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A B S T R A C T   

This study is aimed at preparing thermal insulating lightweight self-compacting cement com-
posites (LWSCCC) below the density of 1400 kg/m3 by using lightweight minerals and aggregates. 
Study results showed that incorporation of porous-structured expanded glass aggregate (EGA) 
enhances the demand for water to maintain the workability and increases the risk of higher water 
absorption capacity. The use of a portion of aerogel as a replacement of EGA increases porosity by 
7.3%, resulting in lowering of compressive strength by 49% and a 7% increase in water ab-
sorption capacity. However, the use of aerogel in combination with EGA cement composite can 
reach a density of less than 1000 kg/m3, maintaining self-compaction ability and adequate 
strength. The gaps between the cementitious materials and aerogel shown in SEM indicate poor 
aerogel particle adhesion with cementitious materials. Additionally, X-ray diffraction analysis and 
thermal conductivity results were analyzed in this study.   

1. Introduction 

An intense rise in energy consumption and growing waste disposal problem has attracted researchers worldwide to consume waste 
materials for the sustainable growth of economy and the society. One of the interesting topic is thermal insulating composites that 
emerges from the use of waste materials, EGA is one such thermal insulating material usually prepared from waste/recycled glass [1]. 
These highly porous granules are primarily used to prepare lightweight composites bearing superior thermal and acoustic resistance, 
and much lighter density over conventional concrete [2]. During the last ten years, plenty of research has been carried out on normal 
weight SCC, while only a few studies have been conducted on the characterization of thermal insulating LWSCCC [3,4]. it is an 
optimized product of SCC and LWAC that facilitates the zero-required vibration energy for molding and casting. The development of 
LWSCC/LWSCCC not only provides great quality of product, but it significantly enhances the productivity and working environment. 
Therefore, the design of thermal insulating LWSCCC is imperative as an engineering and scientific incentive for future applications in 
energy-efficient buildings. 

In past, some studies have been performed to evaluate the characteristics of lightweight aggregate concrete. Choi et al. [5] prepared 
high-strength LWSCC with a density range of 2000–2300 kg/m3, and reported the correlation between strength and workability. The 
authors observed that increasing the concentration of fine LWA has a significant negative impact on obtaining adequate workability. 
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Kwasny et al. [6] reported that in the case of semilightweight self-compacting concrete, larger grain LWA might float at the top and 
impact the homogeneous distribution of aggregates, resulting in segregation problems. Similar phenomena were observed by Adhikary 
and Rudzionis [7]. Yu et al. [8] prepared LWSCCC with a density range of 1280–1290 kg/m3 using EGA and reported that the 
composite sample containing greater concentrations of EGA enhances the total permeable porosity. The authors also noticed that the 
selection of finer EGA has lower thermal conductivity and a more homogeneous aggregate distribution than coarse EGA. Interestingly, 
Adhikary et al. reported that fine EGA particles have higher strength properties relative to coarse particles. Lightweight concrete 
generally tends to have lower strength properties, depending on the lightweight aggregate used. Owing to low thermal and high 
strength properties, fine EGA particles become an interesting material to be used in lightweight concrete [7]. Aerogel is another 
thermal insulating material that has gained plentiful recognition for its applications in cementitious composites [9–11]. Gao et al. [12] 
prepared LWAC using aerogel and reported a weaker ITZ between the aerogel and cementitious composites, which might be attributed 
to the hydrophobic surface of aerogel. Adhikary et al. [13,14] reported that the presence of the gaps in the weaker ITZ of aerogel might 
enhance the porosity of the composites, leading to weaker strength and a risk of higher water absorption properties. 

The literature studies suggest the detailed mechanical and durability properties of EGA and aerogel concrete. Aerogel and EGA both 
lightweight thermal insulating materials, and in the past, there were limited studies conducted evaluating the properties of EGA- 
aerogel cement composites. EGA has a thermal conductivity of about 0.052–0.077 W/(m-k) [1], whereas aerogel is much lighter 
and a thermal insulator than EGA, with a thermal conductivity of about 0.01–0.020 W/(m-k) [13]. The combination of aeorogel and 
EGA significantly might lower the density of the cement composite and improves the thermal resistance performance. This kinds of 
thermal insulating cement composite can be a useful product to use in different thermal bridges of buildings to improve the thermal 
insulation properties. It is very difficult to compact and transport the conventional thermal insulating cement composites in the 
conjuected part of buildings, while self-compacting thermal insulating cement composites might be a beneficial product to tackle these 
problems. Besides, aerogel is a highly fire and heat-resistant material, and the use of aerogel-based cement composites might provide 
protection from fire and heat [15–17]. Several studies in the literature indicate the presence of various materials-based thermal 
insulating lightweight cement composites; however, no studies have been conducted to evaluate the properties of EGA-aerogel-based 
thermal insulating self-compacting cement composites. So, this study is aimed at preparing lightweight thermal insulating 
self-compacting composites using EGA and aerogel below the density of 1400 kg/m3. Aerogel is much lighter than EGA, and the 
replacement of a partial amount of EGA with aerogel might significantly lower the density. To achieve the objective of the study, 1–2 
mm and 0.5–1 mm of EGA were replaced with 0.5–2 mm of silica aerogel by 25%, 50%, 75%, and 100%. Aerogel is still a high-cost 
product on the market today, and using a higher concentration in cement composite could significantly increase production costs. This 
experimental study aims at the detailed analysis of self-compacting cement composites prepared using EGA and an adequate amount of 
aerogel with the use of supplementary cementitious materials. 

Nomenclature 

LWSCCC lightweight self-compacting cement composites 
LWA lightweight aggregate 
LWAC lightweight aggregate concrete 
EGA expanded glass aggregates 
OPC Ordinary Portland cement 
ITZ Interfacial transition zone 
EFNARC European federation of national associations representing for concrete 
SEM Scanning electronic microscopy 
XRD X-ray diffraction analysis  

Table 1 
Physical properties of expanded glass.  

Designation Standard Expanded glass aggregate size 

1–2 mm 0.5–1 
mm 

0.25–0.50 
mm 

0.1–0.3 
mm 

Particle density in Mg/m3 EN 1097-6:2003, C 
annex 

0.37 0.42 0.52 0.57 

Bulk density in kg/m3 EN 1097-3 230 270 340 400 
WATER absorption % by mass (absorption % after 24 h submerged in 

water) 
EN 1097-6:2002 C annex 18 18 15 10 

Compression strength (±15%) EN 13055–1,A annex 2 2.3 2.5 2.8 
Thermal conductivity in W/(m-k) (±0.02) EN 12939:2002 0.0663 0.0713 0.0767 0.0767 
pH value  9–11 
Softening point  700 ◦C/1300◦F (approximately) 
Color  Cream white  
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Table 2 
Chemical properties of cement, zeolite, fly ash and EGA.  

Chemical composition CaO MgO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 TiO2 CI Na2O eq LOI Insoluble residue Free Lime Lime paste Other 

Cement 63 2.9 20.4 4.1 3.5 0.7 0.23 3.2 – 0.03 0.74 2.5 0.5 1.2 3.9 — 
Zeolite 2.8 0.7 58.7 9.0 1.4 2.6 — 0.1 0.2 — — 5.1 — — — — 
Fly ash 3.68 1.7 49.7 27.45 7.38 4.54 0.95 0.92 1.65  2.03 
EGA 8–10.5 71–73 1.5–2 <0.3 — 13–14 — — — — — — — <0.5  
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Table 3 
Mixing composition of LWSCCC, kg/m3.  

Mix Cement Sand Aggregate (1/2 +1/0.5 +0.5/0.25 +0.01/0.3) Aerogel Zeolite Fly ash mva Super plasticiser Water 

% Kg/m3 % Kg/m3 Kg/m3 w/b 

A 550 380 45 + 56 + 44 + 56 – – –  1.8  0.327 1 5.5 247  0.45 
B 530.2 183.16 43.4 + 54 + 42.4 + 43.6 – – –  1.73  0.327 1.30 6.9 308.5  0.58 
C/Control 524.7 – 47.7 + 59.4 + 46.6 + 155.2 – 58.3   1.9  0.362 1.658 8.7 321  0.55 
D 524.7 – 47.7 + 59.4 + 46.6 + 155.2 – – 58.3  1.9  0.362 1.658 8.7 321  0.55 
E 524.7 – 47.7 + 59.4 + 46.6 + 155.2 – 29.15 29.15  1.9  0.362 1.658 8.7 321  0.55 
A25 524.7 – 35.8 + 44.5 + 46.6 + 155.2 8.01 58.3 –  1.9  0.362 1.658 8.7 321  0.55 
A50 524.7 – 23.9 + 29.7 + 46.6 + 155.2 16.02 58.3 –  1.9  0.362 1.658 8.7 321  0.55 
A75 524.7 – 11.9 + 14.9 + 46.6 + 155.2 24.03 58.3 –  1.9  0.362 1.658 8.7 321  0.55 
A100 524.7 – 0 + 0 + 46.6 + 155.2 32.04 58.3 –  1.9  0.362 1.658 8.7 321  0.55  
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2. Materials and methods 

2.1. Materials 

OPC (CEM I 42.4R), fly ash, and zeolite powder (50 µm) were used as mineral admixtures, and expanded glass and aerogel were 
used as LWA to produce LWSCCC. The physical properties of EGA and the chemical composition of fly ash, zeolite, cement, and EGA 
are presented in Tables 1 and  2, respectively. In the LWSCCC, MasterMatrix SDC 100 stabilizer and polycarboxylate based super-
plasticizer MasterGlenium SKY 8700 were used as chemical admixtures. 

2.2. Sample preparation 

The composite samples were prepared using mxing and trial methods. Composite mixture A was prepared using combinations of 
natural sand and 0.1–0.3 mm, 0.25–0.50 mm, 0.5–1 mm, and 1–2 mm size EGA. To prepare the composite specimen A, SCLC1 sample 
composition was taken as a reference sample from the experimental study by Yu et al. [8]. To lower the density of the composite, 
natural sand was replaced with 0.1–0.3 mm EGA. Due to the increase in fine content, the demand for water increased to maintain the 
desired workability. For the composite samples C, D, and E, a small amount of SCM such as zeolite and fly was used to improve the 
workability of the composite. 

From the visual inspection of workability and analysis of strength, density, and water absorption results, zeolite was chosen as the 
SCM to prepare the next aerogel-added composite specimens. Composite sample C was considered as the control sample, and 0.5–1 and 
1–2-mm EGA aggregates were replaced with 0.5–2 mm of aerogel particles (70 kg/m3 bulk density) by volumes of 25%, 50%, 75%, and 
100%. The water/binder ratio of all composite samples was maintained at 0.55. The mixing composition of all LWSCCC is presented in  
Table 3. During the mixing process, first EGA, zeolite powder, and cement were carefully mixed in the dry state. Then 70% of the total 
water content was added to the mixture and manually mixed for 3 min. Thereafter, the superplasticizer and stabilizer are mixed with 
the remaining water and added to the composite mixture. At the last stage, aerogel was added to the composite mixture to minimize the 
crushing of aerogel particles, then mixed for another 2 min. 

2.3. Workability test 

The fresh properties of lightweight self-compacting cement composite, such as mini-slump flow, slump flow, mini v-funnel, and V- 
funnel time, were immediately measured according to the EFNARC guidelines [18]. A slump cone with a 30 cm height, a 20 cm bottom 
diameter and a 10 cm top diameter used to test slump flow. While performing mini-slump flow on a flow table with a 6 cm height, a 10 
cm bottom diameter, and a 7 cm top diameter was used. In the slump-flow and mini-slump flow tests, the slump cone and flow table 
cone were lifted vertically. After the flow stopped, the mean diameter of the composite base was taken as a result. V-funnel test of the 
composite was performed using a V-shaped funnel satisfying dimensions of the EFNARC guidelines for concrete and mortar. After 
filling the fresh composite bottom opening of the V-funnel was opened after 10 s and flow out time was measured. Subsequently, 
samples were molded into 16.0 × 4.0 × 4.0 cm size prisms for the hardening process and kept in the open air for 24 h. Hardened 
composite specimens were demolded and kept in water for the hydration process in the climatic chamber (RH: more than 95%, room 
temperature 20 ± 1 ◦C) for 28 days. 

2.4. Compression and flexural strength 

Compression and flexural strength of LWSCCC were tested on the 28th day of hydration satisfying the EN 196-1:2016 standard. On 
the 28th day, water immersed composite specimens were taken out from the climatic chamber and kept at room temperature for 6 h for 
the natural dying process and afterwards, used in the mechanical strength test. A total of 6 specimens for each sample were tested, and 
the average value was considered as a result. 

2.5. Density and water absorption 

After the hydration process on the 28th day, the composite specimens were taken out of the water and kept in the oven at 105 ◦C for 
24 h. After 24 h of the oven drying process, the dry density of each type of composite specimen was measured. Afterward, the 
composite specimens were immersed in water for 15 min, 1 h, 24 h, and 48 h to measure the water absorption capacity of the composite 
specimens. The average value of six specimens of each type of composite sample was taken as the final result. 

2.6. Porosity 

The porosity of LWSCCC samples was calculated after 28 days of hydration according to the GOST 127304 standard. To determine 
the porosity of the composite, first the composite samples were oven dried at 105 ◦C for 24 h. The mass of the oven-dried samples was 
measured using highly accurate equipment. Afterwards, composite samples were kept in water, immerged for 15 min, 1 h, 24 h, and 48 
h; the subsequent mass of the water-immerged samples was measured after 15 min, 1 h, 24 h, and 48 h, respectively. Finally, after 48 h 
of water absorption, the masses of the samples were measured under the water, and using a flowing formula, the total and open 
porosity of the composite were calculated. 

S.K. Adhikary et al.                                                                                                                                                                                                   
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Ordinary density (kg/m3) = {Mass of oven dried sample/(mass of the water immerged sample after 48 h watere absorption – mass of the 
sample under water)}*1000….(1). 

Massive water absorption (%), Wp = (mass of the water immerged sample after 48 h of water absorption-mass of the over dried sample)/ 
mass of the oven dried sample}*100.(2). 

Open porosity (%) = (massive water absorption*ordinary density)/1000.(3). 
Total porosity= {1-(ordinary density/2690)}* 100 ………………………….………….(4). 
Closed porosity = total porosity-open porosity. ……………………………….…….(5). 

2.7. Thermal conductivity 

The thermal conductivity of LWSCCC specimens was calculated by EN 1745:2012 standards. On a side note, this calculation is 
based on the density of lightweight aggregate concrete. The aggregate-matrix transition zone, type of aggregates, and presence of fly 
ash and zeolite might have notable impacts on the thermal conductivity of the composite. Aerogel is a highly thermal insulating 
material, having greater thermal resistance than EGA. The actual thermal conductivity of the aerogel-added lightweight cement 
composite tested in the laboratory is expected to have a lower thermal conductivity than the obtained results from the calculation. 

2.8. Scanning microscopy 

SEM of LWSCCC specimens was analyzed by a high-resolution electronic microscope Hitachi S-3400 N with a Bruker Quad 5040 
EDS detector (123 eV). A thin layer of concrete slice was cut from the cement composite using a rotary blade cutter at the age of 28 days 
for the microscopic analysis. 

2.9. X-RD 

The DRON-6 X-ray diffractometer was used to perform the X-ray diffraction analysis of cement, fly ash, zeolite, and LWSCCC 
composite specimens. The operating voltage of the equipment was 30 Kv with 20 mA current emission, and each step scan of 2θ was 
0.02◦. Fracture pieces of the cement composite generated from the compressive strength test were selected for the XRD analysis at the 
age of 28 curing days. Fragmented pieces of the cement composites were powdered manually using ceramic-made apparatus, and the 
samples were sent for the XRD test. 

3. Results 

3.1. Workability 

The workability results of LWSCCC are presented in Table 4. Study results indicate that composite mixture D, prepared with fly ash, 
shows the highest flow diameter. While LWSCCC mixture A shows the lowest workability compared to other specimens. Mini-slump 
flow and mini-V-funnel time of samples A, B, C, D, and E lay between 247 and 258 mm and 7.2 to 9 s. The increase in fine EGA content 
in composite mixture B increases the demand for water and superplasticizer doses to maintain the workability of LWSCC. Also, EGA has 
a higher water absorption capacity than natural aggregates, which might lead to an increase in demand forwater/superplasticizer 
doses [1,19–21]. However, composite samples C, D, and E showed improved workability, and this might be due to the addition of fine 
pozzolans and increased superplasticizer doses. Guneyisi et al. [22] and Ting et al. [23] reported the enhanced workability effects of fly 
ash added LWSCC. The addition of fly ash might have a dilution effect that diminishes the flocculation of the cement particles. Besides, 
spherical-shaped FA particles provide ball-bearing effects by facilitating the movement of neighboring particles. Perhaps due to a 
similar mechanism, enhanced workability was observed in this study. 

The inclusion of aerogel and its concentration slightly negatively impacted the fresh properties of LWSCCC. With the rising con-
centration of aerogel replacement, the slump flow diameter is slightly reduced and the V-funnel time increases. At 100% replacement 
volume of aerogel by of 2/1- and 1/0.5-mm size EGA, the mini-slump flow diameter is almost lowered by 4.3%. A similar reduction in 

Table 4 
Workability of LWSCCC.  

Composite 
Mix 

Flow table 
diameter, mm 

V-funnel time, seconds (according to EFNARC 
guideline V-funnel dimensions for mortar) 

Slump cone 
diameter, mm 

V-funnel time, seconds (EFNARC guideline V- 
funnel dimensions for concrete) 

A 247 9 720 6 
B 248 8 725 5 
C/Control 256 7.2 800 4 
D 258 8 820 5 
E 257 8.1 807 5 
A25 256 8 795 5 
A50 251 8.5 750 5.5 
A75 247 9.2 717 6.1 
A100 245 9.5 700 6.3  
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flowability of the aerogel added composite was observed in a previous studies [24,25]. Kim et al. [26] used aerogel powder in a 
thermal insulating mortar and reported a 37.8% reduction in flow. The surface chemicals of aerogel, carboxylic (–COOH), and hy-
droxyl (–OH), can also absorb some water, leading to a decrease in workability [13,27]. Perhaps due to a similar reason, a slight 
decline in workability of LWSCCC was noticed in this study. According to the EFNARC recommendations, mortars should have a flow 
diameter (flow table method) of 240–260 mm with a V-funnel time of 7–11 s. To satisfy the SCC criteria, concrete must have a 550–850 
mm slump flow diameter and an 8–25 s V-funnel time. In the present study, all the prepared composite samples fulfilled the 
self-compactability criteria. 

3.2. Porosity 

The porosity of LWSCCC is an important factor that might have notable impacts on the strength and durability properties of the 
composite. Fig. 1 shows the general and open porosity of all LWSCCC specimens. The general (total) porosity and open porosity of the 
composites A to E lie between 50% and 56.93%; and 16% and 17%, respectively. The increase in water/binder ratio and EGA con-
centration increases the porosity of B, C, D, and E. EGA is a porous structured material, and incorporation of EGA at a high volume 
might enhance the total porosity of concrete [1,28,29]. Adhikary et al.[1] reported that after the evaporation of free water in cement 
composites, pores were created that enhanced the porosity of concrete. Due to the use of EGA and a higher water/binder ratio, the 
porosity of LWSCCC increased and led to lower strength properties. However, the addition of pozzolan materials didn’t have a sig-
nificant impact on the porosity of LWSCC. 

The general and open porosity of all the aerogel added LWSCCCs was increased by the increases in the aerogel concentration. The 
general porosity of the control samples, A25, A50, A75, and A100, was measured at 56.93%, 58.77%, 60.22%, 62.08%, and 64.23%, 
respectively. The open porosity of the control samples, A25, A50, A75, and A100 was measured at 15.72%, 17.38%, 18.9%, 19.1%, and 
19.32%, respectively. Figs. 1 and  2 show a clear relationship between the aerogel concentration, porosity, and strength. With the 
increase in aerogel content in the LWSCCC, the porosity increases, and the strength decreases. The enhancement in porosity of aerogel 
added LWSCCC can be explained as during the mixing process, hydrophobic aerogel entrapped some air bubbles, leading to a rise in 
porosity and a decline in strength [13]. It was [12,13] reported that due to its hydrophobic characteristic, aerogel has lower adhesion 
with cement paste, leading to microscopic separation gaps in the ITZ between aerogel and cementitious materials. Because of these 
phenomena, the porosity of the aerogel-based thermal insulating LWSCCC of this study can be enhanced. Lu et al. [30] reported that 
the use of 66 vol% of aerogel in cement composite could reach a porosity of around 72.8%. A similar increase in the porosity of aerogel 
added concrete was noticed by several authors [9,30,31]. EGA is a porous structured material and the use of it significantly increases 
the porosity of concrete [1,32,33]. Agreeing with previous literature, combinations of aerogel and EGA might lead to achieving such 
high porosity. 

3.3. Density 

Fig. 3 shows the density of all LWSCCC samples. The dry density of the composites A to E lies between 1343 and 1126 kg/m3. Study 
results show that the decrease in natural sand concentrations and the rise in EGA in the composite significantly decreased the density. 
EGA is a much more lightweight material than natural aggregate, and incorporation of a high concentration of EGA in a cement 
composite might lead to a decrease in density [8,34,35]. 

Study results also show the significant decrease in density of LWSCCC by the rise in aerogel concentration. The addition of aerogel 
as a 100% replacement of 1/0.5 and 2/1 mm EGA reduced the density of LWSCCC by 15.8%. The oven-dry density of the control 
samples, A25, A50, A75, and A100, was measured 1126, 1076, 1044, 1019, and 948 kg/3. From the Fig. 4, it can be clearly understood 
that the concentration of aerogel, density, strength, and porosity share a close relationship. As the concentration of aerogel increases, 
the porosity also increases, leading to a decrease in the density and strength of LWSCCC. Zhu et al. [36] prepared lightweight concrete 
and measured a density of 1740 kg/m3 without aerogel content that decreased to 582 kg/m3 containing 80 vol% of aerogels. Similarly, 

Fig. 1. General and open porosity of LWSCCC.  
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Fig. 2. Relationship between the general porosity and mechanical strength of aerogel added LWSCCC.  

Fig. 3. Oven dry density of all LWSCCC.  

Fig. 4. Relationship between the porosity and density; and density vs mechanical strength of aerogel added LWSCCC.  
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Liu et al. [37] reported that the use of 60 vol% of aerogel in mortar could decrease the density by about 38.9%. A similar decrease in 
density of aerogel added concrete was reported by several researchers [12,38–40]. EGA is also a very lightweight aggregate, and the 
use of EGA as LWA can significantly decrease the density of concrete [1,35,41]. 

3.4. Compression and flexural strength 

The compression and flexural strengths of all LWSCCC samples are presented in Fig. 5. The compression and flexural strength of the 
composites A to E lie between 21.3 and 12.4 MPa; and 5.5 and 2.56 MPa, respectively. The LWSCCC sample A, prepared with the 
combination of sand and EGA, achieves the highest compressive and flexural strength. Increasing the EGA concentration in the 
composite decreases the mechanical strength. This phenomenon can be explained as a combination of sand and EGA showing better 
compatibility, leading to higher strength development. Besidesporous structured EGA has lower mechanical strength, and a high 
volume of EGA in the concrete leads to a decrease in strength. [1,42–44]. Composite sample D prepared with fly ash shows slightly 
lower strength. This might be due to the retardation in the hydration of cement, leading to lower strength development at an early age 
[45]. However, zeolite-added composites show greater strength characteristics than fly ash-added composite D. Ahmadi and Shekarchi 
[46] reported that the use of 20% zeolite powder as a replacement for cement might enhance the compressive strength by 25%. A 
imilar enhanced strength of zeolite added concrete was reported by Chan and Ji [47]. A comparatively higher water/binder ratio was 
used in the composite specimens B to E, and that could also be a reason for the decrease in strength. A similar decrease in the strength of 
foamed glass concrete by enhancing the water/binder ratio was observed by Limbachiya et al. [43] and Zach et al. [28]. 

The results of LWSCCC also indicate that with the rise in aerogel concentration, both compression and flexural strength were 
decreased. The decrease in compression strength was more significant compared to flexural strength. Adding 100% aerogel as a 
replacement of 1/0.5 and 2/1 mm EGA shows almost a 49.2% and 34.6% decrease in compression and flexural strength, respectively. 
The compression strength of the control samples, A25, A50, A75, and A100 was measured 15.12, 13.59, 11.01, 9.08, and 7.69 MPa 
respectively. The flexural strength of A25, A50, A75, and A100 was measured at 2.56, 2.33, 2.26, 2.02, and 1.67, respectively. The 
decline in the strength of aerogel added LWSCCC can be attributed to the brittleness of aerogel. Because of its fragile nature, aerogel 
cannot withstand sufficient loads [12,13,48]. A similar decrease in the strength of aerogel added concrete was reported by several 
researchers [12,24,38,49,50]. Besides, SEM images suggest that aerogel has lower adhesion with cement composites and that aerogel 
might entrap some airbubbles. Those phenomena might lead to an increase in porosity and a decline in strength. However, in a 
previous study [51], it was observed that the use of 0.6% nanotube in aerogel concrete could enhance the strength by 41.48%. 

3.5. Water absorption 

Water absorption of concrete is an important durability factor. Higher water absorption of concrete can allow unwanted substances 
into concrete that might hamper the durability characteristic of concrete. Lightweight aggregate concrete is mainly a porous material 
having with a higher porosity than conventional normal weight concrete. Fig. 6 suggests that the water absorption capacity of the 
composites A to E shows about 11.9–14.39% after a 48-hour absorption test. Composite specimens prepared with greater EGA con-
centrations shows higher water absorption. EGA is a porous-structured LWA that can absorb 20–25% of water, and the use of a high 
volume of EGA in concrete might enhance the water absorption [1]. Besides, the higher w/b of the cement composites might also lead 
to enhanced water absorption. After the evaporation, free water makes pores in the composite, leading to an enhancement in porosity 
and water absorption [1]. However, there was no significant impact of pozzolanic materials observed in this study. 

Fig. 6 also revealed that the water absorption of the composites increases as the aerogel content increases.The final water ab-
sorption after 48 h of the control samples, A25, A50, A75, and A100, was measured at 13.57%, 15.67%, 17.70%, 18.74%, and 20.06%, 
respectively. This enhanced water absorption of aerogel-added cement composites might be attributed to the entrapped air bubbles by 
aerogel. Besides, aerogel has weaker adhesion with cementitious materials, and those entrapped air bubbles and separation gaps in ITZ 
might enhance the porosity of the composites, leading to an increase in water absorption [9,13,30,52,53]. The relationships of porosity 

Fig. 5. Compression and flexural strength of LWSCCC.  
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and water absorption of the aerogel cement composite presented in Fig. 7 satisfy those statements. Soares et al. [53] used aerogel in 
their study and reported an almost 56% increase in the open porosity of aerogel added cement mortar, leading to an enhancement in 
capillary water absorption. However, previous study results [51] suggested that the use of carbon nanotubes effectively enhances the 
adhesion between aerogel and cement paste in the ITZ, leading to improvement in the water absorption capacity of concrete. 

3.6. Scanning microscopy 

Aerogel is a brittle material, and Fig. 8 shows clearly visible cracks on the aerogel surface.Due to its hydrophobic nature, aerogel 
doesn’t have good adhesion with cement paste resulting in a separation gap in the ITZ of aerogel and cementitious materials. The 
microscope image doesn’t show any cracks or separation gaps in the ITZ between EGA and cement paste. The ITZ of aerogel and EGA 
are presented in Fig. 9. SEM images suggest that EGA has greater adhesion with cementitious materials compared to agerogel. Some 
pores were observed surrounding the aerogel particles in the LWSCCC as presented in Fig. 10. This can be attributed to the entrapped 
air bubbles by the aerogel during the mixing of fresh concrete [13]. The presence of pores and gaps in the ITZ of aerogel might increase 
the porosity of the composite and lower the strength. Besides, it allows harmful substances into the cement composites and impacts the 
durability characteristics. Some studies have reported that the use of silica fume and carbon nanotubes might improve the micro-
structure and ITZ of aerogel concrete [51,59]. A study [54] reported that a rim of air bubbles in the transition zone between EGA and 
the cement paste might have occurred during the exchange of air and water during the water absorption. However, in this study, it is 
evident that no rim of air bubbles were created in the ITZ of EGA. Fig. 9 also shows the presence of crystals of ettringites in the pores of 
EGA and in the ITZ. A similar observation was noticed by Bumanis et al. [55]. The authors also reported that during the mixing process, 
the outer shell of EGA might easily collapse due to its lower strength characteristics, leading to acceleration of the ASR mechanism. The 
presence of ettringite might promote the recrystallization of ettringite or leach out alkalis leading to deterioration and expansion of 
composite. Needle-shaped hydration products (ettringite) were observed in the aerogel added LWSCCC as shown in Fig. 11. However, 

Fig. 6. Water absorption of all LWSCCC.  

Fig. 7. Relationship between water absorption and general porosity of aerogel added LWSCCC.  
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the smooth and clean surface of the aerogel in composite specimen also indicates no degradation of aerogel due to the hydration of 
cementitious materials as presented in Fig. 9 (b) and Fig. 10 (d). This occurrence is indicates that the aerogel particles might stay fairly 
stable during the hydration process of cement. Gao et al. [12] also observed a similar occurrence in their study. However, Zhu et al. 
[56] reported that aerogel particles might slightly dissolve in the alkaline environment provided by cement hydration and form C-S-H 
with a low Ca/Si ratio. Hai-li et al.[57] and De Fátima Júlio et al. [58] reported that the presence of amorphous silica in silica aerogel 
might lead to ASR due to the reactions between alkali presence in cement and the hydroxyl ions of aerogel. 

Fig. 8. Microscopic image of silica aerogel showing its cracked surface.  

Fig. 9. Microscopic image of EGA and aerogel added cement composite showing the ITZ between the aggregate and cementitious composites.  
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3.7. XRD analysis 

X-ray diffraction patterns of OPC, fly ash, zeolite, and EGA are presented in Figs. 12, 13, 14, and 15. An XRD of EGA and aerogel 
confirms its amorphous characteristics, near 23◦ a hump was noticed. The XRD of LWSCCC samples A to E; and samples containing 
aerogel is presented in Figs. 16 and  17. The XRD of LWSCCC revealed that ettringite, portlandite, calcite, calcium aluminum silicate 
hydrate, calcite, brownmillerite, and lawsonite are the main hydration products of LWSCCC. It was observed that the intensity of 
ettringite near 8◦ for LWSCCC mix B was reduced compared to mix A. This reduction in ettringite content can be attributed to a higher 

Fig. 10. Microscopic image of EGA and aerogel added cement composite showing the distribution of LWA and the entrapped voids surrounding to 
the aerogel particles. 

Fig. 11. Microscopic image of aerogel added cement composite (28 days) showing the growth of hydration products.  
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water/binder ratio. 
Zuo et al. [60] reported a similar higher ettringite content at a lower water/cement ratio. The author also reported that higher 

growth of ettringite might help to enhance the compression strength of the composite. the reduced intensity of the LWSCCC mix can be 
attributed due to the delay in hydration provided by higher doses of PCES [61]. The peaks of portlandite near 18◦ and 34◦ were 
observed for all LWSCCC samples, while compared to fly ash added LWSCCC, a higher intensity of portlandite was observed for 
LWSCCC containing zeolite. The combination of fly ash and zeolite shows slightly higher peaks than the fly ash added composite 
samples. This can be attributed to the acceleration in pozzolanic reactivity due to the presence of zeolite. However, the enhanced peak 
of ettringite shows that the addition of zeolite might accelerate the formation of ettringite. A similar appearance of ettringite in zeolite 
added cement was observed by Snellings et al. [62]. The XRD image also shows higher peaks of ettringite and calcium aluminum 
silicate hydrate till 75% replacement volume of aerogel. A reduction peak was noticed for A100, containing a higher volume of aerogel. 
These phenomena suggest that aerogel might partially dissolve and react with OPC. Similar phenomena were observed by Zhu et al. 
[56]. 

Fig. 12. XRD pattern of OPC cement.  

Fig. 13. XRD pattern of fly ash.  
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3.8. Thermal conductivity 

The thermal conductivity coefficient of concrete is mainly density-dependent [8]. The thermal conductivity of normal weight 
concrete is about 1.6 W/m⋅K at 2200 kg/m3 density. The thermal conductivity of all LSWCCC is shown in Fig. 18A higher concen-
tration of EGA combined with zeolite lowers the density and enhances the total porosity of composite, leading to an improvement in 
thermal conductivity. It was also observed that an increase in aerogel content in the LWSCCC thermal conductivity of the composite 
specimen decreases. The thermal conductivity coefficient of the control samples, A25, A50, A75, and A100, was calculated as 0.47, 
0.45, 0.427, 0.418, and 0.382 W/m⋅K, respectively. The addition of EGA and aerogel to LWSCCC significantly lowers the density due to 
a rise in porosity and their lightweight density [13,63,64]. 

Abbas et al.reported that the use of aerogel in lightweight thermal insulating composites could lower the thermal conductivity by 
46% by adding 62.34 vol% of aerogel to the composite [9]. Similarly, Gao et al. [12] reported that with the addition of 60 vol% aerogel 
to the cement composite, 50% of the density of the composite was reduced and the thermal conductivity was reduced by around 7 
times.A similar decrease in thermal conductivity of aerogel added cement composite/concrete was observed by several authors [9,49, 
50,64–66]. Fig. 18 and Fig. 19 show that aerogel content, porosity, density, mechanical strength, and thermal conductivity share a 
close relationship, as the aerogel content rises in the composite, porosity increases, whereas density, compressive strength, and thermal 
conductivity decrease. 

Fig. 14. XRD pattern of zeolite.  

Fig. 15. XRD pattern of EGA and silica aerogel.  
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3.9. Discussion 

EGA is a porous structured lightweight aggregate containing a high volume of pores within its structure. Because of the porous 
structure, EGA has very low strength and density compared to conventional natural aggregates. EGA’s mechanical and physical 
properties might vary according to size, degree of porosity, and manufacturing process [51]. Due to the lightweight density, LWA 
might float to the top of the concrete mixture, impacting the homogeneous distribution of aggregates and leading to segregation [15, 
16]. A study result reported that the use of fine particles and greater binding materials could improve the flowability of concrete [67]. 
Also, it was observed in a previous study that the use of combinations of fine EGA shows a greater homogeneous distribution of 

Fig. 16. XRD pattern of LWSCC composite specimen A to E.  

Fig. 17. XRD pattern of LWSCC composite specimens containing aerogel.  
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aggregates and strength [7]. Agreeing with the previous studies and literature, the combinations of fine EGA were used to achieve 
higher workability with sufficient strength characteristics. Previously, Yu et al. [28] developed LWSCCC using EGA having a density of 
1280–1490 kg/m3 with 23.3 and 30.2 MPa compressive strength. They measured the mini-slump value about 300 mm with a 

Fig. 18. a) thermal conductivity of LWSCCC samples A to E; b) relationship between density and thermal conductivity of LWSCCC samples A to E. c) 
thermal conductivity of LWSCCC samples containing aerogel; d) relationship between density and thermal conductivity of LWSCCC samples con-
taining aerogel. 

Fig. 19. Relationship between general porosity, compressive strength, and thermal conductivity LWSCCC containing aerogel.  
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4–11 s V-funnel flow time. This study shows that it is possible to prepare LWSCCC even at a lower than 1000 kg/m3, having achieved 
adequate mechanical strength. Aerogel and expanded glasses are lightweight materials and the use of these materials in cement 
composite could significantly reduce the density of the cement composite. A higher concentration of aerogel in a composite could lead 
to a sudden drop in strength due to its poor mechanical performance. Some researchers observed that the use of 80 vol% of aerogel in 
concrete could lead to a drastic reduction in compression strength to 1 MPa [36,38,59]. Due to the very lightweight density, LWA can 
float to the top and face segregation problems [6,68]. Li et al. [67] suggested that greater content of fine particle and binding materials 
could enhance the mortar film thickness leading to improvement in workability. Agreeing with the previous literature, a higher 
content of binding materials and fine grains of EGA and aerogel were used in the LWSCCC. Due to the use of a high volume of fine 
particles, there was no visual segregation, and some floating of aerogel particles was observed. However, the addition of aerogel 
slightly decreased the workability of the composite, but greatly lowered the density and improved the thermal conductivity of the 
composite. Perhaps entrapped air bubbles by aerogel in the composite mixture enhance the viscosity of LWSCCC, leading to an increase 
in V-funnel time. 

3.10. Conclusion 

The experimental study investigates the suitability of aerogel particles to produce LWSCCC From the analysis of the obtained 
results, the following conclusions can be drawn.  

• The increase in fine EGA concentration enhanced the water and superplasticizer demand to maintain the workability of the 
composite. The W/B ratio and superplasticizer doses play a dominant role in enhancing the workability of LWSCCC, while 
pozzolanic additions show marginal impacts. The addition of aerogel decreased the slump flow of the composite. It is evident from 
SEM and porosity results that the inclusion of aerogel in LWSCCC might entrap some air bubbles that might increase the viscosity of 
the composite, leading to an enhancement in flow time.  

• The composite samples containing EGA show a higher risk of water absorption. The inclusion of aerogel increases the total and open 
porosity of LWSCCC. The total and open porosity of the control sample were calculated 56.93% and 15.72%, respectively which 
increased to 64.23%, and 19.32% for the A100 sample.  

• The porous structured EGA has low strength, and the addition of a greater amount of EGA reduces the strength of the composite. 
However, the addition of a small amount of natural sand might improve the strength of the composite. As expected, the compressive 
and flexural strength of aerogel added LWSCCC declined with the enhancement in aerogel concentrations. Almost 49.2% and 
34.6% reduction compressive and flexural strength was measured by the addition of aerogel as a replacement of EGA. The lower 
strength of aerogel weakened adhesion with cement, and increased porosity might lead to a reduction in the strength of aerogel 
added LWSCCC.  

• As expected, the zeolite and fly ash reacted with the cement and slightly impacted the hydration. The presence of ettringite was 
observed for all LWSCCC samples, but a lower water/binder ratio and the inclusion of zeolite might have accelerated the ettringite 
formation. XRD and SEM images of the LWSCCC clearly shows the presence of ettringite in the LWSCCC.  

• An amorphous aerogel might partially dissolve in the alkaline environment of OPC and perhaps accelerate the growth of hydration 
products. Through the SEM analysis, aerogel particles and some pores surrounding the aerogel in the composite mixture can be 
clearly detected. Separation gaps in the ITZ between aerogel and cement paste suggested weaker adhesion of aerogel, while greater 
adhesion of EGA with cement paste was observed. The separation gaps and pores might enhance the porosity and water absorption 
of LSWCC.  

• The use of expanded glass aggregates combined with aerogel significantly lowers the density of the composite, leading to a decrease 
in the thermal conductivity of LWSCCC. 
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