 4.4 20 8.1 5.6 

6 65 35 1 9.2 8.8 18.4 16.8 37.6 8.2    

7 64.5 35.5 4 9.2 10.8 16.1 14.7 40 5.2    

8 70 30 9.6 14.1 1.8 8.1 7.8 49.3 9.3    

9 71.5 28.5 8 15.7 1.8 17.4 7.8 40 9.3    

10 69.8 30.2 7.2 7.2 15.4 7.8 22 27.7 13    

11 64.2 35.8 5.2 13.8 2 4.1 9.5 59 6.3    

12 64 36 11.1 13.5 11.4 15.6 19.6 29     

*Cristo: Cristobalite, Hema: Hematite, Mic: Microcline, QZ: Quartz, Anor: Anorthite, Mull: 

Mullite, Tried: Tridymite, Alb: Albite, Cor: Corundum, Cord: Cordierite, Am, Amorphous, Cry: 

Crystallinity. 

 

Porosity is one of the most important factors influencing the microstructure of LWAs. Figure 

3.11 illustrates the microstructure of the LWAs aggregates using optical micrographs and 

scanning electron micrographs. 

 

Figure 3.11 SEM micrograph of LWA (Blue clay aggregate without additive materials) a) Fired at 

1200 °C (M=20X), b) Cross-section of the fired aggregate at 1225 °C, c) Fired at 1225 °C (M=19X) 

The SEM micrograph of the aggregate (Figure 3.11a) made from Blue clay aggregates 

without additives materials and fired at 1200°C revealed that the material was composed of 
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only one layer. This layer comprises many pores of different diameters (in the pore size 

range of 50 µm – 1500 µm), built up of a polydisperse pore structure.  

With a further rise in temperature, the structure of the aggregate fired at 1225°C was different 

(Figure 3.11 b and c). This sample is now composed of two distinct layers:  

1. A shell structure (outer layer) typically consists of large diameter pores (dpore>1000 

µm) with a few smaller pores (dpore ~50 µm) located in the cell walls.  

2. Inner layer with large pores. 

Depending on the size of the inner layer, mechanical strength can be affected negatively. 

However, regular-sized pores in the outer layer can enhance the uniaxial compressive 

strength of LWA by providing a more homogeneous stress distribution. This reason explains 

why the Blue sample has one of the lowest uniaxial compressive strength values compared 

to the other samples, but the uniaxial compressive strength value is still higher than the 

minimum standard according to the reference [2, 17]. 

3.3 The mineralogical modification on the Riley diagram   

An interesting correlation can find by examining the chemical and mineral composition of 

raw clay materials. As mentioned above, the Riley diagram can determine the expendability 

of the clay materials.  

The quartz phase and SiO2 directly correlated with the coefficient of determination (R2): R2 

= 0.76 (Figure 3.12a). Besides this R2 value of the quartz, there were correlation coefficients 

(r) with the other chemical oxides (Al2O3 and Fe2O3, K2O and CaO) were: -0.71, -0.81 and 

0.84 and 0.52 (Table3.8). There is a reciprocal correlation between the quartz and kaolinite 

with a correlation coefficient (r) = -0.94. The quartz and kaolinite phases had a reciprocal 

relationship with the coefficient of determination = 0.88 (Figure 3.12b).  

 

Figure 3.12 a) Relationship between the SiO2 and quartz phase, b) Relationship between the 

kaolinite and quartz phase (red color for the highest kaolinite contents) 
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Table 3.8 Correlation coefficients (r-values) between all chemical oxides, quartz, and kaolinite 

mineral phases 

 

Parameters  
SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 Quartz Kaolinite 

 [wt%] 

SiO2, [wt%] 1.00         

Al2O3, [wt%] -0.76 1.00        

MgO, [wt%] 0.13 -0.38 1.00       

CaO, [wt%] 0.40 -0.56 0.51 1.00      

Na2O, [wt%] -0.40 0.39 -0.60 -0.28 1.00     

K2O, [wt%] 0.70 -0.47 0.25 0.62 -0.53 1.00    

Fe2O3, [wt%] -0.81 0.50 -0.33 -0.68 0.37 -0.87 1.00   

Quartz, [wt%] 0.87 -0.71 0.08 0.51 -0.33 0.85 -0.8 1.00  

Kaolinite, [wt%] -0.77 0.72 -0.08 -0.47 0.28 -0.79 0.66 -0.94 1.00 

*Yellow color: correlation coefficient higher than 0.5 

 

According to the correlation Table 3.8 and coefficient of determination values (Figure 3.12), 

the quartz had a specific relationship with all parameters of the Riley model and kaolinite 

mineral phase. 

If I plot the proportions of the main oxide groups in the Riley diagram for the raw clay 

materials using the data in Table 3.1 quartz mineral phase was calculated from XRD (Table 

3.3), and I obtain the relationship shown in Figure 3.13a.  

 

Figure 3.13 a) Relationship between the SiO2/Al2O3 to SiO2/total flux, b) The relation between 

quartz/Al2O3 to quartz/total flux (red elliptical for samples with kaolinite contents higher than 

4wt%, black elliptical for samples with kaolinite contents lower than 4 wt%) 
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Table 3.9 presents the values of the relationship. The coefficient of determination of the 

SiO2/Al2O3 and SiO2/flux oxide ratios is 0.22. However, if SiO2 is replaced in the ratio pairs 

by the amount of pure quartz phase determined by XRD, as shown in Figure 3.13b, a strong 

correlation can obtain in the quartz/Al2O3 and quartz/flux ratios. The R2 value improves to 

0.95, showing a strong correlation between the parameters. Furthermore, this relationship 

can distinguish between the samples with high kaolinite contents (higher than 4 

wt%) (Egyptian samples) and the low kaolinite contents (Hungarian samples). 

Table 3.9 Relation between quartz and chemical oxides 

Sample SiO2/flux SiO2/Al2O3 Qz/flux Qz/ Al2O3 

B 3.22 3.51 1.37 1.50 

Y 3.74 3.74 1.87 1.77 

G 3.41 3.51 1.67 1.72 

1 2.63 2.72 0.53 0.55 

2 3.42 3.16 1.08 0.99 

3 3.71 2.70 0.85 0.62 

4 3.18 2.62 1.18 0.97 

5 3.70 3.18 1.31 1.13 

6 3.64 3.24 0.85 0.76 

7 3.50 2.60 0.64 0.47 

8 2.75 2.49 0.15 0.13 

9 2.83 2.55 0.20 0.18 

10 3.08 3.20 0.62 0.65 

11 2.72 2.58 0.20 0.19 

12 2.92 3.42 0.72 0.85 

 

If the above change is also made in the Riley diagram, i.e., the amount of quartz is plotted 

next to the amount of Al2O3 and the amount of fluxing oxides (Fe2O3 + MgO + CaO + Na2O 

+ K2O), then after normalizing the amounts, a modified Riley diagram is obtained, as shown 

in Figure 3.14.  
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Figure 3.14 Ternary diagram between quartz, Al2O3, and flux oxides (Modifying on Riley Diagram) 

As shown in Figure 1.2, Riley [7] was able to distinguish between those materials which can 

expand/bloat from the others which are not by using three groups of oxides (SiO2/Al2O3/total 

flux). Based on an analysis of the mineral and oxide composition of expanded clays from 

different deposits and the LWAs produced using the clays, I modified the Riley diagram 

used to determine the expandability of clays. The idea of the modification is that instead of 

SiO2 content, the quartz content of the sample is plotted alongside Al2O3 and Flux after 

normalizing each value.  

In the modified Riley diagram, the samples can be sorted by quartz content based on the 

experiments performed. It is possible to determine the sample with the lowest quartz content, 

which can be used to produce LWAs of less than 1.2 g/m3. 

The yellow sample marks this value. The Yellow sample had the highest bulk density of 1.2 

g/cm3. This sample is the closest to the quartz peak and has a quartz content of 32.5 wt%, 

the highest of all tested samples. Based on the analysis of the samples, a zone can also be 

identified in the diagram where the density of LWAs is less than 1 g/cm3.  

In Figure 3.14, the area within the density of the samples below 1 g/cm3 is marked in a black 

number. Samples Yellow and 7, 3, and 12 are outside this area. Therefore, these samples are 

indicated with red numbers, which lay outside the area marked with green elliptic (the 

density of these samples is higher than 1 g/cm3).  

If I mark the quartz content (horizontal bold black line in Figure 3.14), which is, in this case, 

the limit (32.5 wt% for the Yellow sample), it can be stated that below this content, all 

samples have a density that meets the European standard. 
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3.4 The statistical model of LWAs 

All the data extracted from previous experiments were collected in one statistical model, 

which is expected to predict the bulk density or uniaxial compressive strength of the LWAs 

by a multilinear regression model without measuring it. As previously stated, the model steps 

are 1) correlation, 2) ANOVA, and 3) multilinear regression.   

The bulk density, UCS (Table 3.5), MHE (Table 3.4), and the three main oxide groups (SiO2, 

Al2O3, total flux) (Table 3.1) of the LWAs were the most critical factors for building this 

model. The research aims to produce LWAs, samples that meet the standard of density less 

than 1.2 g/cm3 and uniaxial compressive strength greater than 1 MPa. Therefore, all used 

samples in these two models having a bulk density of less than 1.2 g/cm3 with uniaxial 

compressive strength of more than 1 MPa were recorded in these models and calculated only 

by 14 samples. The neglected samples from these models were the Yellow sample (Form 

the bulk density model) and Sample 4 (Form the UCS model). The Yellow sample had a bulk 

density of 1.2 g/cm3, and Sample 4 had UCS 0.8 MPa. The errors in the model sum up the 

errors in XRF, MHE, and density measurements and errors due to density variation caused 

by non-uniform temperature distribution in the furnace during the heat firing. 

After the physical, mechanical, chemical, and height expansion tests of the LWAs, the two 

crucial properties for producing LWA are bulk density and UCS. Therefore, two statistical 

tests can derive a statistical equation that can calculate the bulk density and uniaxial 

compressive strength of the LWAs. The ANOVA test considers the measured average of all 

parameters compared with the bulk density and uniaxial compressive strength (Table 3.10). 

Table 3.10 ANOVA test results for LWAs 

ANOVA  
 df SS MS F Significance F F critical  

Bulk density, g/cm3  

Regression 4 0.24 0.06 6.35 0.01 2.52 

Residual 9 0.08 0.01    

Total 13 0.33        

Uniaxial compressive strength, MPa  

Regression 4 64.53 16.13 8.59 0.004  

Residual 9 16.88 1.87    

Total 13 81.41        

* df, degree of freedom, SS sum of the square between the group, MS, mean square, F means square 

number between the group divided by the mean square number inside the groups and Significance 

F, the probability that the null hypothesis in our regression model cannot be rejected, F critical 

(Tabulated F), The value of the F-statistic at the threshold probability α of mistakenly rejecting a 

true null hypothesis. 
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The factors proposed to affect seriously the bulk density and uniaxial compressive strength 

chosen for the ANOVA test are maximum height expansion and chemical composition of 

the clay aggregates. In the ANOVA test, significant F is the most crucial factor in 

determining whether these parameters were significantly related. It was (0.01) for bulk 

density and (0.002) for uniaxial compressive strength. The second critical factor is the F 

critical. It must be lower than the F values. In my model, the F value is 6.35 for bulk density 

and 8.59 for uniaxial compressive strength. The F critical value is 2.52. These values are 

higher than the critical F. Therefore, I can reject the null hypotheses (there is no statistical 

significance between the predictor variables (x) (MHE, SiO2, Al2O3, and total flux) with the 

response variable y (Bulk density, UCS (y)). In addition, the alternative hypothesis (there is 

a statistical significance between the predictor variables (x) (MHE, SiO2, Al2O3, and total 

flux) with the response variable y ((Bulk density, UCS)) can be accepted. That means all 

affecting factors (maximum height expansion and the chemical composition of the clay 

aggregates) have a statistically significant effect on bulk density and uniaxial compressive 

strength. The multilinear regression model is the third step for this model that can be applied 

to these data. In the multilinear regression test, the calculated t-values are a more efficient 

factor and must be higher than the P- values. The P-value must be lower than 0.05 (P≤ 0.05). 

As a result, all the P-values for all variables (after statistical correction) are lower than 0.05. 

I can reject the null hypothesis, and the alternative hypothesis is accepted and statistically 

significant between these variables (Table 3.11). 

Table 3.11 Multi-linear regression method for lightweight aggregates 

Parameters Coefficient Standard Error t Stat P-value 

Bulk density g/cm3 

Intercept 13.084 3.352 3.903 0.003 

MHE, [%] -0.008 0.004 -2.265 0.049 

SiO2, [wt%] -0.117 0.033 -3.536 0.006 

Al2O3, [wt%] -0.126 0.040 -3.149 0.011 

FX, [wt%] -0.134 0.039 -3.474 0.007 

Uniaxial compressive strength, MPa 

Intercept 187.882 43.877 4.282 0.002 

MHE, [%] -0.197 0.053 -3.709 0.005 

SiO2, [wt%] -1.705 0.423 -4.030 0.003 

Al2O3, [wt%] -2.838 0.546 -5.194 0.001 

FX, [wt%] -1.177 0.517 -2.275 0.049 

*Coefficient equation parameters, t-value, the coefficient divided by its standard error. The standard 

error is an estimate of the standard deviation of the coefficient, P- value, probability of significant  
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From this model, I can derive equation (3.1) which, can predict the bulk density, and that 

equation (3.2) which, can predict the UCS. 

BD = 13.084-(0.008* MHE)-(0.117* SiO2)–(0.126* Al2O3)-(0.134* FX) (Error %±) (3.1)                                                           

And for uniaxial compressive strength is 

UCS = 187.882-(0.197*MHE)-(1.705*SiO2)–(2.838*Al2O3)-(1.177*FX) (Error %±) (3.2)                                               

Multilinear regression test can extract Eq. (3.1) and (3.2) to confirm that equation must 

calculate the bulk density and uniaxial compressive strength and compare it with the 

measured one (Table 3.12).  

Table 3.12 Measured and calculated data for the bulk density and UCS of LWA 

Sample 

Bulk density, [g/cm3] Uniaxial compressive strength, [MPa]  

Measured Calculated  Error, % ± Measured Calculated  
Error, 

% ± 

Hungarian 

B 0.57 0.61 8.9 1.54 1.24 19.7 

Y 1.2 NA NA 4.82 3.07 36.2 

G 0.84 0.76 10 2.09 3.46 65.6 

Egyptian 

1 0.71 0.71 0.6 1.18 1.87 58.6 

2 0.95 0.88 7.0 1.1 3.52 220.1 

3 1.11 1.13 1.5 3.19 3.98 24.9 

4 0.92 0.99 8.6 0.8 NA NA 

5 0.71 0.89 25.6 3.04 2.58 15.0 

6 0.99 1.00 1.2 5 4.88 2.5 

7 1.12 0.94 15.8 1.6 0.60 62.3 

8 0.93 0.89 3.8 1.7 2.20 29.1 

9 0.9 0.95 6.0 4 4.09 2.3 

10 0.88 0.86 2.4 3.1 3.43 10.6 

11 0.89 0.94 5.2 5.8 4.01 30.9 

12 1.1 1.05 4.3 10.4 10.04 3.4 

 

Figure 3.15a and b illustrate the relationship between the calculated and measured bulk 

density and UCS with the coefficient of determination value = 0.73 and 0.80, respectively.  

 

Figure 3.15 a) Relationship between the calculated and measured bulk density, b) Relationship 

between the calculated and measured uniaxial compressive strength 
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Based on the experiment on 14 clay samples, Table 3.12 shows the calculated data close to 

the measured data with relatively small errors, which do not exceed 25% for bulk density. 

Based on the previous data, this model can predict the bulk density of the LWAs if MHE 

and the relevant chemical oxides are known. Figure 3.15a and Figure 3.16 confirmed the 

relationship between the calculated and measured bulk density where R2=0. 73.   

 

Figure 3.16 Schematic chart for difference positions between measured and calculated bulk density  
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CHAPTER 4 

LWA is prepared by clay with volcanic and sediment materials 

This chapter demonstrates and discusses the properties of aggregates with additives such as 

perlite, tuff, and bentonite materials. Furthermore, the mineral phases and microstructure, as 

well as the effect on the properties and shape of these aggregates, were also studied. The 

additives-clay pellet samples were fired in the temperature range of 1175°C to 1275°C 

(Appendix B) Table 4.12, 4.13. This chapter is divided into two parts according to the origin 

of these additives. The first part discusses two different rocks of volcanic origin, perlite and 

rhyolite tuff. The second part is about bentonite having a sedimentological origin.  

4.1 Characterization of the perlite-clay and tuff–clay aggregates 

4.1.1 Effect of perlite and tuff materials on the clay height expansion  

Figure 2.11 illustrates the height variation while testing the three Hungarian clay samples. 

Besides, the curves show that the HE of the samples improved as the temperature rise to a 

specific temperature and then began to decline as the material melted. Figure 4.1 shows an 

example of the measurement results (MHE) for samples Blue and 1.  

 

 

Figure 4.1 Heating microscope images belong to MHE of the Blue sample and Sample 1 without 

and with additives 

 

The heating microscope images indicate clay samples without additives materials and the 

samples of the mixture containing 5, 10, and 20 wt% perlite or tuff. The MHE values of the 

different samples were compared based on the heating microscope images. The optimal heat 

treatment temperature could also be determined. Table 4.1 are summarized the quantified 

values of MHE. 
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Table 4.1 Maximum height expansion for expanded clays without and with additive 

Sample 
Additive-

free 

Perlite Tuff 

Amount of additive, [wt%] 

5 10 20 5 10 20 

Hungarian 

  

B 138 140 153 135 136 157 130 

Y 122 125 133 123 125 125 119 

G 123 127 134 126 122 139 118 

Egyptian 

1 129 131 143 120 122 130 121 

2 122 124 137 121 116 127 122 

3 108 104 110 101 102 109 105 

4 120 114 118 111 115 122 116 

5 122 120 137 123 115 144 120 

6 122 133 132 130 134 130 129 

7 121 118 117 116 119 126 117 

8 126 127 126 121 128 133 125 

9 112 116 128 110 110 117 111 

10 144 120 122 120 127 121 122 

11 123 112 124 110 118 120 110 

12 121 111 121 108 111 118 107 

 Mean 123.53 121.47 129.00 118.33 120.00 127.87 118.13 

 SD 8.76 9.46 11.10 9.03 9.16 11.94 7.41 

*green color: beneficial or no change effect on MHE, red color: negative effect on MHE, 

SD: standard deviation 

 

For the clays without additive materials, the MHE value of the Blue, Grey, and Yellow clay 

samples was 138%, 123%, and 122%, respectively. The Egyptian samples had MHE values 

in the wider range of 108-144%. 

Analyzing Table 4.1 regarding the amount of additives, adding 5 wt% perlite to the clays 

positively affected the volume of the samples, except for Samples 3, 4, 5, 7, 10, 11, and 12. 

Mixing 10 wt% of perlite with clays enhanced the height expansion of almost samples except 

for Samples 4, 7, and 10. The MHE values of the Blue, Grey, and Yellow clay materials 

samples with 10 wt% perlite were improved to 153%, 134%, and 133%, respectively. 

For the Egyptian samples, the additive significantly improved the expansion, e.g., Sample 1 

raised from 129% to 143%, while Sample 7 reduced from 121% to 117%. The expansion of 

the Egyptian raw clay materials containing 10 wt% perlite improved between 30-130%. The 

highest perlite dosage negatively affected the expansion of the samples, as the MHE declined 

in all cases. 
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Tuff, the other additive used, changed the expansion of the samples in a similar way to the 

perlite. The inclusion of volcanic tuff at 5 and 20 wt% declined the MHE of the samples. 

However, the 10 wt% of tuff dosage improved the expansion in all samples except samples 

10, 11, and 12. The MHE of these mixtures was raised by 15-100%. 

Figure 4.2 compares the MHE values of clay mixtures with 10 wt% volcanic additives. Table 

4.1 shows the mean and standard deviation of the MHE. 

 

Figure 4.2 Bar chart of bulk density of clay aggregates without and with additives  

 

Although the clays from the different deposits have different compositions, the 10 wt% 

perlite or the 10 wt% tuff additives had the most significant effect on the enhancement of 

the MHE observed by the melt microscope. This test method, therefore, showed that it is 

possible to influence expansion with these additives. Based on this, the other test results 

presented in this research relate to LWAs made with 10 wt% volcanic additives. 

4.1.2 Bulk and particle density of perlite and tuff-clay aggregates  

The main objective of using volcanic additives in this series of experiments is to reduce the 

mass of the LWAs, i.e., to achieve a lower bulk density. Table 4.2 summarizes the results of 

the density measurements of 45 different samples. The first observation was that the 

densities of all clays and clay mixtures tested were below (or equal) 1.2 g/cm3, and all the 

LWAs produced met the requirements for lightweight aggregates. 
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Table 4.2 Bulk and particle density with uniaxial compressive strength of the clay aggregates 

without and with additive materials 

Sample 

Bulk density, [g/cm3] Particle density, [g/cm3] Uniaxial compressive strength, [MPa] 

Additive-

free 
Perlite Tuff 

Additive-

free 
Perlite Tuff 

Additive-

free 
Perlite Tuff 

H
u

n
g

a
ri

a
n

 B 0.57 0.53 0.54 0.5 0.71 0.7 1.54 1.8 2.69 

Y 1.2 0.96 1 1.15 0.98 1 4.82 5.73 5 

G 0.84 0.82 0.6 0.74 0.72 0.7 2.09 2.5 3 

E
g

y
p

ti
a

n
 

1 0.71 0.7 0.64 0.61 0.7 0.6 1.18 1.18 1.06 

2 0.95 0.94 0.92 0.88 0.91 0.88 1.1 1.7 5.08 

3 1.11 1.08 1.13 1 1.01 0.99 3.19 3.2 0.89 

4 0.92 0.91 0.93 0.95 0.99 0.94 0.8 1 0.9 

5 0.71 0.63 0.66 0.66 0.8 0.7 3.04 3.9 1.4 

6 0.99 0.98 0.99 0.67 0.96 1.15 5 6.2 7.2 

7 1.12 1.1 1.03 1.15 1.02 0.9 1.6 5.58 2.96 

8 0.93 0.92 0.95 0.63 0.65 0.7 1.7 0.75 0.65 

9 0.9 0.99 0.92 0.9 0.9 0.9 4 3.01 5.2 

10 0.88 0.92 1 0.92 0.9 0.94 3.1 3.1 3.2 

11 0.89 0.82 0.95 1.05 1.04 0.99 6.47 5.5 4.8 

12 1.1 0.99 1.05 1.02 1 1.04 10.4 8.91 3.2 

 Mean 0.92 0.89 0.89 0.86 0.89 0.88 3.34 3.60 3.15 

 SD 0.17 0.16 0.18 0.21 0.13 0.16 2.56 2.34 1.97 

*B: Blue; Y: Yellow; G: Grey, green color: beneficial or no effect; red color: negative effect, 

SD: standard deviation  

The bulk density range of the Hungarian clay aggregates without additive materials was 

0.57–1.2 g/cm3, while bulk density values for Egyptian clay aggregates without additive 

materials were between 0.71–1.12 g/cm3. Adding the perlite had a more significant effect on 

the Pannonian clays. This mineral reduces in density in the range of 3-20% in all cases. 

Among the Egyptian clays, Samples 1, 2, 6, 8, and 12 showed a slight change in density. 

The bulk density of the Samples 9 and 10 rose by 25% and 4%, respectively. Sample 5 

showed a decline in the density of about 10%. 

Mixing the tuff with clays had a more spectacular effect on the bulk density of LWAs, as 9 

out of 15 samples showed a decline. Sample 6 showed no change, while Samples 3, 4, 8, 9, 

10, and 11 showed a slight rise in density. The lowest bulk density belongs to the Blue 

sample (0.54 g/cm3), while Sample 3 (1.13 g/cm3) had the highest value (Table 4.2).  

The effect of perlite and tuff on the density of LWAs prepared from different clays can be 

compared more easily using Figure 4.3.  
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Figure 4.3 Bar chart of bulk density of clay aggregates without and with additives  

 

Generally, the amount of reduction in bulk density after adding 10 wt% of tuff reached 28%. 

Figure 4.4 shows the relationship between the bulk density of samples prepared with 10 wt% 

perlite/tuff MHE value measured with the heating microscope.  

 

 

Figure 4.4 Relation between the bulk density and maximum height expansion of 10 wt% of a) 

Perlite, b) Tuff (*The red color for negative MHE samples, green color positive or no change 

MHE) 
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The coefficients of determination of the fitted linear line for perlite and tuff are R2=0.64 and 

0.70. This correlation illustrates that the heating microscope measurements indicate the 

expected bulk density of LWAs. It should be noted that if the properties rather than variation 

are considered, all clays with and without additives are suitable for LWA production. The 

exceptions are Samples 9 and 10 (for perlite) and Samples 3, 4, 8, 9, 10, and 11 (for tuff). 

The mean of the bulk density decreased from 0.92 g/cm3 (without additive materials) to 0.89 

g/cm3 (with 10 wt% of perlite and tuff) (Table 4.1). 

The particle density of the aggregates without additive materials ranged between 0.5 g/cm3 

and 1.15 g/cm3. Mixing 10 wt% perlite with clays can be changed the particle density of the 

majority of the aggregates, with 8 samples increasing in particle density (Samples Blue, 1, 

2, 3, 4, 5, 6, 8). Only three samples decreased (Yellow, Grey, 7, 11, and 12), and Sample 9 

remained unchanged. 

Adding 10 wt% of tuff material raised particle density only in six Samples (Blue, 5, 6, 8, 10, 

and 12), while Samples Yellow, Grey, 1, 4, 7, and 11 were reduced, and Samples 2, 9, with 

no change (Table 4.2). 

4.1.3 Uniaxial compressive strength of perlite, tuff-clay aggregates  

Besides the bulk density, the uniaxial compressive strength of the LWAs is another crucial 

parameter for its application. The compressive strength of the fired clay aggregates without 

additive materials was between 1.54–4.82 MPa for the Hungarian samples and between 1.1–

10.4 MPa for the Egyptian samples.  

After adding 10 wt% of perlite, the uniaxial compressive strength was enhanced in all clay 

aggregates except in Samples 8, 9, 11, and 12.  

Hungarian samples' average uniaxial compressive strength range was 1.8 - 5.73 MPa. 

Besides, the UCS was between 0.75 MPa (Sample 8) – 8.91 MPa (Sample 12) for the 

Egyptian LWAs (Table 4.2).  

Production of Lightweight aggregates from clays containing 10 wt% of tuff showed 

enhancement in the uniaxial compressive strength in all samples, except in Samples 1, 5, 7, 

8, 11, and 12. The lowest uniaxial compressive strength value was 0.65 MPa (Sample 8), 

and the highest was 7.2 MPa (Sample 6). Figure 4.5 compares the uniaxial compressive 

strength of the clay aggregates without additive materials and samples with 10 wt% of perlite 

and tuff materials. The black line indicates the application limit value [1 MPa] for LWAs. 
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Figure 4.5 Bar chart of uniaxial compressive strength of clay aggregates without and with 

additives (*black line: UCS limit) 

 

4.1.4 Mineralogical characterization of the perlite, tuff-clay aggregates  

The aim is to investigate how additives affect certainly expanded clays and whether they can 

be used to improve them. Since the aim is to improve LWAs, only those samples analyzed 

for which the additives have a positive effect. Therefore, the mineral phases and the 

microstructure of the LWA prepared from 10 wt% of perlite and tuff with clay were 

examined for nine samples (Blue, Yellow, Gray, 1, 2, 5, 6, 7, and 9) 

Two critical parameters determined the physical properties of samples. The first is the 

crystalline minerals and amorphous phases of the LWAs, and the second is the pore 

structure. X-ray diffraction analysis was used to observe how the mineral phases of clay 

aggregates without and with additives change after the heat treatment. Table 4.3 summarizes 

the results of the XRD analysis of the fired products. The amounts of amorphous and 

crystalline phases were determined, and correlations between phases and physical properties 

were studied. Besides, the change in mineral phases with increasing temperature was 

investigated for some Hungarian and Egyptian samples. 
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Table 4.3 Mineral crystalline phases and amorphous contents of the LWA 

Samples B Y G 1 2 5 6 7 9 

Additive-free, [wt%] 

Amorphous, [wt%] 73 70.2 74 74 71 76 65 69 71.5 

Crystallinity, [wt%] 27 29.8 26 26 29 24 35 31 28.5 

Mineral crystalline phase, [wt%] 

Hematite 9.4 9.9 10.5 8.2 13.1 7.1 9.2 9.2 15.7 

Quartz 6.7 29.4 7 10.4 9.2 11.7 18.4 16.1 17.4 

Anorthite 25 14.1 22.5 30.2 2.6 27 16.8 14.7 7.8 

Mullite 13.9 21 15 10.5 59.6 5.6 37.6 40 40 

Other 45 25.6 45 40.7 15.5 48.6 18 20 19.1 

With 10 wt% of perlite  

Amorphous, wt% 79 72 77 76 73 78.5 68 70 72.5 

Crystallinity, wt% 21 28 23 24 27 21.5 32 30 27.5 

Hematite 6.9 6.5 5.9 7.7 10 3.6 10.4 10 11.9 

Quartz 12.5 27.5 17 28.8 10.4 30.7 17.3 16 4.5 

Anorthite 27 9.7 26 30 3 40 3.8 5 1.3 

Mullite 7 22 13.5 7.4 50 5.2 30.3 30.5 50.6 

Other 46.6 34.3 37.6 26.1 26.6 20.5 38.2 38.5 31.7 

With 10 wt% of tuff 

Amorphous, wt% 78.5 71.9 76.5 75 72.5 77 69 71 72.5 

Crystallinity, wt% 21.5 28.1 23.5 25 27.5 23 31 29 27.5 

Hematite 5.7 5.7 2.9 5.8 10.9 9.6 11 2.6 14.6 

Quartz 20 24 15 20 15.8 10.4 17.8 7.7 5.1 

Anorthite 7.1 4 19 2.9 5.1 25 5.1 4.2 8.1 

Mullite 19.2 12 12.2 13.1 33.6 6.2 32.8 34 30 

Other 48 54.3 50.9 58.2 34.6 48.8 33.3 51.5 42.2 

 

The amorphous phase is naturally dominant in all the LWAs prepared from clay material 

without additives, ranging from 65-76 wt%, respectively. The clays containing higher 

kaolinite, and mullite, can be found in the crystalline phase. However, all samples contained 

varying amounts of some quartz polymorphs (quartz, tridymite, cristobalite), hematite, and 

main feldspars such as anorthite and microcline. Hematite indicates the presence of a gas-

forming phase containing iron. In the samples with 10 wt% perlite or tuff, as they contained 

a large amount of amorphous content, the amount of the amorphous content improved 

slightly. The crystalline phases were the same as it was formed in additive-free samples. X-

ray diffraction patterns of the Blue samples with and without are shown in Figure 4.6. 
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Figure 4.6 XRD patterns of the Blue clay with and without additives, fired at 1225°C 

 

Generally, the mineral phases formed in all clays, then a strong coefficient of determination 

between the constituent phases and the physical properties of the LWAs was only found 

between the amorphous content and the bulk density of the aggregates, as shown in Figure 

4.7.  

 

Figure 4.7 Trends between sample density and amorphous content 
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The strongest tendencies were observed for the perlite and tuff aggregates, where R2 is 0.80 

and 0.88, respectively. The trend indicates that the huge amount of amorphous content is 

more effective in trapping evolving gases, reducing the density of the samples. 

Figure 4.8 illustrates the phase transformations that took place in the case of the Blue clay 

mixture with 10 wt% perlite. In aggregates fired above 1200°C, a significant amorphous 

hump formation indicates the amorphous content. 

 

 

Figure 4.8 XRD patterns of the mixture of Blue clay and 10 wt% of perlite at the different firing 

temperatures 

According to the correlation coefficients of the properties and the mineral phases (Appendix 

4.18 and 4.19), the anorthite and mullite mineral phases affected the properties of the perlite 

and tuff-clay aggregates. For the anorthite phase in perlite-clay aggregates, there is a 

reciprocal relationship with bulk density and a direct relationship with (MHE) with 

correlation coefficients -0.86 and 0.62, respectively. Also, the mullite had a direct 

relationship with bulk density, with a correlation coefficient of 0.74. Besides, the mullite had 

a direct relationship with a bulk density of 0.68, and the anorthite had a reciprocal 

relationship with a bulk density of -0.52. 
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4.1.5 Microstructure of the perlite, tuff-clay aggregates 

Figure 4.9 shows the optical and scanning electron micrographs for the LWA samples. 

  

 

Figure 4.9 SEM micrograph of LWAs a) Blue 

clay with 10 wt% of perlite at 1225°C (M 

=100X), b) Optical micrograph for the Blue 

sample with 10 wt% of perlite, c) Optical 

micrograph for the Grey sample with 10 wt% 

of perlite 

 

 

The microstructure of the clay aggregates with 10 wt% perlite (made from Blue clay and 

Grey clay) can be observed in the following SEM and optical micrographs (Figure 4.9). 

Mixing 10 wt% of perlite with the clays enlarges the pore size in the LWAs. Besides, the 

outer surface contains many small spheres of different sizes. According to Soltan et al. [151], 

these spheres form the nucleus of the expansion mechanism. As the temperature rises, the 

spheres start to grow and connect (Figure 4.9a). As the optical micrograph shows in Figure 

4.9b, the pore size range of the Blue clay aggregates with 10 wt% of perlite was in the range 

of 0.94 mm to 3.4 mm. At the same time, the pores size of the Grey clay aggregates with 10 

wt% of perlite was between 0.49 mm and 1.49 mm (Figure 4.9 b and c). According to the 

measured values, adding perlite improved the pore size by ~10 %. Figure 4.10 illustrates the 

microstructure of the clay aggregates with 10 wt% of tuff.  

  

b) a) 
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Figure 4.10 SEM micrographs of LWAs 

a) Optical micrograph for the Blue clay 

with 10 wt% tuff; at 1225°C, b) Grey clay 

with 10 wt% tuff fired at 1225°C (M 

=350X), c) Blue clay with 10wt% tuff 

fired at 1225°C (M=150X) 

 

At 1225°C, the LWA made from Blue clay with 10 wt% tuff (Figure 4.10a and c) becomes 

more compact by the effect of the developed mineral and amorphous content. The pore size 

range of the Blue clay aggregates with 10 wt% of tuff (Figure 4.10b) ranged from 1.51 mm 

to 4.94 mm. In the case of Grey clay aggregates, adding 10 wt% tuff changed the pore size 

to the range of 0.6 mm to 2 mm (Appendix. Table 4.16). 

White spots near the tiny pores can be seen on the SEM micrographs for perlite and tuff 

additives. Table 4.4 presents the chemical composition of measured points by EDAX of perlite, 

tuff-clay LWA.  

Table 4.4 Chemical composition of measured points by EDAX of perlite, tuff-clay LWA 

Sample Blue with 10 wt% perlite Grey with 10 wt% tuff Blue with 10 wt% tuff 

Points 1 2 3 4 5 6 7 

O 25.70 34.02 38.21 35.63 34.19 13.09 36.08 

Na 0.87 0.13 0.76 0.87 0.77 0.81 2.22 

Mg 1.85 0.89 1.05 0.86 4.26 1.36 1.69 

Al 15.00 56.14 36.67 16.23 11.92 7.75 10.56 

Si 29.03 4.37 16.33 31.04 18.58 14.56 35.29 

K 3.63 0.43 1.51 1.28 2.01 3.00 2.56 

Ca 5.79 3.41 3.24 10.67 1.22 2.47 5.54 

Ti 1.30 0.15 0.24 0.38 1.04 3.20 1.09 

Fe 16.83 0.45 1.99 3.03 25.99 53.77 4.97 
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Based on the elemental analysis (EDAX) at Point 1 (Table 4.4), the groundmass of the 

aggregates contains a high percentage of Si, Fe, and Al. The high percentage of Fe explains 

the expansion of the sample after mixing with perlite [24] 

EDAX analysis of Points 2 and 3 shows the high aluminum content (Figure 9a). The reason 

for this is the corundum phase (Al2O3) formation after adding 10 wt% perlites. These results 

were confirmed by the XRD Rietveld method, as well. The amount of identified corundum 

phase was 8 wt% (Appendix. Table 4.14). As corundum has a hardness of 9 on the Mohs 

scale, it can enhance the mechanical strength (from 1.54 MPa to 1.8 MPa) of the LWA.  

In points 5 and 6 (Figure 4.10b, 4.10c), where white spots were observed, the elemental 

analysis revealed the presence of iron (25.99 wt%, 53.77 wt%, respectively). Opposite this, 

in Points 4 and 7, a small percentage of Fe was measured (3.03 wt%, 4.97 wt%, respectively). 

According to Bernhardt. et al. [24], the metallic iron powder gave the primary enhancement 

in expansion, and consequently, reduced particle density and uniaxial compressive strength 

were achieved. That explains why the Blue sample significantly enhanced height expansion 

after adding the perlite and tuff materials (153 and 157 %); the density declined to 0.53 and 

0.54 g/cm3. 

4.2 Characterization of bentonite-clay aggregates  

4.2.1 Effect of 10 wt% of bentonite on the Riley diagram 

Table 3.1 summarizes the chemical compositions of the raw clay materials. In the clays, the 

amounts of oxides presented in the Riley diagram are as follows:  

• SiO2: 55.15 to 64.97 wt%,  

• Al2O3: 17.29–22.53%,  

• Total flux: 15.96- 21.24 wt%.  

The iron contents of the samples are also indicated (6.3–14.21 wt%). Figure 4.11a shows 

that each of the 15 clays was in the bloating area (red contour-encased area) [57, 58].  
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Figure 4.11 a) Chemical composition of the technological sample as plotted on Riley's diagram 

[7], b) Chemical composition of the technological samples with 10 wt% of bentonite as plotted on 

Riley's diagram [7] 

Samples can obtain a suitable viscosity to trap a significant amount of the gaseous 

components, leading to the formation of the expanded structure of LWA [59].  

After a 10 wt% of bentonite mixing with the clay sample, the amount of SiO2 ranged from 

55.28- 64.12 wt%, Al2O3 17.53-21.93 wt%, total flux 17.23-21.32 wt%, and the iron content 

varied from 7.12-14.24 wt%.  

Some of these values are plotted in the Riley diagram and presented in a magnified format 

in Figure 4.11b. The points represent the different samples shifted toward the direction of 

fluxing oxides. Also, samples with bentonite contain more iron oxide than the original raw 

materials.  

4.2.2 Effect of bentonite materials on the clay height expansion  

The melting behavior of the clays was studied using a heating microscope. Images were 

taken of all samples with and without bentonite additive at different temperatures (T). Image 

analysis revealed the height expansions (H) and the maximum height of expansion (MHE) 

of the clay samples.  

The MHE value indicates the change in the height of the expanded sample compared to the 

green sample (Table 4.5). 
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Table 4.5 Maximum height expansion for the LWA with 10wt% of bentonite 

Samples 
MHE, [%] 

Additive-free 10 wt% of bentonite 

Hungarian 

B 138 164 

Y 122 135 

G 123 133 

Egyptian 

1 129 135 

2 122 129 

3 108 101 

4 120 116 

5 122 135 

6 122 124 

7 118 112 

8 126 123 

9 112 132 

10 144 120 

11 123 133 

12 121 124 

 Mean 123.33 127.73 

 SD 8.85 14.04 

* SD: standard deviation 

 

Figure 4.12 shows the changes that occurred in the height expansion of Sample 1 at different 

temperatures. For Sample 1 from Egypt (Figure 4.12 a)), the value of MHE was 129 % at 

1270 °C. After adding 10 wt% bentonite (Figure 4.12 b)), the values of MHE grew to 135 

% at 1241 °C.  

 

Figure 4.12 a) The height expansion of clay Sample (1) without additives at different temperatures, 

b) The height expansion of clay Sample (1) with 10 wt% of bentonite at different temperatures 
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In the Riley diagram, a shift toward the direction of fluxing oxides due to the addition of 

bentonite was observable, according to the results of heating microscope measurements. 

Figures 4.12a and 4.12b compare the temperature shifts after the added bentonite. The 

temperature was taken down by approximately 30°C. Numerical values for all samples are 

summarized in Table 4.5, while the results can be compared with the representation of Figure 

4.13. 

 

Figure 4.13 Bar chart for the height expansion before and after 10 wt% of bentonite addition 

 

In conclusion, the MHE value of the Hungarian samples without additive materials bentonite 

was between 122% and 138%, while it ranged from 108 to 144 % for the Egyptian samples. 

After mixing 10 wt% of bentonite with the clays, the value of MHE was higher in most cases 

except for Sample 3, 4, 7, 8, and 10. For the Hungarian clays, MHE improved from 33-64%, 

while the rise was between 20-35% for the Egyptian samples. 

4.2.3 Bulk density and uniaxial compressive strength of the bentonite-clay aggregates 

The bulk density for pelletized aggregates without additive materials was less than 1.2 g/cm3. 

For the Hungarian samples, the bulk density range was between 0.57 g/cm3 and 1.2 g/cm3 

fired at 1225 °C, while for the Egyptian samples at 1275 °C, the lowest and the highest 

values were 0.71 g/cm3 and 1.11 g/cm3, respectively. The Blue clay sample had the lowest 

density among samples without additive materials. The reduction in density was related to 

its high amount of low-viscosity amorphous content during firing. The numerical values can 

be found in Table 4.6. 
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Table 4.6 Physical and mechanical properties of clay-bentonite aggregates 

Samples 
Bulk density, [ g/cm3] UCS, [MPa] WA, 

[%] Additive-free 10 wt% of bentonite Additive-free 10 wt% of bentonite 

H
u

n
g

a
ri

a
n

 

B 0.57 0.55 1.54 3.27 0.7 

Y 1.2 0.95 4.82 7.15 0 

G 0.84 0.79 2.09 4.32 6.1 

E
g

y
p

ti
a

n
 

1 0.71 0.75 1.18 1.2 4.16 

2 0.95 0.94 1.1 2 6.4 

3 1.11 1.1 3.19 3 4 

4 0.92 1 0.8 0.8 4 

5 0.71 0.65 3.04 1.46 16.7 

6 0.99 0.95 5 4.2 7.14 

7 1.12 1.1 1.6 1.86 5.1 

8 0.93 0.97 1.7 4.78 7.5 

9 0.9 0.99 4 1.2 30 

10 0.88 0.9 3.1 3.8 23.8 

11 0.89 0.98 5.8 4.78 4.3 

12 1.1 1.02 10.4 12.08 3.6 

 Mean 0.92 0.91 3.29 3.73 8.23 

 SD 0.17 0.16 2.51 2.90 8.54 

*UCS: uniaxial compressive strength, WA: water absorption, B: Blue clay; Y: Yellow clay; G: Grey 

clay. Green color: beneficial or no effect, red color: negative effect, SD: standard deviation 

 

The uniaxial compressive strength values were 1.54-4.82 MPa for the Hungarian aggregates 

and 1.18-10.4 MPa for the Egyptian clay. All strength values are higher than 1 MPa. Figure 

4.14a and Figure 4.14 b show the change in bulk density and uniaxial compressive strength 

before and after adding 10 wt% bentonites.  

The bentonite greatly affected the bulk density and uniaxial compressive strength of the 

aggregates. The bulk density of the Hungarian samples changed to 0.55-0.95 g/cm3, which 

is a 4-26% decline. With the decrease in bulk density, there was a significant improvement 

in uniaxial compressive strength. The strength of the aggregates was 48-181% higher. This 

enhancement is a beneficial change for LWAs, as it can result in lighter building blocks and 

higher-strength concrete elements. 
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Figure 4.14 a) Bar chart of bulk density of aggregates without and with bentonite, b) Bar chart of 

uniaxial compressive strength of aggregates without and with bentonite  

 

The bulk density of the Egyptian clays with 10 wt% bentonites changed differently, ranging 

from 0.65 to 1.1 g/cm3. The change was both reduced and enhanced depending on the 

sample. Uniaxial compressive strength enhanced in seven of the twelve Egyptian clays 

(Samples 1, 2, 4, 7, 8, 10, and 12) tested, while it declined in the five other cases (Samples 

3, 5, 6, 9, and 11). The change in bulk density and uniaxial compressive strength of the 

aggregates is related partly to the amount of kaolinite phase in the samples. Kaolinite was 

present in high percentages in Samples 1, 3, 7, 8, 9, 10, and 11 (>25 wt%). The uniaxial 

compressive strength of Sample 5 decreased due to its 10.92% calcite content. With 

increasing temperature, the decomposition of calcite grows CO2 emission, causing more 

porosity and a drop in density and uniaxial compressive strength. 

For samples (8, 9, and 11), where the quartz phase was low, adding bentonite raised the bulk 

density, and for Sample 9 and 11, uniaxial compressive strength decreased remarkably. 
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Table 4.6 presents the mean and standard deviation of bulk density and UCS of the LWAs 

with different temperatures.   

The range of water absorption for these aggregates is 0-30% (Table 4.6). Some of these 

samples, such as the Blue and the Grey, had deficient water absorption because the 

aggregates were covered with a glazed surface formed by the amorphous contents, and such 

a surface affects the measured water absorption. 

Plotting the MHE as a function of bulk density (Figures 4.15 a) and b)), the results of the 

samples without additive materials do not show a statistical coefficient of determination 

(R2=0.28), but a significant coefficient of determination (R2=0.71) can be reached when 

bentonite was added. Comparing these results to the studies (Table 3.1) where artificial 

additives were applied, it can be said that bentonite as a natural additive is also suitable for 

enhancing the properties of LWAs. 

 

 
Figure 4.15 a) Relation between the bulk density and maximum height expansion without 

bentonite, b) Relation between the bulk density and maximum height expansion with 10 wt% of 

bentonite 

4.2.4 Mineralogical characterization of bentonite-clay aggregates 

Defining the mineral phases in the LWAs, the 12 selected samples had advantageous 

physical and mechanical properties (Samples B, Y, G, 1, 2, 5, 6, 8, 9, 10, 11, and 12). Heat 

treatment (Hungarian clays fired at 1225°C and Egyptian clays fired at 1275°C) of the clay 

aggregates resulted in the amorphous phase being the primary phase in the samples. The 

mineral phases for the aggregates without additive materials were the same as the crystalline 

phases of the aggregates with bentonite. Besides the 66-78 wt% amorphous content, some 

crystalline phases were also found. The main phases of the Hungarian samples were quartz, 

hematite, and mullite (Table 4.7).  
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Table 4.7 Mineral phases of clay-bentonite aggregates 

 

In most Egyptian samples, mullite was the main crystalline phase due to the significant 

kaolinite content. Besides quartz, hematite, and feldspars, other minerals like cordierite, 

cristobalite, and tridymite were also found. 

Iron-containing phases or pure iron powder play an essential role in the expansion 

mechanism of the clays and affect the properties of the aggregates [24]. As the iron oxide 

content of bentonite was relatively high (14.5 wt%), this favored the formation of hematite. 

Figure 4.16 shows the change in the amount of hematite for samples without and with 

additives. Except for Samples 1, 2, and 9, it was higher in all cases where bentonite was 

used. 

 

Figure 4.16 Bar chart for the hematite content before and after 10 wt% of bentonite 

addition 

Samples B G Y 1 2 5 6 8 9 10 11 12 

Am, [wt%] 78 73.8 76.9 75.2 74.3 77.4 68.5 70.4 72.5 70.2 66.4 68 

Crys, [wt%] 22 26.2 23.1 24.8 25.7 22.6 31.5 29.6 27.5 29.8 33.6 32 

Crystalline mineral phases, [wt%] 

Cristobalite 4.8 6.3 4.3 5.3 5.1 3.7 5.6 4.7 4.3 4.8 5.8 12.4 

Hematite 11.7 11 12.2 6.4 11.3 14.5 9.4 18.4 15.1 9.6 14.6 14 

Microcline 5.8 12 7.2 8.1 9.2 10.9 3.7 2.3 3.7 9.7 3.6 4.5 

Quartz 13.9 16.7 26.7 6.3 13 33.5 19.4 4.5 8.7 14.6 2.6 20.4 

Anorthite 20 9 4.2 32.5 7.6 5.4 10.7 9 4.4 14.2 7 2.7 

Cordierite 2 1.8 0 2 1 0.9 2.6 3 1 2.9 2.6 2.6 

Mullite 31 32.7 32.4 35.4 38.6 23.7 41.9 53 56.9 36.4 58 33.6 

Tridymite 10.8 10.5 13 4 14.2 7.4 6.7 5.1 5.9 7.8 5.8 9.8 
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Another factor that may affect the properties of the aggregates is the amorphous phase. The 

amount of amorphous content was much higher compared to the crystalline phase. In the 

case of clay ceramics, the increasing amorphous content with increasing temperature 

generally enhances the density, as it is accompanied by shrinkage. This shrinkage means a 

more compact structure. However, in the case of LWAs, the gas pressure at the firing 

temperature and the amorphous phase in the plastic state increase the volume of the samples. 

Using correlation analysis, I analyzed the correlations between the properties of LWAs and 

amorphous content. Table 4.8 shows a correlation model (MS Excel) for the clays studied.  

 

Table 4.8 Correlation analysis for the parameters of the statistical model 

Parameters MHE, [%] BD, [g/cm3] UCS, [MPa] Amorphous, [wt%] 

MHE, [%] 1    

BD, [g/cm3] -0.77 1   

UCS, [MPa] -0.25 0.48 1  

Amorphous, [wt%] 0.64 -0.80 -0.49 1 

 

From the correlation values, the amorphous contents have a good reciprocal relationship 

with the bulk density, with a correlation coefficient of r=0.8 and a direct relationship with 

the maximum height expansion. Regarding the latter, the correlation coefficient is only 0.64, 

which means it does not have a substantial effect.  

Figure 4.17 shows the reciprocal relationship between the amorphous contents and bulk 

density of the LWAs without additive with the coefficient of determination value R2=0.52 

and clay-bentonite aggregates with R2=0.65. This figure shows the effect of bentonite 

content on the amorphous content.   

 
Figure 4.17 Trend between bulk density and amorphous content of clay-bentonite aggregate 
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4.2.5 Microstructure of bentonite-clay aggregates 

For observing the pore distribution and the microstructure of the LWAs, I prepared and 

analyzed LWAs with SEM. The structure of LWA is consistent with the phase composition 

in all the samples. The structure of Sample 1 can be seen in Figures 4.18, 4.19, and 4.20 

before and after the bentonite add-on.  

 

 
Figure 4.18 SEM micrograph of LWA at 1275 °C (a) Sample (1) without additive (M =20X), (b) 

Sample (1) with 10 wt% of bentonite (M =50X) 

Figure 4.18a illustrates that the cross-section of the aggregates consisted of two layers. Inside 

the outer layer, there are tiny pores with an irregular distribution. In contrast to this, the inner 

side is one large pore. This type of structure develops if the outer layer of the aggregates is 

closed by a silicate melt and the evolved gas trapped inside and the amount of it that reaches 

the outer layer is very little. The process produces higher pressure inside the aggregate; 

therefore, MHE rises, and the density decreases.  

After using 10 wt% of bentonite, the structure of the sample was different. It can be observed 

in Figure 4.18 b that the pore distribution became homogeneous. The pore size distribution 

seems identical throughout the cross-section, and the aggregate surface is smooth. The new 

structure with bentonite is better because regular pore size can enhance the uniaxial 

compressive strength of LWA. This structure causes a more homogeneous stress distribution 

throughout the microstructure [22, 24]. 

SEM images show many white spots on the fracture surfaces of samples, which are 

multiplied around the pores and on the surface of the pores. Figures 4.19 a and b, 4.20 a, and 

b provide an example. EDAX studies have revealed that these are high-iron phases. In the 

pictures, numbers indicate the studied areas, the chemical compositions of which are given 

in Table 4.19. Point 1, measured by EDAX, can be found in Figure 4.19a. 
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Table 4.9 EDAX with results of the clay-bentonite aggregates 

Samples 
Additive-free Clay+10 wt% of bentonite 

1 1 5 Yellow Grey 

Point 1 2 3 4 5 6 7 8 9 

C, % 5.04 2.66 1.26 2.71 1.14 NA NA NA NA 

O, % 30.44 23.78 10.34 21.8 17.71 20.57 23 24.7 13.41 

Na, % 0.12 2.2 0.74 1.49 0.1 0.64 0.76 0.62 0.87 

Mg, % 0 0.86 1.61 1.89 0.84 1.61 0.69 1.87 0.41 

Al, % 0.21 12.8 8.64 11.71 4.71 11.2 4.52 12.99 7.05 

Si, % 62.88 47.89 9.51 43.76 3.71 45.31 18.61 41.22 6.23 

K, % 0.26 4.57 0.9 2.54 0.29 5.12 2.04 4.73 0.75 

Ca, % 0.29 1.34 0.84 6.4 1.41 3.38 1.13 4.25 0.47 

Ti, % 0.19 0.37 3.13 1.55 2.7 1.03 0.47 0.91 0.3 

Fe, % 0.56 3.52 63.02 6.16 67.39 11.14 48.78 8.71 70.52 

 

 

Figure 4.19 SEM micrograph of LWA fired at 1275°C (a) Sample 1 with 10 wt% bentonite with 

the EDAX analysis to Point 3 (M=100X), (b) Sample 5 with 10 wt% bentonite with the EDAX 

analysis to point 5 (M=100X) 

 

Figure 4.20 SEM micrograph of LECA (a) Yellow clay with 10 wt% of bentonite with the EDAX 

analysis to white patches (M=250X), (b) Grey clay with 10 wt% of bentonite with the EDAX 

analysis to white patches (M =350) 
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4.3 Discussion of the properties of additive-clay aggregates  

The additives affected each clay sample studied from different deposits and with different 

geological ages. Additives have modified the properties of the manufactured LWAs 

compared to clays without additive materials. Table 4.10 shows the effect of these additives 

on the bulk density and uniaxial compressive strength of LWAs. 

Table 4.10 Changes in properties of LWAs after 10 wt% addition of perlite, tuff, and bentonite 

Samples B Y G 1 2 3 4 5 6 7 8 9 10 11 12 

  Change with perlite addition    

MHE, % ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↓ ≡ ↑ ↓ ↑ ≡ 

BD, g/cm3 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ 

UCS, MPa ↑ ↑ ↑ ≡ ↑ ≡ ↑ ↑ ↑ ↑ ↓ ↓ ≡ ↓ ↓ 

  Change with tuff addition    

MHE, % ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 

BD, g/cm3 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ≡ ↓ ↑ ↑ ↑ ↑ ↓ 

UCS, MPa ↑ ↑ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↓ 

  Change with bentonite addition    

MHE, % ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ 

BD, g/cm3 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ 

UCS, MPa ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↑ 

*MHE: maximum height expansion, BD: Bulk density; UCS: Uniaxial compressive strength; ↓: 

properties decreased; ↑: properties increased; ≡ no change. 

Additives should be as light and strong as possible; therefore, they can be used to build 

lighter but stronger concrete structures. The effects of perlite, tuff, and bentonite are shown 

separately in Table 4.10, indicated only by symbols, excluding the degree of change. The 

additive is most effective when the bulk density of the lightweight aggregate produced 

decreases and its strength grows simultaneously. This effect was achieved for 8 samples (B, 

Y, G, 2, 4, 5, 6, and 7) with 10 wt% of perlite, 5 samples (B, Y, G, 2, and 7) with tuff, and 6 

for bentonite (B, Y, G, 2, 7 and 12). For some clays, the bulk density change was 

insignificant, but the strength was enhanced. 

In Table 4.10, the cells showing an improved features of the LWAs are highlighted in green. 

For the three additives, at least 8 out of the 15 clays used in the experiment showed a decrease 

or no change in bulk density but development in uniaxial compressive strength. Although 

the chemical composition and amorphous content of perlite and rhyolite tuff are nearly 

identical, the two additives have similarly altered the properties of LWAs made from 
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younger Pannonian clays. However, the effect was not in the same direction for the older 

and higher kaolinitic clays of the middle Eocene to late Pliocene age and the oldest Senonian 

age. Egyptian clays have a significantly higher kaolin content, which influenced both the 

firing temperature and the effect of additives. The use of high amorphous volcanic additives 

can therefore be beneficial to improve the properties of LWAs in different clays, thus 

allowing the production of lighter and higher-strength concretes. 
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CHAPTER 5 

Lightweight concrete 

In this chapter, the results of the analysis of concrete made with clay aggregates with and 

without additives. The effect of the cementitious phases and microstructure on the properties 

of the LWCs was analyzed. Finally, the effect of the thermal load on the properties of  LWC 

was studied. 

5.1 LWCs without additive materials 

5.1.1 Bulk density, water absorption, and apparent porosity of the LWCs 

After examining the basic properties of lightweight aggregates, five samples were chosen 

for making LWCs: Blue, Yellow, Grey, 1, and 5. These samples were chosen because they 

are among the least dense compared to the other samples. The following results were 

obtained by measuring the physical properties of the LWCs samples after 7, 14, and 28 days 

and at 3 different temperatures (200°C, 300°C, and 500°C). Table 5.1 and Figure 5.1 

summarize all properties of the LWCs.  

Table 5.1 Physical and mechanical properties of LWCs after exposed to different temperatures 

Samples 
Physical properties 

UCS, [MPa] Temperature, [°C] 
AP, [%] BD, [g/cm3] ASG WA, [%] 

Blue 

27.5 1.4 1.9 19 26.2 25°C 

27.03 1.29 1.92 19.5 27.5 200°C 

36.7 1.25 2 27.98 10.8 300°C 

47.42 1.16 2.3 38.71 NA 500°C 

Yellow 

11.07 1.63 1.9 6.53 36.5 25°C 

13.6 1.5 1.82 8.69 38.39 200°C 

30.5 1.45 2.1 19.3 29.56 300°C 

31.83 1.4 2.18 21.39 NA 500°C 

Grey 

21.5 1.5 1.98 13.8 23.35 25°C 

25 1.4 1.95 17.7 29.88 200°C 

36 1.37 2.2 25.4 10.9 300°C 

41.3 1.27 2.34 29.97 NA 500°C 

1 

23 1.41 1.95 15.5 20.5 25°C 

21.5 1.45 1.96 16 23 200°C 

22.3 1.35 1.91 15 11.5 300°C 

23.92 1.1 2 15.7 4 500°C 

5 

24.5 1.39 1.96 16.5 21 25°C 

26.5 1.45 2 17.5 22.5 200°C 

24.5 1.39 1.99 16.33 16.5 300°C 

23.79 1.15 1.96 15.85 4.2 500°C 

*AP: apparent porosity, BD: bulk density, ASG: apparent specific gravity, WA: water absorption, 

UCS: uniaxial compressive strength. 

 



73 

At 7 days, bulk density, water absorption, and apparent porosity of the LWCs ranged from 

1.37 to 1.6 g/cm3, 15.14 to 17%, and 23 to 26.16%, respectively. At 14 days of curing time, 

these values were changed. The bulk density ranged from 1.37 to 1.62 g/cm3. The water 

absorption and apparent porosity for this curing time were 14.5-20.0% and 23.2-28.5%, 

respectively. The bulk density of LWC samples at 28 days is less than 1.84 g/cm3 [79], which 

is the limit value of LWCs. LWC with Blue LWA had a bulk density of 1.4 g/cm3, which is 

the lowest, and LWC with Yellow LWA had a bulk density of 1.63 g/cm3, which is the 

highest value. The LWCs with Blue LWA had a porosity of 27.5 % and a water absorption 

value of 19 %. LWC with Yellow LWA had a minor porosity of 11.07 %, and the water 

absorption was less than 7%.  

Figure 5.1 compares the bulk density and apparent porosity of the LWCs at different curing 

times. At 28 days, the bulk density of all LWCs was improved (Figure 5.1a). In contrast, the 

apparent porosity was reduced except for LWC with Blue LWA and Sample 5, as shown in 

Figure 5.1b.  

 

Figure 5.1 a) Bulk density of the LWCs at several curing times, b) Apparent porosity of the LWCs 

at different curing times 
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There is a reciprocal relationship between the porosity and the bulk density of LWCs at 28 

days based on previous measurements, as illustrated in Figure 5.2, with a coefficient of 

determination 0.91, which corresponds to laboratory measurements and SEM imaging. 

 

Figure 5.2 Relationship between bulk density and apparent porosity at 28 days  

 

SEM micrographs confirmed this information, revealing a large number of voids (white 

arrows) inside the primary formation of LWC made with Blue LWA, which helped to 

improve the porosity and reduce the specific density of this sample, as shown in Figure 5.3a. 

While a massive concrete structure distinguished the Yellow sample, the percentage of voids 

was less compared to the other samples, and this was clarified in Figure 5.3b.  

 

Figure 5.3 SEM micrographs of a) LWC with Blue LWA at 28 days. b) LWC with Yellow LWA 

at 28 days 

Table 5.1 shows the physical properties of the LWCs at different temperatures. When 

concrete samples were exposed to temperatures ranging from 200°C to 500°C, the physical 

properties turned out to be quite different. As the bulk density of all samples gradually 
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decreased, its range was from 1.29 -1.5 g/cm3 at 200°C. At 300°C, density dropped even 

further, to 1.25 g/cm3 for the Blue sample and 1.45 g/cm3 for the Yellow sample. However, 

at 500°C, the bulk density dropped to its lowest level, never exceeding 1.4 g/cm3. Figure 5.4 

show the relationship between the bulk density and temperature; it shows how much the bulk 

density has decreased across all samples with a temperature rise. 

 

Figure 5.4 Relationship between the bulk density of LWCs in the function of temperature at 28 

days 

As the temperature rose, consequently did the apparent porosity (Figure 5.5). At 200°C, 

300°C, and 500°C, the apparent porosity ranges of the LWC samples were 13.6 -27.03 %, 

22.3- 36.7 %, and 23.79 -41.3 %, respectively. The water absorption ranges of the LWC 

samples at 200°C, 300°C, and 500°C were 8.69 -19.5 %, 15- 27.98%, and 15.7 - 38.71 %, 

respectively. 

 
Figure 5.5 Apparent porosity of the LWC at different temperatures 

5.1.2 Uniaxial compressive strength of the LWCs without additive materials 

At 7, 14, and 28 days and the three previously mentioned temperature, the uniaxial 

compressive strength of LWC samples were measured. Table 5.1 shows the results of the 
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UCS measurement. The uniaxial compressive strength range was 9.9–26.93 MPa after 7 

days. The enhancement in the UCS range was 18.77–35.20 MPa after 14 days (Figure 5.6). 

At 28 days, the uniaxial compressive strength ranged from 20.50 MPa (LWC with Sample 1 

LWA) to 36.5 MPa (LWC with Yellow LWA). The previously measured physical properties 

and uniaxial compressive strength can be easily linked. One of these links is the bulk density 

and uniaxial compressive strength; both are improved together. This improvement can 

observe in samples like the LWC with Blue and Yellow LWAs, where the first was 1.4 g/cm3 

with a uniaxial compressive strength of 26.2 MPa, and the Yellow sample had a bulk density 

of 1.63 g/cm3 and UCS value of 36.5 MPa (Figure 5.7). 

 

Figure 5.6 Uniaxial compressive strength of the LWCs at different curing times 

There are several relationships between uniaxial compressive strength and other physical 

properties analyzed under the same conditions. With a coefficient of determination of 0.62, 

there is a direct relationship between uniaxial compressive strength and bulk density (Figure 

5.7a). Aside from the reciprocal relationship with porosity with a coefficient of 

determination of 0.65, as shown in Figure 5.7 b.  

 

Figure 5.7 Relationship between uniaxial compressive strength at 28 days and a) Bulk density, b) 

Apparent porosity 

The uniaxial compressive strength of the samples improved significantly (by 27 %) at a 

temperature of 200°C. Figure 5.8a shows the values of the UCS increase in each sample. For 

example, the LWC with Grey LWA increased from 23.35 MPa to 29.88 MPa. 



77 

 

Figure 5.8 a) Uniaxial compressive strength of the LWC at different temperatures, b) Relationship 

between the uniaxial compressive strength and temperature 

The uniaxial compressive strength of the concrete cubes declined dramatically at 300°C, but 

the LWC with Yellow LWA remained the strongest (29.56 MPa). In contrast, the LWC with 

Grey LWA has the lowest UCS value of 10.90 MPa (Figure 5.8a). The last highest 

temperature was 500°C. Most of the concrete cubes were damaged, and the uniaxial 

compressive strength could not be measured. The UCS of the LWCs declined as the 

temperature raised, as shown in Figure 5.8b. 

It was observed through electron microscopy imaging that, many voids that existed before 

using the high temperature were closed, resulting in a reduction in the size of the large pores, 

as shown in Figure 5.9a. Moreover, closing the interstitial space within the interfacial 

transition zone and the aggregates. Therefore, the uniaxial compressive strength at 200°C of 

the LWC samples enlarged significantly.  
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Figure 5.9 SEM micrograph of Blue LWCs 

cube at a) 200°C, b) 300°C, c) 500°C  

 

After the exposure at 300°C and 500°C, measuring the uniaxial compressive strength was 

difficult because the LWC samples were greatly destroyed. After all, the aggregates cracked 

greatly and could not bear the load. The interstitial space between the aggregates and the 

interfacial transition zone improved significantly, as shown in Figures 5.9b and c. 

5.1.3 Mineralogical characterization and the microstructure of LWCs without 

additive materials 

One of the essential factors for understanding the change in the characteristics of the different 

lightweight concrete samples is the mineral composition. At 28 days, the study of minerals 

inside the LWCs using the XRD technique revealed that the dominant minerals are C3S, C2S, 

Ca(OH)2, calcium silicate hydrate (C-S-H), portlandite phases as cementitious phases, 

besides quartz, cristobalite, microcline, mullite, calcite, and anorthite as phases come from 

the aggregates (Table 5.2). In this study, the mineral phases were analyzed at different 

temperatures, but the focus will be on two temperatures, 25°C, and 200°C. Table 5.2 presents 

the calculated amount of each phase.  

 

 

b) a)

) 

C) 
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Table 5.2 Mineral phases of the LWCs 

Phases 

25°C 200°C 

Blue Grey Yellow 1 5 Blue Grey Yellow 1 5 

Amorphous, [wt%] 32 29 22 27 29 30 27 20 26 29 

Crystallinity, [wt%] 68 71 78 73 71 70 73 80 74 71 

Crystalline mineral phases, [wt%] 

C2S 7 2 12 4.5 8 7.5 8.7 14 9 4 

C3S 10.4 9 4 13.6 12.6 11.2 14 6 8.5 10 

C-S-H 13 14 15 11.3 10.6 18 20 22 14.1 14.9 

CaOH2 15.4 8.4 6.4 10.3 9.3 15.7 13.7 4.4 10.5 7.5 

Portlandite 4 7.4 6 0 8.4 6.5 4.5 5 5.8 8.8 

Quartz 8 11.5 5.4 19.1 3.3 2 0 6.4 6.2 8.2 

Calcite 5 7 8 4 9 7 6 5 6 8 

Cristobalite 4.4 6.8 6.8 4.8 2.4 1 1.6 3.8 2.6 2.5 

Anorthite 10 13 13 3.5 12 5 4 5 4.6 8 

Mullite 9 3 12 4.5 5 7 9 19 6 15 

Hematite 2.7 1.9 1.9 6.8 2.3 0.5 0.5 1.5 0.5 1.4 

Microcline 9.1 16 8 10 5.3 14 12 6 3.9 5.5 

Tridymite   1.5 2 4.8 0.6 0 1.9 1.4 2.2 

Albite 2  0 5.6 7 4 6 0 21 4 

 

To comprehend the temperature-induced change in the properties of LWCs, I must first 

consider the bulk density of each mineral phase. It was discovered that the density of the C-

S-H phase was 2.6 g/cm3, while C2S and C3S had densities of 3.128 g/cm3 and 2.968 g/cm3 

[44], respectively. 

Firstly, one of the most significant phases on the properties of the LWCs is C-S-H. The C-

S-H results from the reaction between the silicate phases of Portland cement and water [45]. 

This reaction typically is expressed as (Eq. 5.1): 

2·Ca3SiO5 + 7·H2O → 3·CaO · 2·SiO2 · 4·H2O + 3·Ca(OH)2 + 173.6 kJ (5.1) 

Increasing this mineral phase's proportion to the other cementitious phases reduces the 

density of the concrete samples when heated to 200°C. Figure 5.10 shows the growth in this 

phase.  

https://en.wikipedia.org/wiki/Alite
https://en.wikipedia.org/wiki/Calcium_oxide
https://en.wikipedia.org/wiki/Silicate


80 

 
Figure 5.10 Bar chart of cementitious phase at room temperature and 200°C for C-S-H  

 

The uniaxial compressive strength enhanced at 200°C because of the C-S-H phase rise. 

Figure 5.11 shows the direct relation of this phase with uniaxial compressive strength at 

25°C with a coefficient of determination value of 0.76. However, at 200°C, this coefficient 

increased to 0.8. This phase started to decrease to reach a minimum level at 500°C 

 
Figure 5.11 Relationship between uniaxial compressive strength and C-S-H phase at room 

temperature and 200 °C 

 

The relationship between the C2S phase and the uniaxial compressive strength was checked 

in Figure 5.12. The coefficient of determination of this relationship raised from 0.36 (at 

25°C) to 0.69 (at 200 °C). This enhancement could explain why the uniaxial compressive 

strength improved at 200°C 
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Figure 5.12 Relationship between uniaxial compressive strength and C2S phase at room 

temperature and 200 OC 

At 500°C, however, some cementitious mineral phases are no longer present. Ca(OH)2,  C-

S-H, C2S, and C3S are examples of these mineral phases; these phases wholly disappeared 

due to dehydration with increasing temperature, as shown in Figure 5.13. 

 
Figure 5.13 XRD patterns of the LWCs with Sample 1 LWA after the exposure at different 

temperatures 

 

Moreover, the amount of amorphous content started to rise. The EDAX analysis decreased 

the amount of Ca, which confirms that the cementitious phases did not exist, as shown in 

Figure 5.14. Besides, as the temperature increased, the cracks in the LWAs spread, causing 

a drop in uniaxial compressive strength and bulk density and destroying the LWCs.  
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Figure 5.14 SEM micrograph of LWC with Sample 1 LWA at 500°C with the EDAX analysis 

5.2 Additive LWCs 

There are two ways to incorporate additive materials into LWCs. The first is to replace a 

portion of the cement with additive materials. The second one is to use additive materials as 

part of the aggregates, then mixed with the cement to form the LWCs. In the next section, I 

used 2 different additive materials (perlite and tuff materials) (as the second way was used) 

according to the beneficial properties of these additive materials with as LWCs. 

5.2.1 The bulk density, water absorption, and apparent porosity of the LWCs 

The properties of LWC formed from mixing the LWAs prepared with 10 wt% of perlite and 

tuff materials are presented in Table 5.3. The concrete cubes were exposed to a different 

temperature determined after 28 days of curing. Table 5.3 summarizes the physical and 

mechanical properties of the concrete cubes at 200°C, 300°C, and 500°C. 
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Table 5.3 The properties of the LWCs after exposure to different temperature 

*AP: apparent porosity, BD: bulk density, UCS: uniaxial compressive strength, SG: apparent 

specific gravity, and WA:  water absorption ND: not determined. 

At 28 days, the lowest LWCs bulk density was Blue LWA (1.3 g/cm3) with 14.1% water 

absorption, and the highest was LWC with Yellow LWA (1.45 g/cm3) with 17% water 

absorption. Besides, using a tuff additive decreased the bulk density of the LWCs was 

observed by 12-17% compared to before adding the additives. The water absorption of the 

LWC with Blue LWA was 15.1%, and it was 14.92% for the LWC with Yellow LWA. 

Figure 5.15a shows the effect of the additive materials on the density of the concrete cubes.  

 

Figure 5.15 Bar chart of bulk densities of a) LWC, b) LWA 

Sample 

Perlite Tuff 

T, 

[°C] 
AP, 

[%] 

BD, 

[g/cm3] 
SG 

WA, 

[%] 

UCS, 

[MPa] 

AP, 

[%] 

BD, 

[g/cm3] 
SG 

WA, 

[%] 

UCS, 

[MPa] 

Blue 

20.00 1.30 1.74 14.10 20.00 20.40 1.22 1.65 15.10 19.75 25 

22.50 1.25 1.75 16.60 21.20 23.00 1.22 1.80 16.60 23.50 200 

20.16 1.2 1.79 14.09 9.80 23.20 1.20 1.84 16.40 16.50 300 

23.67 1.1 1.84 16.813 2.10 29.96 1.00 1.59 26.89 10.00 500 

Yellow 

26 1.45 2.07 17 30.4 23.10 1.35 2.00 14.92 20.08 25 

28.00 1.39 2.17 18.5 32.00 24.80 1.40 2.05 16.10 23.00 200 

25.86 1.28 2.11 16.52 18.50 23.02 1.30 2.02 14.77 19.80 300 

28.06 1.05 2.14 18.22 7.40 24.01 1.10 2.01 15.60 10.50 500 

Grey 

22.50 1.38 1.90 15.00 22.80 20.50 1.38 1.80 14.50 24.50 25 

22.25 1.37 1.86 15.35 23.5 20.5 1.36 1.82 14.1 26 200 

20.97 1.35 1.87 14.15 8.02 18.8 1.39 1.77 13.08 9.35 300 

20.64 1.2 1.88 13.83 3.5 19.6 1.3 1.81 13.47 ND 500 

1 

27.00 1.36 1.95 18.00 20.50 19.50 1.30 1.85 13.00 14.00 25 

22.00 1.30 1.87 15.50 25.00 21.50 1.21 1.80 14.50 16.20 200 

30.07 1.23 2.05 20.89 8.35 16.36 1.20 1.76 16.5 12.50 300 

29.07 1.04 1.95 20.99 2.10 28.50 1.00 1.75 11.12 ND 500 

5 

23 1.35 1.87 16.5 21.4 25.8 1.35 2 17 24 25 

24.50 1.34 1.85 16.55 22.45 25 1.33 1.92 17.5 31 200 

23.85 1.33 1.90 16.42 11.8 26.8 1.25 1.97 18.59 15 300 

24.60 1.2 1.91 16.99 6.4 27.5 1.1 1.93 19.57 ND 500 
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The density of the aggregates played a critical role in the effect on the bulk density of the 

LWC. All the selected samples had a decrease in bulk density after adding perlite and tuff 

(Figure 5.15.b) and a reduction in LWC density. Figure 5.15b depicts the bulk density of the 

without and with additive LWA.  

The bulk density of LWCs prepared with LWA with perlite additives declined with the 

increasing temperature, as shown in Figure 5.16a.  

 
 

Figure 5.16 Relationship between the bulk density and temperature for a) LWC prepared with 

LWAs containing perlite, b) LWC prepared with LWAs containing tuff, c) SEM image for LWCs 

prepared by LWAs with perlite additive materials 

In the case of tuff additive, the bulk density of some samples (LWC with Blue, Grey, and 

Sample 1, 5 LWA) decreased. LWC with Yellow was raised (Figure 5.16b). The bulk density 

range of the LWCs at 200°C was 1.29–1.5 g/cm3. This range was 1.25–1.39 g/cm3 for perlite 

cubes and 1.21–1.4 g/cm3 for tuff cubes at 300°C. At 500°C, the bulk density was diminished 

to a minimal level, and the cubes were wholly damaged (Table 5.3). 

The apparent porosity is an important property that can affect durability. Table 5.3 presents 

the apparent porosity results for the various groups of tested samples.  
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Yellow concrete pastes have less porosity (11.07 %) than Blue and Grey (27.5 % and 21.5 

%, respectively) (Table 5.1). After adding 10 wt% perlites, the apparent porosity of the Grey 

LWC and Yellow LWC samples raised to 22% and 26.5 %, respectively. Aside from tuff, 

the apparent porosity was 22 and 23.1 %, respectively.  

The apparent porosity had a direct relation with the temperature (Table 5.3). The apparent 

porosity ranges of the LWC samples with LWAs prepared with 10 wt% of perlite at 200°C, 

300°C, and 500°C were 22–28 %, 20.16–30.7%, and 20.64–29.07%, respectively. The water 

absorption ranges of these samples were 15.35–18.5%, 14.09–20.89%, and 13.83– 20.99 %, 

respectively, at 200°C, 300°C, and 500°C. While the highest apparent porosity of tuff LWC 

cubes was 25% for sample 5 at 200°C. In contrast, the lowest one was the Grey sample 

(20.5%). At 300°C, the apparent porosity of LWC with Grey LWA decreased by 18.8%, 

while LWC with Sample 5 LWA raised to 26.8%. 

5.2.2 Uniaxial compressive strength of the additive concrete cubes 

The uniaxial compressive strength of the LWCs without additive materials was 26.2 MPa 

for Blue LWA, 23.35 MPa for Grey LWA, 36.5 MPa for Yellow LWA, 20.5 MPa for Sample 

1 LWA, and 21 MPa for Sample 5 LWA, respectively (Figure 5.17). The uniaxial 

compressive strength of the LWC samples was negatively impacted by the addition of 10 

wt% perlite and tuff to clay. The UCS of LWCs with perlite decreased to 23% and 44% for 

tuff materials. Figure 5.17a depicts the variation in the decline of the uniaxial compressive 

strength of the LWC after adding additive materials. Figure 5.17b shows the UCS of the 

LWA. 

 

Figure 5.17 Bar chart of uniaxial compressive strength of a) LWC, b) LWA 
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These LWA samples with additives had UCS higher than without it. However, this 

enhancement did not appear in the UCS of the concrete due to another factor affecting it. 

These factors are the mineral phases that appeared after mixing aggregate and cement and 

the smooth surface of the aggregates.  

The UCS of additive concrete cubes at different temperatures was summarized in Table 5.3. 

The uniaxial compressive strength values of the LWCs with LWAs prepared with 10 wt% 

perlite were the following: LWC with Yellow LWA was the highest (32 MPa) at 200°C and 

began to decrease as the temperature raised, reaching 18.5 MPa at 300°C. While LWC with 

Blue LWA had the lowest UCS (21.20 MPa) at 200°C, the UCS decreased as temperature 

improved. 

At this temperature, the uniaxial compressive strength of all LWCs was higher than the lower 

limit of the UCS standard for lightweight concrete (18 MPa). At 300°C, the uniaxial 

compressive strength of the LWCs reduced dramatically. The highest temperature was 

500°C. Most of the LWCs were damaged. Therefore, the uniaxial compressive strength was 

impossible to measure (the test results for Gray, Samples 1 and 5 for 300°C). The uniaxial 

compressive strength of the LWCs decreased as the temperature increased, as shown in 

Figure 5.18a. 

 

 
 

Figure 5.18 Relationship between the uniaxial compressive strength and temperature for a) LWC 

with LWA prepared with perlite additive, b) LWC with LWA prepared with tuff additive  

 

At 200°C, the range of the UCS for the LWCs with LWAs prepared with 10 wt% tuffs was 

16 MPa (LWC with Grey LWA) - 31 MPa (LWC with Sample 5 LWA). This range declined 

at 300°C to 9.35 MPa (LWC with Grey LWA) -19.8 MPa (LWC with Yellow LWA). Most 
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samples were damaged at the highest temperature (500°C), such as LWC with Grey, Sample 

1, and Sample 5 LWAs (Figure 5.18b).  

The bulk density of the LWCs with additive materials was diminished, which matches the 

decrease in the bulk density of the additive aggregates. The uniaxial compressive strength of 

the concrete cubes with additives declined. In contrast, the uniaxial compressive strength of 

the aggregates was enlarged, and the surface of the aggregates with additives was smooth. 

This smooth surface affected the workability of the aggregates with cement (Figure 5.19). 

Figures 5.19a, c, and e show the irregular surface of the aggregates without additive 

materials. In contrast, Figures 5.19b, d, and f show the smooth surface of the samples with 

perlite and tuff additive materials. After mixing the aggregates with the cement, a lot of the 

aggregates left their position due to the workability and the wettability between the 

aggregates and concrete.  

 

 

Figure 5.19 The surface of the a) Blue LWA without additive materials, b) Blue LWA with 10 

wt% of perlite, c) Yellow LWA without additive materials, d) Yellow LWA with 10 wt% of tuff, e) 

Grey LWA without additive materials, f) Grey LWA with 10 wt% of perlite  
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5.2.3 Mineralogical characterization and microstructure of additive concrete 

cubes 

After measuring the physical and mechanical properties of the LWCs prepared with LWAs 

with different additives, the mineralogical characterization was determined. The remaining 

parts of the cubes were milled to 63 µm, analyzed by XRD, then determined the mineral 

phases were. 

Table 5.4 presents the formation of cementitious compounds containing Ca(OH)2 and 

hydrated calcium silicate (C-S-H). These observations indicate that a good mixing of LWA 

aggregates and cement additives may have occurred. The formation of Ca(OH)2 depends on 

a reaction between CaO in cement and water. Hydrating anhydrous calcium silicates 

produces C-S-H; this phase was increased after adding perlite and tuff materials to the LWAs 

used in the LWCs. Table 5.4 shows some results for LWCs with Blue and Grey LWAs. 

 

Table 5.4 Mineral phases and chemical analysis from EDAX 

*Am: Amorphous, Crys: Crystallinity. 

 

Sample 
Mineral phases 

Chemical analysis points by 

EDAX 

Blue Grey   Blue 

Phases 
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1 2 3 

Am, [wt%] 30 33 32.5 27 29 30     

Crys, [wt%] 70 67 67.5 73 71 70     

Crystallinity mineral phases, [wt%]  

C2S 7 3.8 5 2 3 1 C 3.61 2.68 0 

C3S 10.4 5.1 0.8 9 8 4 O 23.88 24.7 35.3 

C-S-H 15 25 23 14 18 19 Na 0.72 1.17 0.74 

CaOH2 15.4 5.8 6.6 8.4 4.4 5 Mg 1.75 1.48 1.93 

Anorthite 15 14 10 13 20 17.5 Al 9.75 9.5 4.26 

Cristobalite 4.4 3.5 3.9 6.8 6.8 7.4 Si 34.8 26.66 6.04 

Hematite 2.7 2.4 2.6 1.9 1.9 2.1 S 1.15 0.64 0.77 

Microcline 9.1 10 18 16 16 12 K 3.07 3.22 0.45 

Quartz 8 15.4 15.1 11.5 11.9 15 Ca 13.92 17.08 40.9 

Portlandite 4 12 15 7.4 7 10 Fe 5.53 12.87 7.65 

Mullite 9 3 0 10 3 7 F ND ND 1.96 
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Figure 5.20 depicts the interfacial transition zone around the various aggregates in the 

concrete cubes. The compaction of the concrete cubes was lower after using the additive 

materials than before because the surface of these aggregates is smoother than the surface of 

aggregates without additive materials (Figure 5.19). That explains why the UCS of LWCs 

decreased (Figure 5.20a, 5.20b). 

 

 

Figure 5.20 Microstructure of the LWCs a) LWC with Blue LWA, b) LWC with Blue LWA 

prepared with 10 wt% of perlite (AGG: aggregates, CM: cement) 

 

The EDAX analysis of the interfacial transition zone in LWC with Blue LWA revealed a 

high percentage of Si and Ca contents (34.8 wt% and 13.9 wt%, respectively) (Figure 5.20a. 

/Point 1 and Table 5.4) and Table 5.4). After adding 10 wt% perlite, the percentages of the 

two elements were 26.6 wt% and 17.8wt%, respectively (Figure 5.20b /Point 2/ and Table 

5.4). With tuff, these elements were changed to 6.4 wt% and 40.9 wt%, respectively (Figure 

5.21/ point 3 and Table 5.4). Figure 21 shows a small and limited non-uniform distribution 

of C-S-H. Also, a needle-like ettringite was stacked on the surface of the aggregates (Figure 

5.21).  
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Figure 5.21 Microstructure of the concrete cubes of LWC with Blue LWA prepared with 10 wt% 

of tuff (AGG: aggregates, CM: cement) 

The formation of ettringite is observed in the hardened cement paste and may be due to the 

dissolution of calcium sulfate and the formation of calcium hydroxide. Activation of the 

amorphous structures at 200°C causes them to bind together to produce a stable chemical 

system and structure, such as the results of cement hydration. The EDAX analysis 

corresponded to the C-S-H phase, characterized by the XRD Rietveld method. This analysis 

explained how the composition of the lightweight aggregates influenced the interfacial 

transition zone. Furthermore, the pozzolanic activity and cementitious materials influence 

the reaction between the surface of the aggregates and the cement. Table 5.4 shows the 

percentage of Fe elements developed after adding perlite and tuff materials. 
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CHAPTER 6 

Conclusion 

The flow chart for the laboratory test work for all LWA and LWC without additive materials 

and with different additive materials is presented in Figure 2.2. All experimental data were 

collected in Appendix B Table 3.14, 3.15, 3.16. All average values of the experiment runs 

are showed in Table 3.17. 

6.1 Results of the raw clay materials and aggregates without additive materials 

According to the characterization of the raw clay materials, the three principal oxides groups 

that affected the bloating were silica, aluminum oxide, and total flux, aside the ranges of 

these groups for the collected samples were: SiO2 range (55.15–64.97 wt%), Al2O3 range 

(17.29–22.53 wt%), and total flux range (15.96–21.24 wt%). The iron content of the samples 

is also shown (6.3-14.21 wt%). Concerning the Riley model, the 15 collected clays were in 

the bloating area, which means that these clays can expand when fired at temperatures lower 

than 1300°C. The heating microscope was used to measure the height expansion of the clay 

samples. The maximum height expansion of all clay samples was increased with varying 

values ranging from 108% (Sample 4) to 144% (Sample 10).  According to the measured 

properties of the aggregates, the bulk density of all 15 clays was ≤1.2 g/cm3. The UCS of the 

aggregates was higher than 1 MPa except for Sample 4 (0.8 MPa). According to the previous 

result, these sample properties are acceptable for lightweight aggregates [2] except for the 

Yellow sample and Sample 4.  

6.2 The mineralogical modification of the Riley diagram 

From the chemical composition, mineral phases, and properties of the raw clay materials and 

LWAs, I developed the modified Riley diagram to predict the position of the LWAs with a 

density lower than 1 g/cm3. This diagram makes it possible to predict the bulk density of the 

LWAs (lower than 1 g/cm3) without measuring it.  

 Based on the three principal chemical oxides, Riley's diagram is used to determine the 

expendability of the LWA. The new modification on this diagram, however, was dependent 

on the chemical oxides and mineral phases (quartz phase) that were measured prior to firing 

using the XRD Rietveld method. According to the XRD measurements, the quartz phase 

ranged from 2.99 wt% to 32.5 wt%.  

A correlation can be found by examining the chemical and mineral composition of the raw 

clay materials. The quartz phase and SiO2 directly correlated with the coefficient of 
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determination (R2, or R-Squared): R2 = 0.76 (Figure 3.12a). Besides this R2 value of the 

quartz, there were correlation coefficients (r) with the other chemical oxides (Al2O3 and 

Fe2O3, K2O and CaO) were: -0.71, -0.81 and 0.84 and 0.52 (Table 3.8). There is a reciprocal 

correlation between the quartz and kaolinite with correlation coefficient (r) = -0.94. The 

quartz and kaolinite phases had a reciprocal relationship with the coefficient of 

determination R2= 0.88 (Figure 3.12b). According to the correlation in Table 3.8 and 

coefficient of determination values (Figure 3.12), the quartz had a specific relationship with 

all parameters of the Riley model and kaolinite mineral phase. 

If I plot the proportions of the main oxide groups in the Riley diagram for the clays without 

additive materials using the data in Tables 3.1 quartz mineral phase calculated 

from XRD (Table 3.3), I obtain the relationship shown in Figure 3.13a. Table 3.9 shows the 

values of this relationship. The coefficient of determination of the SiO2/Al2O3 and SiO2/flux 

oxide ratios is 0.22. However, if SiO2 is replaced in the ratio pairs by the amount of pure 

quartz phase determined by XRD, as shown in Figure 3.13b, I obtain a strong correlation in 

the quartz/Al2O3 and quartz/flux ratios. The R2 value increases to 0.95, showing a strong 

correlation between the parameters. This relationship can be distinguished between the 

samples with kaolinite contents (higher than 4 wt%) (Egyptian samples), and the lowers 

samples. 

Based on the analysis of the mineral and oxide composition of expanded clays from different 

deposits and the LWAs produced using the clays, I modified the Riley diagram to determine 

the expandability of clays and predict the bulk density of the LWAs. The idea of the 

modification is that instead of SiO2 content, the quartz content of the sample is plotted 

alongside Al2 O3 and Flux after normalizing each value (Figure 3.14).  

In the modified Riley diagram, the samples can be sorted by quartz content based on the 

experiments performed. It is possible to determine the sample with the lowest quartz content, 

which can still produce LWAs of less than 1.2 g/m3. 

The yellow sample marks this value. The Yellow sample had the highest bulk density of 1.2 

g/cm3. This sample is the closest to the quartz peak and has a quartz content of 32.5 wt%, 

the highest of all tested samples. Based on the analysis of the samples, a zone can also be 

identified in the diagram where the density of LWAs is less than 1 g/cm3.  

In Figure 3.14, the area within the density of the samples below 1 g/cm3 is marked in a black 

number. Samples Yellow, 3, 7, and 12 are outside this area; these samples are indicated with 

red numbers, which lay outside the area marked with green elliptic (the density of these 

samples is higher than 1 g/cm3).  
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Therefore, if the values are plotted in the modified Riley diagram after X-ray diffraction and 

chemical composition analysis, the density of LWAs can be estimated. 

If I mark the quartz content (horizontal bold black line in Figure 3.14), which is, in this case, 

the limit (32.5 wt% for the Yellow sample), it can be stated that below this content, all 

samples have a density that meets the European standard. 

6.3 Modeling of the bulk density and uniaxial compressive strength   

I have found an equation for predicting the bulk density and UCS of the LWAs without 

measuring it. The bulk density and UCS of aggregates can be calculated using the multi-

linear regression model based on measured data for raw clay samples. Furthermore, as shown 

in Table 3.12, these calculated values were compared to measured values for bulk density 

and UCS. The three main steps for completing this model were a correlation, ANOVA, and 

multi-linear regression. The multi-linear regression model assisted in extracting one 

equation from the other parameters for calculating bulk density and UCS, and these 

equations are shown below. 

BD = 13.084- (0.008* MHE) - (0.117* SiO2) – (0.126* Al2O3) - (0.134* FX)  

(Error ± %)  

And for uniaxial compressive strength is 

UCS = 187.882- (0.197*MHE) - (1.705*SiO2) – (2.838*Al2O3) - (1.177*FX)  

(Error ± %)  

Finally, to approve this model, I applied this equation to all using clay with additive data for 

confirmation of this equation (Appendix B Table 3.18, 3.19, and 3.20) 

6.4 Effect of the additive materials on the properties of the aggregates  

After measuring the properties, and mineral phases and creating the model for aggregates 

without additive materials, the additive materials were added to the raw clay materials to 

prepare LWAs with beneficial properties. Based on the results of additive material 

experiments, it can be stated that mixing 10 wt% perlite, tuff, and bentonite with clays 

significantly affects the expansion, bulk density, and uniaxial compressive strength of 

lightweight expanded clay aggregates.  

Most of the maximum height expansion of the clay aggregates values rose significantly, 

reaching 130% for perlite, 100% for tuff, and 68% for bentonite.  

Using 10 wt% of perlite, rhyolite tuff, or bentonite as a natural additive for expandable clays 

alters the expansion process. It can cause a reduction in the bulk density of lightweight 
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additives of about 8 to 20% for perlite, about 14 to 25% for tuff, and about 6 to 21% for 

bentonite. In addition, these additives can cause enhancement in the uniaxial compressive 

strength of the lightweight aggregates between 14-250% for perlite, between 13-362% for 

tuff, and between 16-181% for bentonite. 

6.5 Mineral crystalline and amorphous phases of LWA 

Two critical parameters influence the physical properties of samples. The first is the 

amorphous content of the LWAs, and the second is the pore structure. X-ray diffraction 

analyses were performed to see how the mineral phases of clay aggregates without and with 

additive material changed after thermal treatment. The structure of the minerals in the 

crystalline phase decomposes as the temperature rises, and they gradually transform into 

amorphous content in the presence of the fluxing oxides. Along with the amorphous content, 

the crystalline phase was present in decreasing amounts as temperature improved. The 

addition of 10 wt% perlite, tuff, and bentonite increased the amount of amorphous phase as 

a function of thermal treatment temperature. When considering the mineral phases formed 

in all clays in general, the amorphous content and the bulk density of the samples showed 

the strongest correlation between the constituent phases and the physical properties of the 

LWAs, as shown in Figures 4.7 and 4.17. The perlite, tuff, and bentonite samples exhibit the 

strongest tendencies, with R2 values of 0.80, 0.88, and 0.65, respectively. As a result, the 

larger the amount of amorphous content, the more effective it is at trapping evolving gases 

and lowering sample density. 

6.6 The properties of the LWC cubes with and without additive materials  

From all previous measurements on LWAs, I chose 5 samples (Blue, Yellow, Grey, 1, and 

5) presented for producing the concrete cubes. All previous experiments show that the bulk 

density and UCS of the concrete cubes without additive materials at 28 days are less than 

1.8 g /cm3 and have a maximum strength higher than 17 MPa (Standard limit). According to 

the standards, these samples had values matched with the limits of bulk density and the UCS. 

As a result, these samples can be used as structural LWC.  

According to statistics, apparent porosity had an inverse relationship with bulk density, with 

a coefficient of determination R2=0.9126. UCS had a reciprocal relationship with apparent 

porosity with R2=0.65. The other relationship is a direct relationship between UCS and bulk 

density, with R2=0.63.  
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Three different temperatures were used to investigate the effect of different thermal loads on 

the properties of LWCs with LWAs prepared without and with additives. As expected, the 

UCS diminished at higher temperatures (300 °C and 500 °C). However, at 200°C, the 

measurement results showed a slightly bulk density reduction caused by the dehydration 

process of the concrete structure. Parallel to this, an increase was observed in the UCS 

results. The bulk density and UCS of these LWCs depend on the cementitious mineral 

phases. According to [45], the density of the C-S-H phase was 2.32 g/cm3, which resulted in 

a lighter phase. When the amount of this phase (calculated using the Rietveld XRD method) 

rises, the bulk density of the concrete cubes reduces compared to other cementitious mineral 

phases. That is what happened at 200°C. Furthermore, C-S-H and C2S directly correlate with 

uniaxial compressive strength at 200°C, with the coefficient of determination values of 0.8 

and 0.7, respectively.  

At 500°C, the UCS of the LWCs declined dramatically due to the mineral composition 

lacking some of the hardest cementitious mineral phases, such as C-S-H and C2S. XRD and 

EDAX can identify this deficiency. Furthermore, using perlite and tuff additive materials for 

aggregates diminished the bulk density of the LWCs by 11% and 18%, respectively. 

Moreover, the UCS of these additives was reduced by 23% for perlite and 32.5 % for tuff 

material. The reaction between the surface of the aggregates and the cementitious materials 

affected the interfacial transition zone, which caused the reduction in UCS. The smoother 

aggregate surface affected the workability and wettability of the LWCs, causing low 

consolidation between aggregates and cement.  

6.7 Application of LWAs and LWCs products 

Based on all laboratory measurements on the use of natural additive materials (perlite, tuff, 

and bentonite) on expanded clay revealed that these materials can improve the final 

properties of the aggregates, which can be used in lightweight structural concrete, according 

to the standard of this type of building (lower than 1.8 g/cm3 and higher than 17 MPa). The 

properties of these aggregates are much superior to the minimum limit of structural concrete. 
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NEW SCIENTIFIC RESULTS 

Thesis 1 

A modification of the Riley diagram, when the normalized value of the amount of quartz 

phase and Al2O3 and fluxing oxides (Fe2O3 + MgO + CaO + Na2O + K2O) of an expandable 

clay sample are plotted, can be used to identify lightweight aggregates, fired at optimal 

temperature, with a bulk density less than 1 g/cm3.  

The modified Riley diagram is applicable for expandable clays for which: 

▪ The optimal firing temperature is 1225°C for clays with low kaolinite content (1-4 

wt%) and is 1275°C for clays with high kaolinite content (13-34 wt%).  

▪ The quartz content of expandable clays is between 2.99-32.5wt%, Al2O3 content is 

between 17.29-22.53 wt%, and fluxing oxides content is between 15.97-21.45 wt%.  

 

Ternary diagram between quartz, Al2O3, and flux oxides (Modifying on Riley Diagram) 
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Thesis 2 

An integrated statistical model for expandable clays from different deposits, based on the 

SiO2, Al2O3, fluxing oxides (Fe2O3 + MgO + CaO + Na2O + K2O) composition (wt%) and 

the maximum sample height (%) measured by a heating microscope, can be used to estimate 

the bulk density of lightweight aggregates by using the following multi-linear regression 

equation: 

Bulk density= 13.084- (0.008* Maximum height expansion) - (0.117* SiO2) – (0.126* 

Al2O3) - (0.134* Fluxing oxide) (Error %±) 

The integrated statistical model can be used for expandable clays with quartz contents 

varying between 55.15-64.97 wt%, Al2O3 contents varying between 17.29-22.53 wt%, and 

fluxing oxide contents varying between 15.97-21.45 wt%. 

Thesis 3  

For expandable clays where the kaolinite content is lower than 4wt%, the application of 10 

wt% additives of perlite (Cser-hegy) or rhyolite tuff (Bodrogkeresztúr) or bentonite 

(Istenmezeje) affect the expansion process positively, the maximum height expansion of the 

clays increases in the range of 16-69% which results in 3-28% lower lightweight aggregate 

bulk density and 3-112% higher uniaxial compressive strength compared to the clays 

without additives. 

Thesis 4  

The use of 10 wt% of perlite (Cser-hegy) or rhyolite tuff (Bodrogkeresztúr), or bentonite 

(Istenmezeje) as an additive for expandable clays alters the expansion process. It can cause 

a reduction in the bulk density of lightweight additives of about 8 to 20% for perlite, about 

14 to 25% for tuff, and about 6 to 21% for bentonite and an increase in the uniaxial 

compressive strength of the lightweight aggregates between 14-250% for perlite, between 

13-362% for tuff, and between 16-181% for bentonite. 
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Thesis 5 

For lightweight aggregates, with a bulk density lower than 1.2 g/cm3 and uniaxial 

compressive strength higher than 1 MPa, made of expandable clays from different deposits 

which used without or with additives such as perlite (Cser-hegy) or rhyolite tuff 

(Bodrogkeresztúr) or bentonite (Istenmezeje), the amorphous content (in wt%) of a 

lightweight aggregate is inversely proportional to the bulk density (g/cm3). The inverse 

proportionality can be described by the following equations for samples with amorphous 

contents between 65-80 wt%: 

a) for lightweight aggregates without additives: y = -0.0412x + 3.8367. 

b) for perlite lightweight aggregates: y = -0.0449x + 4.1753. 

c) for tuff lightweight aggregates: y = -0.0589x + 5.1544. 

d) for bentonite lightweight aggregates: y = -0.031x + 3.1202. 

 

Trends between sample density and amorphous contents of the additives 
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APPENDIX A 

 

 

Figure 2.8 Location and topographic map for Giza, Helwan and El-Saf showed clay quarrie 

 

 

 

Figure 2.9 Location and topographic map for Fayum with clay quarry 
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Figure 2.10 Location and topographic map for Sinai with clay quarry 

 

 

Figure 2.11 Location and topographic map for Marsa matrouh with clay quarry 
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Figure 2.12 Location and topographic map for El-Alamin with clay quarry 

 

Figure 2.13 Location and topographic map for Malyi with clay quarry 
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Figure 2.14 Structure of clay mineral a) Kaolinite, b) Bentonite 
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APPENDIX B 

 

Figure 3.17 DTA/TGA curves of the Sample 1 

 

 

Table 3.13 Correlation between all parameter of the LWA 

Parameters 
MHE, 

[%] 

SiO2, 

[wt%] 

Al2O3, 

[wt%] 

FX, 

[wt%] 

UCS, 

[MPa] 

BD, 

[g/cm3] 

MHE, [%] 1.00      

SiO2, [wt%] 0.14 1.00     

Al2O3, 

[wt%] 
-0.52 -0.70 1.00    

FX, [wt%] 0.42 -0.59 -0.09 1.00   

UCS, [MPa] -0.20 -0.16 -0.26 0.23 1.00  

BD, [g/cm3] -0.53 -0.19 0.13 -0.20 0.57 1.00 
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Table 3.14 Crucial data for clay materials and aggregates without additive materials. 

Phase 

Qz Kao Am Chemical oxides, [wt%] Properties of LWA 

[wt%] SiO2 Al2O3 FX MHE, [%] 
BD,  

[g/cm3] 

UCS,  

[MPa] 

PD, 

[g/cm3] 

B 26.53 2.57 9 62.23 17.73 19.32 138 0.57 1.54 0.5 

G 30.8 3.2 6.01 64.97 17.36 17.36 123 0.84 2.09 0.74 

Y 32.5 1.68 11.99 62.91 17.94 18.45 122 1.2  4.82 1.15 

1 11.35 27.23 10 56.4 20.75 21.45 129 0.71 1.18 0.61 

2 19.23 18.35 7 61.09 19.33 17.85 122 0.95 1.1 0.88 

3 13.6 24.35 6.63 59.29 22 15.97 108 1.11 3.19 1 

4 21.23 13.35 7 57.35 21.85 18.03 120 0.92 0.8 0.95 

5 22.01 22.87 6.02 62.05 19.54 16.75 122 0.71 3.04 0.66 

6 14.44 21.74 9.98 61.5 19 16.9 122 0.99 5 0.67 

7 6.27 34 10 58.69 22.53 16.76 118 1.12 1.6 1.15 

8 2.99 33.46 9.01 55.15 22.18 20.04 126 0.93 1.7 0.63 

9 3.96 33.3 6.01 56.07 22.03 19.8 112 0.9 4 0.9 

10 11.92 31.04 6 59.1 18.48 19.18 144 0.88 3.1 0.9 

11 4.14 32.09 6 55.4 21.47 20.35 123 0.89 5.8 0.92 

12 14.64 15.81 5.01 59.14 17.29 20.22 121 1.1 10.4 1.05 

 

Table 3.15 Crucial data for perlite and tuff-clay materials and aggregates 

Sample 

  

Properties of additive-clay aggregates 

  

Mineral composition 

MHE, [%] BD, [g/cm3] PD, [g/cm3] UCS, [MPa] Perlite Tuff 

P
er

li
te

 

T
u

ff
 

P
er

li
te

 

T
u

ff
 

P
er

li
te

 

T
u

ff
 

P
er

li
te

 

T
u

ff
 Am, 

[wt%] 

Crys,  

[wt%] 

Am, 

 [wt%] 

Crys, 

 [wt%] 

H
u

n
g

a
ri

a
n

 

B 153 157 0.53 0.54 0.71 0.7 1.8 2.69 79 21 78.5 21.5 

Y 133 125 0.96 1 0.98 1 5.73 5 72 28 71.9 28.1 

G 134 139 0.82 0.6 0.72 0.7 2.5 3 77 23 76.5 23.5 

E
g

y
p

ti
a

n
 

1 143 130 0.7 0.64 0.7 0.6 1.18 1.06 76 24 75 25 

2 137 127 0.94 0.92 0.91 0.88 1.7 5.08 73 27 72.5 27.5 

5 137 144 0.63 0.66 0.8 0.7 3.9 1.4 78.5 21.5 77 23 

6 132 130 0.98 0.99 0.96 1.15 6.2 7.2 68 32 69 31 

7 117 126 1.1 1.03 1.02 0.9 5.58 2.96 70 30 71 29 

8 126 133 0.92 0.95 0.65 0.7 0.75 0.65 70 30 69 31 

9 128 117 0.99 0.92 0.9 0.9 3.01 5.2 72.5 27.5 72.5 27.5 
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Table 3.16 Crucial data for bentonite-clay materials and aggregates 

Samples MHE, [%] BD , [g/cm3] UCS, [MPa] 
WA, 

[%] 

Mineral composition 

Amorphous, 

[wt%] 

Crystallinity, 

[wt%] 
H

u
n

g
a

ri
a

n
 

B 164 0.55 3.27 0.7 78 22 

Y 135 0.95 7.15 0 73.8 26.2 

G 133 0.79 4.32 6.1 76.9 23.1 

E
g

y
p

ti
a

n
 

1 135 0.75 1.2 4.16 75.2 24.8 

2 129 0.94 2 6.4 74.3 25.7 

5 135 0.65 1.46 16.7 77.4 22.6 

6 124 0.95 4.2 7.14 68.5 31.5 

8 123 0.97 4.78 7.5 70.4 29.6 

9 132 0.99 1.2 30 72.5 27.5 

10 120 0.9 3.8 23.8 70.2 29.8 

11 133 0.98 4.78 4.3 66.4 33.6 

12 124 1.02 12.08 3.6 68 32 

 

Table 3.17 The oxides, MHE calculated and measured bulk density of the clay-perlite samples 

S
a
m

p
le

s 

S
iO

2
, 
[w

t%
] 

A
l 2

O
3
, 
[w

t%
] 

F
X

, 
[w

t%
] 

M
H

E
, 
[%

] 

Measured BD, 

[g/cm3] 
Calculated BD, [g/cm3] 

E
rr

o
r,

 [
±

%
] 

B 63.79 17.24 17.32 53 0.53 0.64 21.1 

Y 66.25 16.91 15.62 33 0.96 0.79 -17.8 

G 64.4 17.43 16.48 34 0.82 0.82 -0.4 

1 58.54 19.95 20.02 43 0.7 0.64 -8.7 

2 62.76 18.68 16.68 37 0.94 0.80 -14.8 

5 63.62 18.86 15.98 37 0.63 0.77 22.5 

6 63.13 18.3 16.12 32 0.98 0.92 -6.1 

7 60.6 21.56 15.99 17 1.1 0.95 -13.4 

8 57.41 21.25 18.93 26 0.92 0.89 -2.7 

9 58.24 21.11 18.56 28 0.99 0.85 -14.3 
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Table 3.18 The oxides, MHE calculated and measured bulk density of the clay-tuff samples 

S
a

m
p

le
s 

S
iO

2
, 
[w

t%
] 

A
l 2

O
3
, 
[w

t%
] 

F
X

, 
[w

t%
] 

M
H

E
, 
[w

t%
] 

Measured 

BD, [g/cm3] 
Calculated BD, [g/cm3] 

E
rr

o
r,

 [
±

%
] 

B 63.58 17.43 17.36 57 0.66 0.60 -8.4 

Y 66.05 17.09 15.66 25 0.79 0.85 7.7 

G 64.20 17.61 16.51 39 0.82 0.77 -5.9 

1 58.34 20.14 20.06 30 0.64 0.74 15.8 

2 62.56 18.87 16.72 27 0.81 0.88 8.4 

5 63.42 19.05 16.02 44 0.78 0.71 -9.2 

6 62.93 18.57 16.15 30 0.94 0.92 -1.9 

7 60.40 21.75 16.03 26 0.96 0.87 -9.1 

8 57.21 21.43 18.97 33 0.90 0.83 -7.5 

9 58.04 21.30 18.59 17 0.85 0.94 10.1 

 

 

Table 3.19 The oxides, MHE calculated and measured bulk density of the clay-bentonite samples 

S
a
m

p
le

s 

S
iO

2
, 
[w

t%
] 

A
l 2

O
3
, 

[w
t%

] 

F
X

, 
[w

t%
] 

M
H

E
, 
[w

t%
] 

Measured 

BD, 

[g/cm3] 

Calculated BD, [g/cm3] 

E
rr

o
r,

 [
±

%
] 

B 61.66 17.93 19.40 64 0.55 0.44 -20.7 

Y 64.12 17.59 17.71 35 0.95 0.66 -30.7 

G 62.27 18.12 18.49 33 0.79 0.72 -8.9 

1 56.41 20.65 21.14 35 0.75 0.72 -4.4 

2 60.63 19.37 17.80 29 0.94 0.88 -6.5 

5 61.50 19.56 17.10 35 0.65 0.80 22.9 

6 61.00 19.07 17.23 24 0.95 0.99 4.2 

8 55.29 21.93 20.06 23 0.97 0.93 -4.0 

9 56.11 21.80 19.66 32 0.99 0.83 -16.1 

10 58.84 18.60 19.28 20 0.9 1.06 17.7 

11 55.51 21.29 20.34 33 0.98 0.86 -11.8 

12 58.88 17.53 20.22 24 1.02 1.03 0.8 
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Figure 3.18 Relationship between the calculated and measured bulk density of perlite- clay 

samples 

 

Figure 3.19 Relationship between the calculated and measured bulk density of tuff- clay samples 
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Figure 3.20 Relationship between the calculated and measured bulk density of bentonite-clay 

samples 
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APPENDIX C 
 

 

 

Figure 4.21 XRD patterns of a) Egyptian LWA with 10 wt% of perlite, b) Hungarian LWA with 10 

wt% of tuff at 1225°C 

 

 

Figure 4.22 XRD patterns of a) LWAs with 5 wt% and 10 wt% of bentonite fired at 1200 oC, b) 

LWAs with 5 wt% and 10 wt% of bentonite fired at 1225 oC 
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Figure 4.23 SEM micrograph of LWA a) Yellow clay sample with 10 wt% of tuff at 1225°C 

with EDAX point 1 and 2 (M =350X), b) Sample (1) with 10 wt% of perlite with white dots 

at 1225°C (M =150X) 

 

 

 

 

 

 

 

 

 
 

b) 

a) 
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Table 4.11 Bulk density and UCS of perlite and tuff- clay aggregates at different temperature 

Sample 

Bulk density, [g/cm3] Compressive strength, [MPa]  

10 wt% of perlite  10 wt% of tuff 
Free 

additives  

10 wt% of 

perlite  

10 wt% of 

tuff 
 

1175 

°C 

1225 

°C 

1275 

°C 

1175 

°C 

1225 

°C 

1275 

°C 

1225 

°C 

1275 

°C 

1225 

°C 

1275 

°C 

1225 

°C 

1275 

°C 

 

 

H
u

n
g

a
ri

a
n

  

B 1.53 0.53 NA 1.53 0.54 NA 1.54 NA 1.8 NA 2.69 NA  

Y 2 0.96 NA 1.8 1 NA 4.82 NA 5.73 NA 5 NA  

G 2 0.82 NA 1.75 0.6 NA 2.09 NA 2.5 NA 3 NA  

E
g

y
p

ti
a

n
  

1 0.96 0.71 0.7 0.84 0.7 0.64 3.47 1.18 4 1.18 4.33 1.06  

2 1 1 0.94 1.06 1 0.92 2.19 1.1 3.31 1.7 3.67 5.08  

3 1.1 1.05 1 1.2 1.15 1.1 2.78 3.19 6.4 3.2 3.07 0.89  

4 1.16 1.07 0.9 1.29 1.15 0.91 4.99 0.8 3.58 1 3.44 0.9  

5 1.09 0.81 0.63 1.13 0.8 0.66 4 3.04 6.45 3.9 2.23 1.4  

6 1.2 1.1 0.98 1.15 1.1 0.99 14.5 5 6.54 6.2 3.38 7.2  

7 1.2 1.1 1.1 1.2 1.15 1.03 3.65 2.14 8.4 5.58 5.2 2.96  

8 1.08 1.06 0.92 1.24 1.2 0.95 3.98 2.5 6.54 0.75 3.38 0.65  

9 1.2 1.1 0.99 1.3 1.2 0.92 12.05 3.19 13.83 3.01 12.54 5.2  

10 1.2 1.15 0.9 1.27 1.18 1 5.6 3.1 14.2 3 16.54 1.1  

11 1.21 0.97 0.78 1.28 1.05 0.9 14.2 6.47 18.4 5.5 15.4 4.8  

12 1.32 1.3 0.99 1.36 1.28 1 4.58 10.4 12.41 8.91 12.85 3.2  

 

Table 4.12 Bulk density and UCS of bentonite-clay aggregates at different temperature 

Sample 

Bulk density, [g/cm3] Compressive strength, [MPa] 

10 % of bentonite  

1175 

[°C] 

1225  

[°C] 

1250 

[°C] 

1275 

[°C] 

1225 

[°C] 

1250 

[°C] 

1275 

[°C] 

H
u

n
g
a
ri

a
n

  

B 1.02 0.55 NA NA 3.27 NA NA 

Y 1.24 0.95 NA NA 7.15 NA NA 

G 1.13 0.79 NA NA 4.32 NA NA 

E
g

y
p

ti
a

n
 

1 0.88 0.85 0.8 0.75 4.13 1.6 1.2 

2 1.07 1 1 0.94 2.45 2.2 2 

3 1.2 1.2 1.17 1.15 8.5 5.23 3.45 

4 1.08 1.06 1.04 1 2.93 2 0.8 

5 1.01 0.82 0.7 0.65 2.43 1.9 1.46 

6 1.12 1.1 0.99 0.95 16.5 10.44 4.2 

7 1.2 1.15 1.12 1.1 5.4 3.5 1.86 

8 1.08 1.04 1 0.97 1.88 8.5 4.78 

9 1.2 1.11 1 0.99 6.13 10.98 1.2 

10 1.15 1.12 1 0.9 4 3.9 3.8 

11 1.22 1.2 0.97 0.98 15 10.02 4.78 

12 1.26 1.16 1.12 1.02 17.95 11.62 12.08 
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Table 4.13 Amorphous and crystallinity contents of different LWA 

 800 [°C] 1000 [°C] >1200 [°C] 

Sample 
Am,  

[wt%] 

Crys, 

[wt%] 

Am,  

[wt%] 

Crys,  

[wt%] 

Am,  

[wt%] 

Crys,  

[wt%] 

Blue 40 60 49 51 73 27 

Grey 38 62 46 54 74 26 

Yellow 34 66 38 62 70.2 29.8 

1 39 61 45 55 74 26 

5 36 64 41 59 76 24 

Perlite 

Blue 40 60 53 47 79 21 

Grey 39 61 48 52 77 23 

Yellow 34.5 65.5 39.5 60.5 72 28 

1 39.5 60.5 48 52 76 24 

5 37 63 45 55 78.5 21.5 

Tuff 

Blue 41 59 52.5 47.5 78.5 21.5 

Grey 39 61 46.5 53.5 76.5 23.5 

Yellow 35 65 40.2 59.8 71.9 28.1 

1 38 62 49 51 75 25 

5 36.5 63.5 46 54 77 23 

 

 

Table 4.14 Crystalline phases for aggregates without additive materials after firing 

Samples B Y G 1 2 5 6 7 8 9 

Amorphous, [wt%] 73 70.2 74 74 71 76 65 69 70 71.5 

Crystallinity, [wt%] 27 29.8 26 26 29 24 35 31 30 28.5 

Crystalline phase, [wt%] 

Cristo 8.1 4.7 7 5.9 3.6 5.9 1 4 9.6 8 

Hema 9.4 9.9 10.5 8.2 13.1 7.1 9.2 9.2 14.1 15.7 

Micro 15 10.5 17 6.6 3.1 4.6 8.8 10.8 1.8 1.8 

QZ 6.7 29.4 7 10.4 9.2 11.7 18.4 16.1 8.1 17.4 

Anor  25 14.1 22.5 30.2 2.6 27 16.8 14.7 7.8 7.8 

Mull 13.9 21 15 10.5 59.6 5.6 37.6 40 49.3 40 

Trid 5.9 10.4 5 2.2 8.8 4.4 8.2 5.2 9.3 9.3 

Alb 15   16 18   20         

Corund       5   8.1         

Cord 1     3   5.6         

*Cristo: Cristobalite, Hema: Hematite, Micro: Microcline, QZ: Quartz, Anor: Anorthite, Mull: Mullite, Trid: 

Tridymite, Alb: Albite, Corund: Corundum, Cord: Cordierite 
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Table 4.15 Crystalline phases for clay-perlite aggregates after firing. 

Samples B Y G 1 4 5 6 7 8 9 

Amorphous,[ wt%] 79 72 77 76 73 78.5 68 70 70 72.5 

Crystallinity, [wt%] 21 28 23 24 27 21.5 32 30 30 27.5 

Crystalline phase, [wt%] 

Cristo 7.5 6.3 7.6 5.5 4 6.3 9.5 8 5 3.4 

Hema 6.9 6.5 5.9 7.7 10 3.6 10.4 10 9.9 11.9 

Micro 12 12.3 17 11.2 9.7 4.7 7.2 8.4 4.2 3.2 

QZ 12.5 27.5 17 28.8 10.4 30.7 17.3 16 4 4.5 

Anor  27 9.7 26 30 3 40 3.8 5 1 1.3 

Mull 7 22 13.5 7.4 50 5.2 30.3 30.5 47.1 50.6 

Trid 10.1 12.4 10.7 6 9.3 4.3 9.6 7 9 8.9 

Alb 6     0.1 0.5 0.2 9 11.1 5.7 5.6 

Corund 8           1 1.6 5.1 2 

Cord 3 3.3 2.3 3.3 3.1 5 1.9 2.4 9 8.6 

*Cristo: Cristobalite, Hema: Hematite, Micro: Microcline, QZ: Quartz, Anor: Anorthite, Mull: Mullite, Trid: 

Tridymite, Alb: Albite, Corund: Corundum, Cord: Cordierite 

Table 4.16 Crystalline phases for clay-tuff aggregates after firing 

Samples B Y G 1 2 5 6 7 8 9 

Amorphous, [wt%] 78.5 71.9 76.5 75 72.5 77 69 71 69 72.5 

Crystallinity, [wt%] 21.5 23.5 28.1 25 27.5 23 31 29 31 27.5 

Crystalline phase, [wt%] 

Cristo 6.1 3.2 5.9 4.8 5.8 7.3 10 15.7 15.7 12.8 

Hema 5.7 2.9 5.7 5.8 10.9 9.6 11 2.6 6 14.6 

Micro 15 18.6 17 12.5 9.3 7.2 5.9 6 2.6 15.8 

QZ 20 15 24 20 15.8 10.4 17.8 7.7 12.7 5.1 

Anor  7.1 19 4 2.9 5.1 25 5.1 4.2 5.6 8.1 

Mull 19.2 12.2 12 13.1 33.6 6.2 32.8 34 34 30 

Trid 7.5 16.7 8.8 20 9.6 5.8 11.4 11 13 9.2 

Alb 16 0.2 18 19 8 23 2.6 14 7 2.4 

Corund 3.4 0.7 3.8 0.4 1.9 3.5 1.7 2.4 2.4 1.9 

Cord 0 11.5 0.8 1.5 0 2 1.7 2.4 1 0.1 

*Cristo: Cristobalite, Hema: Hematite, Micro: Microcline, QZ: Quartz, Anor: Anorthite, Mull: Mullite, Trid: 

Tridymite, Alb: Albite, Corund: Corundum, Cord: Cordierite 
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Table 4.17 Pore size for the Hungarian samples with the different additive materials 

Samples Pores size, [mm] 

Blue 0.85: 3.42 

Blue + 10 wt% of perlite  0.94: 3.24 

Blue +10 wt% of tuff 1.51: 4.94 

Blue + 10 wt% bentonite 0.4:3.29 

Yellow 0.4:1.56 

Yellow + 10 wt% of perlite 0.45:1.49 

Yellow +10 wt% of tuff 0.38: 1.8 

Yellow + 10 wt% bentonite 0.32:3.11 

Gray 0.49: 1.43 

Gray + 10 wt% of perlite 0.45: 1.49 

Gray +10 wt% of tuff  0.6: 2 

Gray + 10 wt% bentonite 0.5-3.22 

 

Table 4.18 Correlation for all perlite data 
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Properties Mineral composition, wt% 
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] 

O
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[w
t%

] 

A
m

, 
[w

t%
] 

C
ry

s,
 [

w
t%

] 

MHE, [%] 1           

BD [g/cm3] -0.87 1.00          

UCS, [MPa] -0.43 0.47 1.00         

PD g/cm3 -0.50 0.69 0.83 1.00        

Hematite, [wt%] -0.47 0.69 0.00 0.35 1.00       

Quartz, [wt%] 0.27 -0.36 0.35 0.08 -0.73 1.00      

Anorthite, [wt%] 0.62 -0.86 -0.20 -0.51 -0.87 0.68 1.00     

Mullite, [wt%] -0.57 0.74 -0.06 0.33 0.84 -0.77 -0.91 1.00    

Other, [wt%] 0.00 0.08 0.09 -0.05 0.24 -0.47 -0.29 0.02 1.00   

Am, [wt%] 0.73 -0.88 -0.45 -0.56 -0.75 0.37 0.88 -0.71 -0.20 1.00  

Crys, [wt%] -0.73 0.88 0.45 0.56 0.75 -0.37 -0.88 0.71 0.20 -1.00 1.00 
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Table 4.19 Correlation for all tuff data 

Parameters 

 Properties Mineral composition, wt%  

M
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E
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w
t%
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O
th

er
, 

[w
t%

] 

A
m

, 
[w

t%
] 

C
ry

s,
 [

w
t%

] 

MHE, [%] 1.00           

BD [g/cm3] -0.77 1.00          

UCS, [MPa] -0.43 0.51 1.00         

PD g/cm3 -0.51 0.76 0.90 1.00        

Hematite, [wt%] -0.35 0.24 0.51 0.38 1.00       

Quartz, [wt%] 0.29 -0.22 0.11 0.04 -0.30 1.00      

Anorthite, [wt%] 0.44 -0.52 -0.28 -0.35 0.02 -0.31 1.00     

Mullite, [wt%] -0.44 0.68 0.37 0.46 0.27 -0.38 -0.58 1.00    

Other, [wt%] 0.16 -0.42 -0.57 -0.52 -0.65 0.22 0.11 -0.70 1.00   

Am, [wt%] 0.70 -0.92 -0.39 -0.64 -0.19 0.15 0.57 -0.74 0.48 1.00  

Crys, [wt%] -0.70 0.92 0.39 0.64 0.19 -0.15 -0.57 0.74 -0.48 -1.00 1.00 
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APPENDIX D 
 

Table 5.5 Mineral phases by wt% of the concrete cubes at 7 days 

Phase, [wt%] 
 

Additive-free Perlite Tuff 

 Samples B G Y 1 5 B G Y 1 5 B G Y 1 5 

C2S 16.6 19.5 28.1 14.5 14.2 17.4 15.6 19.5 13.8 10 19.3 5.6 3.3 3.9 13.6 

C3S 14.6 13.3 2.8 10.5 9.7 13.9 16.7 11.2 14 13 21 9.3 11 10.5 11.9 

C-S-H 18.2 14.4 10.3 10.7 12.1 15.9 16.1 16.9 7 8 16.2 11.8 24 7 10.4 

CaOH2 13.9 11.4 11.3 5 7.2 7.3 12.5 4 8.9 11.2 11.8 8.5 17.4 8.5 6.3 

Portlandite 7 4.9 6.7 7.4 5.6 11.7 5.9 14.5 3 5 10.2 7 5.1 5.7 2.4 

Quartz 2 5.8 8.3 0 0 0.6 6 8.5 0 0.6 4 0 0 0 2 

Cristo 2.6 2.4 0 0.4 0 2.2 1.9 2 0 1 2 0.5 4.9 1.1 0.3 

Anorthite 13 19 14.8 7 21 17 14.3 7 19.6 16 6 12.5     15 

Mullite 1 1.5 8.9 4.5 1.3 1.1 3.1 8 2 5.3 2.9 3.8     0.4 

Hematite 0.7 0 1.7 1 0.4 0.68 0.5 1.4 2.5 1.4 0 1.1 4.2 5 1 

Microcline 8 4.9 2.2 4.4 5.1 3.8 4.8 5 6.5 3 6.6 9.8 30 11 3 

Tridymite 3.1 3.2 4.3 2.6 3.2 5.7 2.6 2 0.9 5.2   6     1.4 

Albite       10 3.4       0 3.5       19 13 

Corundum       3.3         3.7 6           

Cordierite       19 16.8 2.7     18.1 10   24     19.3 

Calcite                   0.8       28   

 

Table 5.6 Mineral phases of the concrete cubes at 14 days 

Phase, [wt%] Additive-free Perlite Tuff 

Samples B G Y 1 5 B G Y 1 5 B G Y 1 5 

C2S 20 22.4 16.7 18 15 13.4 16.6 18.9 10 10.8 16.7 14.7 6.6 8.4 12.7 

C3S 12.7 15.7 11.7 14.7 13.4 16.7 12.1 9.9 16.1 14.1 10.9 15.2 11 6.6 6.8 

C-S-H 18.4 18.3 18.4 16.4 17 16.1 19 17.3 18.1 1840 14.6 13.1 19 18 10.3 

CaOH2 4.5 15.1 13.4 6.5 14.8 12.5 14.8 2.3 10.4 1340 4.7 7.2 10 3.5 6.2 

Portlandite 19.7 9.2 8.5 15.7 6 5.9 6.6 14 7.9  12.4 5.5 7.6 11.2 3.9 

Quartz 1.1 0 11.2 5.1 13.7 6 2.5 5.9 6.5 1.8 2.1 9.1 6.7 0 2.6 

Cristobalite 0.9 0 2 3.9 2 1.9 0 0.9 2.9 1.5 2.3 3 1.4 3.4 0.7 

Anorthite 18 11 5.7 15 4 14.3 19 12 12.3 20 21 17  30 22 

Mullite 1.6 1.8 7.7 4 9.4 3.1 0.9 7 4.1 1.8 6 2.4  5 3.2 

Hematite 0 0 0 0 1 0.5 1.2 2.8 1.5 1.5 1.6 1.7 3.5 0 0.7 

Microcline 0 5.3 0 0 2.5 4.8 5 4.2 5.8 6.4 4.3 7.8 0 4 4.1 

Tridymite 3.2 0 4.5 0.8 1.5 2.8 3 4 2.8 1 3.3 3.3  5.6 4.1 

Albite          10    4 5.4 
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Table 5.7 Mineral phases of the additive concrete cubes at 28 days 

Sample Perlite Tuff 

Phases, [wt%] B G Y 1 5 B G Y 1 5 

C2S 3.8 3 6 8.5 9 15 1 5 6 7.6 

C3S 5.1 8 4 7.4 7 0.8 4 5 8 7.7 

C-S-H 25 18 16 9.3 23 23 19 14 9 14.6 

CaOH2 5.8 4.4 7.4 12.3 15 6.6 5 9 12.5 4.2 

Portlandite 12 7 7 5 2.2 5 10 7.2 5.5 9.8 

Quartz 15.4 11.9 5.4 8.4 0.4 15.1 15 5.6 8.9 0 

Cristobalite 3.5 6.8 6.8 3 2.4 3.9 7.4 6.1 3.1 2.3 

Anorthite 14 20 13 8.5 15 10 17.5 12.7 8.7 38 

Mullite 3 3 23 5.5 3.5 0 7 24 5.9 3.8 

Hematite 2.4 1.9 2.9 6.7 3 2.6 2.1 2 6.5 0 

Microcline 10 16 7.7 19 7.5 18 12 7.7 17 5.3 

Tridymite   0.8 2.8 0   1.7 4.8 6.6 

Albite    3.6 12    4.1 0.1 

 

 

Figure 5.22 XRD chart of concrete cubes at different curing time and temperature for a) Blue 

sample, b) Sample 1 
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 Figure 5.23 XRD chart of concrete cubes at different curing time and temperature for a) 

Blue sample with perlite, b) Blue sample with tuff 

 

 

 


