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LIST OF ABBREVIATIONS AND TERMS

Materials:

EGA — expanded glass aggregate

GGBS - ground granulated blast-furnace slag
FGA — foam glass aggregate

LECA - lightweight expanded clay aggregate
SF —silica fume

SP — superplasticiser

VMA — viscosity modifying agent

POC — palm oil clinker

OPC — ordinary Portland cement

CNT — carbon nanotube

GNP — graphene nano platelet

SBR - styrene-butadiene rubber

TEOS - tetraethoxysilane

EPS — expanded polystyrene

COK - crushed olive kernel

Parameters:

fc— compressive strength
fn— flexural strength
w/b — water/binder ratio

Experimental methods:

SEM - scanning electronic microscopy
XRD - X-ray diffraction analysis
EDS — energy-dispersive X-ray spectroscopy

Other terms:

LWA — lightweight aggregates

CA — coarse aggregate

FA — fine aggregate

NA — natural aggregate

ITZ — interfacial transition zone

EGAC - expanded glass aggregate concrete

LWC — lightweight concrete

LWAC - lightweight aggregate concrete

SCC - self-compacting concrete

SCCC - self-compacting cement composite

SCM - self-compacting mortar

LWSCC - lightweight self-compacting concrete

LWSCCC - lightweight aggregate self-compacting cement composite
EFNARC — European Federation of National Associations Representing for
Concrete
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-COOH - carboxylic

-OH — hydroxyl

C-S-H - calcium-silicate-hydrate
RH — relative humidity

ASR — alkali silica reaction

Key terms:

SCC: Self-compacting concrete is an optimized product of conventional
concrete that is denoted by better workability, flowability, and pumpability, and
does not require any internal or external vibrations for compaction. There are certain
criteria for the passing ability, filling ability, and segregation resistance set by
several organizations that concrete needs to satisfy to be termed as SCC.

LWSCC: Lightweight self-compacting concrete is an optimized product of
lightweight concrete, and it demonstrates similar fresh characteristics as SCC.
Besides, it has to meet all of the same requirements as the regular SCC. According
to the EN 206-1 Standard, the density of lightweight concrete is 800-2000 kg/m?,
whereas the density of LWSCC is also similar to lightweight concrete.

LWSCCC: Concrete is a composite material as it contains combinations of
versatile building materials. Concrete is mainly prepared by combinations of coarse
and fine aggregates, while cementitious composites can be prepared with fine or
combinations of fine and coarse aggregates. In this study, LWSCCC was prepared
with both fine aggregates and combinations of coarse and/or fine aggregates; it
termed as a cementitious composite other than concrete.

EFNARC: EFNARC is a European federation dedicated to specialist concrete
systems and construction chemicals. EFNARC also provides guidelines for SCC,
and most European countries follow their specified guidelines.



1. INTRODUCTION

Self-compacting concrete (SCC) was developed in 1986 by Ozawa and his
colleagues and represented a significant leap forward in the concrete construction
technology (Adebayo Mujedu et al., 2020). Not only did the invention of SCC lead
to a higher-quality concrete, but it also increased productivity and provided a better
working atmosphere. Despite the fact that lightweight self-compacting concrete
(LWSCC) components are nearly identical to those of lightweight aggregate
concrete (LWAC), their compositions and workability are vastly different (Yu et al.,
2013). Higher volumes of binders and admixtures are needed to keep the desired
fluidity at a constant level (Yu et al., 2013). LWAC has been used for a long time,
and today LWSCC is regarded as an improved version of SCC and LWAC (Yu et
al., 2019). Today, LWSCC uses a variety of natural and synthetic lightweight
aggregates. However, the majority of LWSCCs were made with synthetic
aggregates. POC, EPS, rubber, coconut shale, and plastic waste are all denoted by
significant potential. The physical and mechanical properties of LWA may vary
depending on the type, which could have an impact on the characteristics of
LWSCC (Ting et al., 2019).

LWA offers a lower mechanical strength than the normal, natural aggregates
(Altalabani et al., 2020; Nguyen et al., 2018; Zhu et al., 2016); thus, using more
LWA in concrete could result in a lower compressive strength (Kurt et al., 2016a;
Wan et al., 2018). It is possible that using LWA in concrete will cause segregation
issues because of LWA’s tendency to float (Adhikary and Rudzionis, 2020; Juradin
et al., 2012). Segregation and inadequate self-compaction in the form of uneven
distribution of LWA could compromise the structural performance and durability of
concrete (Kwasny et al., 2012). A large volume of LWA is needed to prepare SCC
below the density of 1400 kg/m3, which could increase the risk of water absorption
(Kurt et al., 2016b; Kwasny et al., 2012; Wan et al., 2018). Low-density concrete
could be used to insulate against noise and heat (Ting et al., 2019). Due to the
differences in the surface structure and adhesion quality of lightweight aggregates,
the quality of ITZ of LWSCC made with various types of LWASs may also vary.
Literature studies suggest that LECA, expanded glass, perlite, and scoria show good
adhesion with cementitious materials leading to a better ITZ (Adhikary et al.,
2022a). Meanwhile, EPS, polymeric waste, and aerogel offer weaker adhesion with
cementitious materials, which leads to weaker adhesion and poorer ITZ (Angelin et
al., 2020; Cheboub et al., 2020; Da Silva et al., 2020; Ranjbar and Mousavi, 2015).
Furthermore, in recent years, mostly, LWSCC developed by using LWA was above
1400 kg/m?® density. Somehow, a few researchers have managed to achieve a self-
compacting cementitious composite below the density of 1400 kg/m3, but the
compressive strength was less than 10-12 MPa.

In the past few decades, numerous studies have been carried out on LWSCCC
incorporating several types of lightweight aggregates. Aerogel is a promising
material featuring a very low density; it can be used in the production of very
lightweight cementitious composites. While EGA is also a lightweight aggregate, it
has a lower density. Yet, despite the lower density, aerogel is fragile in nature.
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Moreover, hydrophobic aerogel might exhibit weaker adhesion with cementitious
materials, which would lead to a weaker strength of cementitious composites. The
development of a lightweight self-compacting cementitious composite incorporating
a combination of EGA and aerogel can be a promising material for building
applications. A lightweight cementitious composite incorporating such low-density
aggregate would be denoted by a lower density. Moreover, the use of such materials
in a cementitious composite might lead to a decrease in the mechanical performance,
and would increase the risk of water absorptions. A hydrophobic aerogel may also
suffer from weaker adhesion problems, and further studies are required to
extensively investigate the characteristics of cementitious composites incorporating
aerogel and EGA in terms of their fresh, mechanical performances, microstructure,
and water absorption capacity. Furthermore, problems related to aerogel and EGA
aggregate-based cementitious composite should be eliminated. Moreover, most
developed LWSCCs below the density of 1400 kg/m? feature a lower compressive
strength than the recommended value of ACI-213R-03 2003, ACI-213R-2014 and
CEB/RILEM so that they could be used as structural applications. In this context,
the current investigation is performed. To achieve the aim of the study, several
cementitious composites have been developed by using the mixing and trial
methods. Firstly, lightweight cement composites were prepared by using EGA and
aerogel in order to identify their impact and probable problems regarding the
lightweight cementitious composites. By the mixing and trail method, the mixing
composition was optimized, and the self-compatibility factor was achieved. Such
problems as higher water absorption, inferior mechanical performance, and weaker
adhesion levels of aerogel with cementitious materials have been mitigated by using
polymer coatings on LWA. Furthermore, mechanical performances and water
absorption and ITZ between the aerogel and cementitious materials have been
improved by using carbon nanotubes and graphene platelets.

The main goal of the current work is to investigate the physical, mechanical
and microstructural properties of lightweight self-compacting cementitious
composites developed with aerogel and expanded glass aggregates with a density of
less than 1400 kg/m?.

Tasks of the work to achieve the desired aim

1.  To research the impact of binding materials, the concentration of fine particles
and lightweight aggregates on the physical, mechanical, and microstructural
properties of a lightweight self-compacting cementitious composite (<1400
kg/m?).

2. To improve the water absorption and compressive strength and microstructure
of lightweight self-compacting cementitious composites using polymer
coatings on lightweight aggregates.

3. To enhance the compressive strength, microstructure, and water absorption
characteristics of lightweight cementitious composites using carbon nanotubes
and graphene platelets.



Scientific novelty of the study

In this study, a new type of lightweight self-compacting cementitious
composite has been developed below the density of 1400 kg/m3. The developed
lightweight self-compacting cementitious composite has satisfied the required
strength of ACI-213R-03 (versions of 2003 and 2014) to be used as a structural
application even below the density of 1400 kg/m3. Manual mixing of the fresh
cementitious composite enables the lower crushing of aerogel particles. Moreover,
this experimental study shows that aerogel offers weaker adhesion with cementitious
materials, and a separation gap was observed in the ITZ between the aerogel and the
cementitious materials. Moreover, the aerogel-based cementitious composite suffers
from a lower mechanical strength and porous microstructure, and, on top of that, it
incurs the risk of higher water absorption levels. In this study, the separation gaps
between the aerogel and the cementitious materials have been improved by using
nanomaterials and polymer coatings. Furthermore, water absorption, mechanical
properties, and microstructure have also been improved.

Methods of research

The initial materials for the development of lightweight cement composites
were selected from the data sourced from the available literature. SEM and XRD
analyses were conducted to understand the microstructure of pozzolanic additives
and lightweight aggregates. Mostly, the mixing and trial method is widely adopted,
and, in the current experimental studies, the mixing and trial method is also
widespread. The fresh properties of the cement composite were investigated
according to the guidelines of EFNARC 2005. Cement hydration of the cement
paste was monitored by employing the semi-adiabatic calorimetry method using the
Pico Technology which conforms to the EN 196-9:2010 Standard. The mechanical
strength of the cement composite was tested in accordance with the EN 196-1:2016
Standard. The porosity and thermal conductivity of the cementitious composite was
calculated in accordance with GOST 12730.4-2020 Standard and EN 1745:2012
Standard, respectively. The water absorption, density, porosity, and SEM of the
cement composite were determined so that to analyze the obtained results and to
determine a relationship between them. After developing the LWSCCC by the
mixing and trialing methods, such properties of the composite as the mechanical
performance, microstructure, and water absorption characteristics have been targeted
in terms of improvement by adopting several measures.

Practical significance of the dissertation

The manual mixing of lightweight cementitious composites by hand lowers the
crushing of aerogel and keeps the integrity of aerogel in the cementitious system.
The developed lightweight cementitious composites also satisfied the ENFRAC
2005 requirements to be used as self-compacting cementitious materials. The
developed cementitious composites can be used as thermal insulating materials, and
their self-compacting ability will help to reach the congested areas without using any
external vibration equipment. The self-compactibility characteristics allow for easy
handling, placing, and compactness. The thermal conductivity of the developed
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material obtained in the study was much lower than the corresponding values of the
conventional concrete and it is denoted by high potential of use in the construction
sector. However, in this study, the thermal conductivity of the cementitious
composites was calculated by using EN 1745:2012 Standard which can be different
from the real-time-tested thermal conductivity in a laboratory. Moreover, the
optimized lightweight cementitious composites presented in the study can also be
used as structural applications as they satisfy the required strength of ACI-213R-03
(versions of 2003 and 2014) recommendations. The obtained strength and thermal
conductivity below the density of 1400 kg/m® is a novelty, and this may lead to
potential use in the construction sector.

Statements to be defended in the dissertation

1. The lightweight cement composites with optimized mixing composition are
able to achieve self-compactibility even below the 1400 kg/m?® density with
the slump flow class of SF2 and SF3.

2. Due to the hydrophobic characteristics of the aerogel, it may entrap air bubbles
during the mixing of the fresh cementitious composite and show lower
adhesion levels and weaker ITZ.

3. The separation gaps between the aerogel and cementitious materials have been
significantly improved by using nanomaterials and polymer coatings. The
incorporation of CNT and GNP into the lightweight cement composite leads
to an improvement of the compressive strength at 41.5% and 43.8% levels,
and to an improvement at 30.5% and 29% levels in terms of water absorption,
respectively.

Structure and scope of the work

This doctoral dissertation has been prepared as a body of work comprising
three chapters. It consists of an introduction, results and discussion, and conclusions.
In addition, a list of references, a brief summary of the dissertation in the Lithuanian
language, a resume of the doctoral student’s work, and a list of publications related
to the doctoral dissertation, and additional publications other than the dissertation
topic are provided along with the author’s acknowledgments. The full volume of the
doctoral dissertation includes 52 Figures, 10 Tables, and 50 references.

Approval of the results of the study

The findings of the investigations that have been carried out have been
compiled and presented in a total of five research articles in scientific journals. The
journals feature in the Clarivate Analytics Web of Science database (with the citation
index) and fall within the Q1, and Q2 quartiles.

List of scientific publications on the topic of the dissertation

In this PhD thesis, the scientific novelty and achieved results have been
covered in a set of five articles. The research results are summarized in three stages.
In the first stage, the preliminary investigation was conducted in terms of
defining the self-compacting criteria of concrete. The first stage of the study is
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covered in two articles. The first article was published in the Journal of Building
Engineering, 2020, 101399 (Adhikary et al., 2020). The aim of this stage of the
study was fulfilled in two stages. At first, the impact of binders and lightweight
aggregates was investigated while preparing flowable lightweight cement composite.
Afterwards, the mixing composition described in the first article was optimized
based on the obtained results so that to satisfy the self-compacting criteria. The
results of this step were published in Case Studies in Construction, 2022, e00879
(Adhikary et al., 2022b).

In the second stage of the research, the identified problems associated with
EGA and aerogel-based cement composites in the previous stage were attempted to
be improved. Such problems as higher water absorption and weaker adhesion
between the aerogel and the cementitious materials were sought to be improved by
employing polymer coatings. The results of this study were published in Materials
Today Communications, 2022, 103496 (Adhikary, 2022).

In the third stage of the research, the identified problems of the lightweight
cement composite prepared with EGA and aerogel were sought to be rectified
alternatively with nanomaterials. Such problems as weaker mechanical performance,
weaker ITZ between the aerogel and the cementitious materials, and a higher risk of
water absorption were targeted by using such new-generation nanomaterials as
CNTs and graphene platelets. At first, carbon nanotubes were used on the flowable
lightweight concrete; the results of the study were published in Scientific reports,
2021, 2104 (S.K. Adhikary et al., 2021). Afterwards, the mechanical performance,
water absorption, and ITZ between the lightweight aggregates and the cementitious
materials of lightweight cementitious composites were improved by incorporating
graphene platelets (GNP). The results of the study were published in Journal of
Building Engineering, 2022, 104870 (Adhikary et al., 2022c).

1. Suman Kumar Adhikary, Zymantas Rudzionis, Danut¢ Vai¢iukyniené;
Development of flowable ultra-lightweight concrete using expanded glass
aggregate, silica aerogel, and prefabricated plastic bubbles; Journal of
Building Engineering, ISSN 2352-7102. 2020, vol. 31, art. No. 101399, p.
1-10; https://doi.org/10.1016/j.jobe.2020.101399

2. Suman Kumar Adhikary, Zymantas RudZionis, Simona Tuckuté;
Characterization of novel lightweight self-compacting cement composites
with incorporated expanded glass, aerogel, zeolite and fly ash; Case Studies
in Construction, ISSN 2214-5095. 2022, vol. 16, art. No. €00879, p.1-19.;
https://doi.org/10.1016/j.cscm.2022.e00879

3. Suman KumarAdhikary; The influence of pre-coated EGA and aerogel on
the properties of lightweight self-compacting cementitious composites;
Materials Today Communications, ISSN 2352-4928. 2022, vol. 31, art. No.
103496, p. 1-8; https://doi.org/10.1016/j.mtcomm.2022.103496

4. Suman Kumar Adhikary, Zymantas RudZionis, Simona Tuckuté,
Deepankar Kumar Ashish; Effects of carbon nanotubes on expanded glass
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https://doi.org/10.1016/j.cscm.2022.e00879
https://doi.org/10.1016/j.mtcomm.2022.103496

and silica aerogel based lightweight concrete; Scientific reports, ISSN 2045-
2322. 2021, wvol. 11, iss. 1, art. No. 2104, p. 1-11;
https://doi.org/10.1038/s41598-021-81665-y

5. Suman Kumar Adhikary, Zymantas RudZionis, Simona Tuc&kuté;
Characterization of aerogel and EGA-based lightweight cementitious
composites incorporating different thickness of graphene platelets; Journal
of Building Engineering, ISSN 2352-7102. 2022, vol. 57, art. No 104870, p.
1-14; https://doi.org/10.1016/j.jobe.2022.104870

Author’s contribution

The selection of the materials and the research plan was carried out by Suman
Kumar Adhikary and Zymantas Rudzionis. The materials were provided by Kaunas
University of Technology and Zymantas Rudzionis. This thesis is covered in five
articles, and the contributions of each author to each article are listed below.

The first article published in the Journal of Building Engineering, art. No.
101399, was prepared with the effort of three authors. The experiments were
performed, the data was collected, and the manuscript was written by doctoral
student Suman Kumar Adhikary under the supervision of Zymantas Rudzionis.
Danuté Vai¢iukyniené helped through the investigation of the SEM and XRD
results, and Zymantas Rudzionis helped to finalize the manuscript during the
publication of the article.

The second article was published in the Journal Case Studies in Construction
Materials, art. No. e00879. The experiments were performed, the data was collected,
and the manuscript was written by doctoral student Suman Kumar Adhikary under
the supervision of Zymantas RudZionis. Simona Tuckuté helped through the
implementation of the SEM and XRD tests. Zymantas Rudzionis helped to finalize
the manuscript in preparing for the publication of the article.

The third article was published in the journal Materials Today
Communications, art. No. 103496. The experiments were performed, the data was
collected, and the manuscript was written by doctoral student Suman Kumar
Adhikary. Simona Tuckuté helped through the implementation of the SEM and
XRD tests. Zymantas Rudzionis helped to finalize the manuscript in preparing for
the publication of the article.

The fourth article was published in the journal Scientific Reports, art. No.
2104. The The experiments were performed, the data was collected, and the
manuscript was written by doctoral student Suman Kumar Adhikary. Simona
Tuckute helped through the implementation of the SEM and XRD tests. Zymantas
Rudzionis and Deepankar Kumar Ashish helped to finalize the manuscript in
preparing for the publication of the article.

The fifth article was published in Journal of Building Engineering, art. No.
104870. The experiments were performed, the data was collected, and the
manuscript was written by doctoral student Suman Kumar Adhikary. Zymantas
Rudzionis and Deepankar Kumar Ashish helped to finalize the manuscript in
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preparing for the publication of the article. Simona Tuckuté helped through the
implementation of the SEM and XRD tests.

2. RESULTS AND DISCUSSION

This chapter covers mixture compositions and a detailed analysis of the
obtained results of the prepared cement composites. The obtained results were
divided into several categories according to the stages of the research.

The aim of this study is to develop lightweight self-compacting cement
composites with 10 to 17 MPa compressive strength. From the rigorous study of the
relevant academic literature, several lightweight self-compacting cementitious
composites were prepared by using the mixing and trial methods. EGA and aerogel
were used as a prime lightweight aggregate to develop LWSCCC. At first,
LWSCCC was developed, and the problems related to aerogel-based LWSCCC
were eliminated by using polymer coatings and nanomaterials. The steps of the
investigations of this study are presented in Fig. 2.1.

1% stage *Variables: Binding materials volume,
pozzolanic additions, prefabricated
air bubbles, aerogel and EGA
concentration.
concentrations on the *Investigates the effectiveness of
physical, mechanical, and aerogel, fly ash and zeolite on the
T e st IR oS et g properties of lightweight self-
of LWSCCC compacting cement composite.

Investigations of binding
materials, fine particle
concentration, and LWA

27 stage .
*Variables: SBR and Paraffin
Improvement of the physu.al

and mechanical properties as *Investigates the effectivesness of
well as ITZ of LWSC polymer coatings of lightweight
using polymer coatings on E%gfrsegaggs on the properties of
lightweight aggregates

*Variables: EGA, aerogel. nano
Enhancement of the materials (CNT and graphene
mechanical performance, ITZ, EWETEER)

‘and \j\..fat_er Dl *Evaluates the effectiveness of nano
S EC D C Ul 1) odified aerogel composite, and
concrete by using carbon characterizes the microstructure and
nanotubes and graphene hardening properties
latelets '

Fig. 2. 1 A schematic view of the stages of the investigation of the dissertation

14



Stage 1: Investigations of binding materials, fine particle concentration,
and LWA concentrations on the physical, mechanical, and microstructural
characteristics of LWSCCC

This study is the first experimental stage of the dissertation. To understand the
impact of the binder’s concentration and lightweight aggregates on the lightweight
concrete, several cementitious composites were prepared. The experimental study
was carried out by using the mixing and trial method. From the literature studies and
a previous scholarly study (Adhikary and Rudzionis, 2020), the proper fractions of
LWA were used to develop flowable lightweight cementitious composites. Besides
the microstructure, cement hydration and strength characteristics of the lightweight
cement composites were primarily studied. This study helps to get basic information
about the microstructure of LWA, LWAC, and the mechanical strength of
lightweight concrete. Moreover, it gives an idea about the further required
modification for the improvement of the mechanical performance and workability.

After the preliminary investigation, the mixing composition was optimized to
achieve self-compactibility. The optimized mixing composition with self-
compactibility aimed to achieve the compressive strength above 10 to 15 MPa
featuring a density below 1400 kg/m?®.

In this stage of the study, a combination of EGA and aerogel was used as
lightweight aggregates to achieve a lightweight self-compacting cement composite.
The novelty of the dissertation and the further required improvement of the obtained
lightweight cement composite were identified in this stage.

Stage 2: Improvement of the physical and mechanical properties as well
as ITZ of LWSCCC by using polymer coatings on lightweight aggregates

At this stage of the research, the identified problems associated with EGA and
aerogel-based cement composites in the previous stage were attempted to improve.
Such problems as higher water absorption levels and weaker adhesion between the
aerogel and the cementitious materials were attempted to be improved with polymer
coatings. Two different types of polymer coatings, such as SBR and paraffin, were
used in this stage of the study to coat the lightweight aggregates. From the previous
stage of the study, the best mixing composition was selected and further modified in
this study. The target compressive strength of the self-compacting cement composite
was kept above 10 MPa, while achieving a density below 1200 kg/m?.

Stage 3: Enhancement of the mechanical performance, 1TZ, and water
absorption characteristics of lightweight concrete by using carbon nanotubes
and graphene platelets

At this stage of the research, the identified problems of the lightweight cement
composite prepared with EGA and aerogel were tried to improve alternatively with
nanomaterials. Two different types of nanomaterials, such as carbon nanotubes and
graphene nanoplatelets, were used. The cement hydration, water absorption,
strength, and mineralogical characteristics of lightweight cement composites were
evaluated.
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2.1. Investigation of binding materials, fine particle concentration, and LWA
concentration on the physical, mechanical, and microstructural characteristics

of LWSCCC

2.1.1. Preliminary investigation of the impact of pozzolanic additions and
lightweight aggregates on the characteristics of flowable lightweight cement

composites

This chapter is based on the paper published in Journal of Building
Engineering, 2020, 101399 (Adhikary et al., 2020). This chapter investigates the
impact of the binders and lightweight aggregates on the properties of lightweight
cementitious composites. The experiments were performed, the data was collected,
and the manuscript was written by doctoral student Suman Kumar Adhikary under
the supervision of Zymantas Rudzionis. Danuté Vai¢iukyniené helped through the
investigation of the SEM and XRD results, and Zymantas Rudzionis helped to
finalize the manuscript for the publication of the final version of the article.

Two groups of flowable lightweight cementitious composites were prepared
by using aerogel and expanded glass aggregates. The first series of the composite
was aimed to study the impact of fly ash as partial replacement of cement. Up to
30% of the cement mass was replaced with fly ash in the first series. From the
results obtained with the composite, the best mix in terms of workability, strength,
and visual segregation was considered for the next composite series. In the second
series, 1 to 2 mm EGA was replaced with 1 to 2 mm-sized silica aerogel. The
replacement volume was aerogel with 25%, 50%, 75%, and 100% of 1-2 mm-sized
EGA. The mixing composition of the composites is presented in Table. 2.1.

Table 2. 1 Mixing composition of cement composite, kg/m?

3 '-‘F’ ? 5 o @
a g g %8 ﬁ ) % . :3 é T ?
= £ e =] © SER | B3 g o
3 8 |2 | 2283 T | 323 |83 =2
C100FAQ 500 - 138+54+34+40 - 9 15 325
C90FA10 4545 - 138+54+34+40 45.45 8.18 1.37 325
C80FA20 416.7 - 138+54+34+40 83.34 7.50 1.25 325
C70FA30 385 - 138+54+34+40 115.5 6.93 1.16 325
C90FA10AG25 4545 10.5 | 103.5+54+34+40 45.45 8.18 1.37 325
C90FA10AG50 4545 21 69+54+34+40 45.45 8.18 1.37 325
C90FA10AGT75 4545 31.5 | 34.5+54+34+40 45.45 8.18 1.37 325
C90FA10AG100 454.5 42 0+54+34+40 45.45 8.18 1.37 325

In this study, the fresh properties of the cement and the composites were tested
by a flow table. The flow table spread of the cement composite is presented in Table.
2.2. The study results clearly indicate that the workability of the cement composites
decreased with an increase in aerogel concentrations. Meanwhile, the workability of
the cement composite was improved by incorporating fly ash as a replacement of
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cement. The flow table spread of sample C100FAO was measured at 21 cm which
subsequently increased to 23.4 cm by incorporating 30% fly ash as a substitute of
cement. The improved workability may be associated with the ball-bearing effect of
fly ash. The flow table spread of sample C90FAL10AG25 containing 25%
replacement volume of 1-2 mm size EGA by aerogel was measured at 21 cm which
decreased to 18.4 cm for composite C90FAL0AG100 containing 100% replacement
volume of 1-2 mm EGA. The reduction in the flowability of aerogel added cement
composites may be attributed to the air entrapped by the silica aerogel. However, the
workability of the composite can be modified by adjusting the doses of water and
superplasticizer.

Table 2. 2. Workability of lightweight cement composites (stage — I-A).

Series Flow table test, cm Series Flow table test,
cm
C100FA0 21 C90FA10AG25 21
C90FA10 21 C90FA10AG50 20
C80FA20 23 C90FA10AGT75 18.9
C70FA30 23.4 C90FA10AG100 18.4

Semi-adiabatic calorimetry analysis was performed with the objective to
analyze the impact of fly ash and aerogel additions on the hydration of cement.
Semi-adiabatic calorimetry analysis vyielded information about two important
characteristic points, such as the initial and the final setting time.

50

i 21——Cl100

0t C100FA10
——— Cl00AG2.1
-C100AG4.2
C100FA10AG4.2
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Time, minute

Fig. 2. 2 Hydration of cement paste containing fly ash and aerogel

The initial setting time is at the lowest point of the peak of the curve, while the
final setting time is at the highest point of the curve. The initial and final setting
times are marked ‘1’ and ‘2’ in Fig. 2.2. Sample C100 serves as the reference
sample where only cement is used, whereas the initial setting time starts at 196 min
and finishes at 788 min. It was observed that, by incorporating 10% fly ash with
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cement in sample C100FA10, the initial setting time was retarded, and the initial
setting time started at 222 min and finished at 818 min. This phenomenon may be
attributed to the pozzolanic activity of fly ash. Figure 2.2 also shows that the
incorporation of aerogel into the cement paste significantly impacted the setting
times. When incorporating 2.1% aerogel with cement paste, the initial setting time
was shortened to 134 minutes, and the process finished at 709 minutes. When the
aerogel content was increased to 4.2%, the initial setting time started at 148 min and
finished at 726 min. It can also be observed that the inclusion of silica aerogel also
resulted in a lower amount of the produced exothermic heat. It was also discovered
that when fly ash and aerogel were added to the paste, the initial setting time was
extended to 222 min, and the process finished at 888 min. Moreover, the inclusion
of fly ash and aerogel in combination yields much lower exothermic heat than the
other samples. This phenomenon suggests that silica aerogel is slightly reactive with
cement.

In this stage of the study, f. and fs of the composites were measured on the 7"
and 28" days of the hydration process. The f. and s values of the composites on the
7" and 28" days of hydration are presented in Table. 2.3.

Table 2. 3 Mechanical strength of lightweight cement composites at 28 days (stage
- 1-A)

Series 7hday | 28" day strength test, Dry Thermal
strength test, MPa density, | conductivity
MPa kg/m? [W/(m-K)]
fe fr fe fa
C100FA0 9.32 2.5 12.2 2.68 862.4 0.356
C90FA10 8.2 2.3 11.4 2.56 848.0 0.348
C80FA20 6.92 2.2 10 2.1 834.5 0.345
C70FA30 5.2 1.9 8 2.04 826.4 0.342
C90FA10AG25 5.72 1.7 6.52 2.38 816 0.337
C90FA10AG50 5.88 1.84 6.40 2.01 793 0.328
C90FA10AG75 3.32 1.11 4.8 1.61 774.5 0.322
C90FA10AG100 3.2 1.097 4.48 1.45 749.5 0.314

The study results indicate that, with an increase in the fly ash content, the f.
value of the cement composite declines. It was also observed that an increase in the
aerogel concentration declines for both f. and fs. By replacing 100% 1-2 mm EGA
with aerogel, concrete lost about 60.7% f. on the 28" day. The lower strength gains
of the composites may be attributed to the addition of fly ash and aerogel which
presumably delays the hydration of cement. Semi-adiabatic calorimetry analysis
made it evident that there is an extension in the hydration of cement achieved by the
addition of aerogel and fly ash. Besides, aerogel is a fragile material having a very
low strength, and, perhaps, due to this reason, with an increase of the aerogel content
in the composites, the compressive and flexural strength was reduced.
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The oven dry density of the samples was measured after 28 days of the curing
process, and, thereafter, the thermal conductivity of the composites was calculated,
it was found to satisfy EN1745:2012 Standard. Table 2.4 shows that, with an
increase in aerogel concentration, the density of the composite was reduced. The
oven dry density of the composite C90FA10AG25 was measured as 816 kg/m®,
which decreased to 749.5 kg/m?® for composite C90FA10AG100 containing 100%
replacement of 1-2 mm EGA with aerogels. Due to the reduction in density of the
composites, the thermal conductivity is also reduced. The thermal conductivity of
C90FA10AG25 and C90FA10AG100 was calculated and determined about 0.337
and 0.322 W/(m-K), respectively. Aerogel is very lightweight material, and the
incorporation of aerogel with EGA lowers the density, which leads to an
improvement in the thermal conductivity of the composites. On a special note, this
calculation of thermal conductivity may differ from the actual thermal conductivity
of lightweight cementitious composites. Aerogel is a highly thermally insulating
material, and a real-time test of its thermal conductivity may yield much lower
values than the calculated one.
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Fig. 2. 3 X-ray diffraction analysis of cementitious composites

Note: a — ettringite CasAl2(S04)3(OH)12-26H20 (41-1451), b — hydrotalcite MgaAl2COg-(OH)12CO3
(H20)3)05 (70-2151), ¢ — portlandite Ca(OH)2 (1-837), d — calcite Ca(CO)s (24-27), e — calcium
silicate hydrate Ca15SiOz5-x H20 (33-306), f — alite CasaMgAl2Si1sOg0 (13-272), g — belite Ca2SiO4
(33-302)

The XRD analysis of the composite was performed after 28 days of the hydration of
cementitious composites. From the obtained results, it can be observed that
portlandite, calcium silicate hydrate, ettringite, and hydrotalcite are the main
hydration products of the cement composites. The X-ray diffraction analysis of the
composites is presented in Fig. 2.3. It was observed that the intensity of ettringite
near 8° and the peak of hydrotalcite near 12° decreased with an enhancement in
aerogel concentrations. This reduction phenomenon of hydrotalcite and ettringite
with an increase in aerogel concentrations suggests partial dissolving and implies
reactions of silica aerogel with cementitious materials. Silica aerogel is amorphous
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in nature, and it is expected to dissolve and react in the alkaline environment
provided by cement hydration.

In the DSC-TGA analysis, the DSC and TGA curves are presented in Fig. 2.4
and Fig. 2.5. The first endothermic peaks at 98.6 °C to 102.1 °C for composite
specimens C90FA10, C90FA10AG25, C90FA10AG50, C90FA10AG75, and
C90FA10AG100 suggest the driving-out of the physically bound water. The
endothermic peaks near 140.6 °C to 139.2 °C for composites C90FALQ,
CI90FA10AG25, C90FAL10AG50, C90FAL10AGT75, and C90FAL0AG100 report the
formation of calcium silicate hydrate by the loss of water. The dehydration of
portlandite ~ for  samples  C90FA10, C90FA10AG25, C90FA10AGH50,
CI90FA10AGT75, and C90FA10AG100 was observed in between 446.6 °C to 452.8
°C. The dehydration of calcium carbonate of the composites was observed between
the endothermic peaks of 620.3°C to 688.7 °C. The presence of C-S-H due to the
addition of aerogel was observed at 830 °C.

1 \'/—-———\\/——————\_\,————/ C90FAT0AGI100
4 \,/—W/ﬁ\/—” CI90FA10AG75
C90FAT0AGS0

J \\///:_‘\—\\/‘__\4_‘/__( C90FA10AG25
C90FA10
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Fig. 2. 4 Differential scanning calorimetry curves of lightweight cement composites
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Fig. 2. 5 Derivative thermogravimetric curves of lightweight cement composites
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The weight loss due to the dehydration of calcium hydroxide for samples
C90FA10, C90FA10AG25, C90FA10AG50, C90FAL0AGT5, and C90FAL10AG100
was measured to equal 1.71%, 2.15%, 2.63%, 2.36%, and 2.80%, respectively. The
presence of portlandite for sample C90FA10 C90FA10AG25, C90FAL0AG50,
C90FA10AGT75, and C90FA10AG100 was about 7.03, 8.84%, 10.81%, 9.70% and
11.51%, respectively. It can be evidently observed that, with an increase in the
aerogel concentration in the lightweight cementitious system, the amount of
portlandite increased.

Aerogel is an extremely brittle material in nature; an SEM image of aerogel is
presented in Fig. 2.6. It can be observed that the surface of aerogel consists of
several microscopic level cracks which are likely to lead to the weakening of the
strength properties. The SEM image presented in Fig. 2.7 also shows the distribution
of irregular-shaped silica aerogel in the cement composite.

100um

Fig. 2. 6 SEM image showing a) cracks in aerogel particles on the microscale level;
b) a separation gap between an aerogel particle and cementitious material

The smooth and clean surface of silica aerogel suggests that no degradation
occurred during the cement hydration. During the cement hydration, aerogel
particles remained fairly stable. Similar phenomena were observed by (Gao et al.,
2014). (Zhu et al., 2019) reported that aerogel particles partially dissolve in the
alkaline environment provided by cement hydration, and aerogel particles may react
with the pore solution, which leads to the formation of C-S-H at a low Ca/Si ratio.
The SEM images presented in Fig. 2.6 show separation gaps between the
hydrophobic silica aerogel and cementitious composites. This phenomenon indicates
a weaker adhesion level of silica aerogel with cementitious composites. Through
these gaps, air or water can easily transport harmful ions and impact the durability
characteristics of the composite, and especially the composite exposed to aggressive
environments. The SEM image presented in Fig. 2.8 also shows the presence of C-S-
H gels and a needle of ettringite. The presence of the honeycomb structure of C-S-H
gels was at a higher amount for the composite containing higher concentrations of
aerogels in the composites. C-S-H gel is responsible for the strength gain of
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concrete. The SEM image also shows that expanded glass aggregates and
prefabricated air bubbles exhibit greater adhesion with cementitious materials.

Y% 0 F :

Fig. 2. 7 SEM image showing a) and b) distribution of aerogel particles in
lightweight concrete samples

15.0kV x4.00k SE 10.0um

Fig. 2. 8 Scanning electron microscopy image of LWC samples (a) C90FA10AG50
and (b) C90FA10AG100 showing the presence of the honeycomb structure of calcium-
silicate-hydrate gels

2.1.2. Investigation of the impact of pozzolanic additions and lightweight
aggregates on the characteristics of self-compacting lightweight cement
composites

This chapter is based on the paper published in Case Studies in Construction
Materials, 2022, e00879 (Adhikary et al., 2022b). In this study, the self-compacting
criteria of the lightweight cementitious composite were satisfied in accordance with
the EFNARC guidelines. The experiments were performed, the data was collected,
and the manuscript was written by doctoral student Suman Kumar Adhikary under
the supervision of Zymantas Rudzionis. Simona Tuckuté helped to perform the SEM
and XRD tests. Zymantas Rudzionis helped to finalize the manuscript in the process
of the publication of the article.

From the obtained results of the first step, the mixing composition was
optimized by using the mixing and trail methods to achieve self-compactibility. The
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self-compacting criteria, such as the passing ability and the filling ability were
fulfilled in accordance with the EFNARC recommendations. Several samples
were prepared by using varied EGA and aerogel concentrations. In this study,
comparatively higher binders and fine grains of EGA were used to eliminate the
floating of lightweight aggregates and to maintain uniform aggregate distributions.
We also aimed to develop several lightweight self-compacting cementitious
composites within the 1400 kg/m?® density range featuring 10-20 MPa compressive
strength. The impact of pozzolanic additives, such as fly ash, zeolite, and aerogel, on
the physical and mechanical properties of LWSCCC were also investigated. The
impact of aerogel on the physical, mechanical, and microstructural properties was
systematically investigated. In addition, the porosity of the cementitious composite
was calculated, and the relationships with the mechanical strength were also
established. This study agreed with the outcome of the first step of the study, and
separation gaps between aerogel and cementitious materials were also observed.
Moreover, entrapped air bubbles surrounding aerogel particles were presumed to
potentially increase the porosity, which leads to a decline in the mechanical
performance.

Expanded glass and aerogel were employed as LWA in the production of
LWSCCC with the addition of OPC (CEM 1 42.5 R) and zeolite powder (50m) used
as mineral admixtures. The first series of cement composites was prepared to study
the influence of the EGA content and pozzolanic additives on the characteristics of
LWSCCC. Composition mixture C100S100 was formed by combining natural sand
with EGA of various sizes (0.1-0.3 mm, 0.25-0.50 mm, 0.5-1 mm, and 1-2 mm) in
various proportions. In sample C100S50, half of the volume of sand was replaced
with a very fine fraction of 0.1-0.3 mm EGA, which resulted in a lower density of
the investigated material. An increase in the fine content marginally increases the
amount of the required water and superplasticizer so that to keep the desired
flowability of the composite at its intended level. As pozzolanic additives for the
concrete mixes, C90ZL10, C90FA10 and C90ZL5FAD5, a total of 10% of the total
mass of the total binders was used. The fresh properties of LWSCCC, such as the
slump flow, J-ring, V-funnel, and T-50 flow time, were measured. The obtained
fresh properties of the composite were validated with EFNARC recommendations.
EFNARC is a European federation dedicated to specialist concrete systems and
construction chemicals, and it also provides guidelines for SCC. Most European
countries follow their specified guidelines.

Afterwards, a few more LWSCCCs were developed, thereby optimizing the
finest sample from C100S100 to C90ZL5FA5. Sample C90ZL10 was considered to
be optimized, and this sample was used as a control sample for the upcoming
LWSCCC samples. Four more LWSCCC samples were prepared with different
amounts of the aerogel content. 0.5-1- and 1-2-mm size EGA were replaced with
aerogel (75 kg/m® bulk density) in amounts of 25%, 50%, 75%, and 100%.
Throughout all the composite samples, the water-to-binder ratio was sustained at
0.55. In the following Table 2.4, the mixing composition of all LWSCCCs is
presented. During the process of mixing, EGA, zeolite powder, and cement were all
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carefully mixed together in the dry state. Following that, 70% of the total water
content was mixed, which was then manually mixed for another three minutes. The
superplasticizer and stabilizer were then combined with 30% water solution and
gently mixed for 2 minutes before being added to the composite mixture. In the final
stage, aerogel was added to the composite mixture in an attempt to reduce the
crushing of the aerogel particles, and the mixture was then mixed for the next two
minutes.

Table 2. 4 Mixing composition of lightweight self-compacting cement composite,
kg/m? (stage — 1-B)
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C100S100 [ 550 [ 380 | 45+56+44+56 |- | - - 0.38 | 55 [247 [0.45

C100S50 | 530 | 183 | 43.4+54+42.4+ |- |- - 0.38 | 69 |309 |058
436

C90ZL10 |[525 |- 477+59.4+466 | - | 583 036 |87 [321 |055
+59.4+95.8

C90FAL10 [525 |- 47.7+59.4+466 | - | - 58 | 036 |87 |321 |055
+59.4+95.8

C90ZL5F [ 525 |- 477+59.4+466 | - |292 (292 [ 036 |87 [321 |055

A5 +59.4+95.8

C90ZL10 |[525 |- 35.8+44.5+466 |8 | 583 |- 036 |87 [321 |055

AG25 +59.4+95.8

C90ZL10 [525 |- 23.9+29.7+46.6 | 16 | 58.3 | - 036 |87 [321 [055

AG50 +59.4+95.8

C90ZL10 |[525 |- 11.9+14.9+466 | 24 | 583 | - 036 |87 [321 |055

AGT5 +59.4+95.8

C90ZL10 |[525 |- 0+0+46.6+59.4 | 32 | 583 | - 036 |87 [321 |055

AG100 +95.8

The workability of the LWSCCC samples is shown in Table 2.5. According to
the findings of the study, a composite mixture with fly ash is denoted by the largest
flow diameter. The mini-slump flow and the mini-V-funnel time of samples
C100S100, C100S50, C90ZL10, C90FA10, and C90ZL5FAS were 247 to 258 mm
and 7.2 to 9 seconds, respectively. The use of irregularly shaped sand, a lower w/b
ratio, and reduced superplasticizer doses all contributed to the smallest slump flow
diameter of sample C100S100. An increase in fine EGA concentration in cement
composite mixture C100S50 increases the water needs and superplasticizer doses to
keep the workability of LWSCC at a desired satisfactory level. Additionally, EGA
has a greater water absorption capacity than the natural aggregates, which may result
in a rise in the demand for water/superplasticizer doses. Meanwhile, on the other
hand, the workability of composite samples C90ZL10, C90FA10, and C90ZL5FA5
was significantly improved, which could be attributed to the addition of fine
pozzolans and the increased superplasticizer doses. As shown in Fig 2.9, no visual
segregation of the lightweight cement composites was observed. The addition of fly
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ash may have a dilution effect on the cement particles as the amount of flocculation
that occurs between them was reduced. Apart from that, spherical-shaped fly ash
particles offer the additional benefit of facilitating the movement of the neighboring
particles, which results in ball-bearing effects. The fresh properties of LWSCCC
were slightly diminished by adding aerogel.

Table 2. 5 Workability of LWSCCC (stage — I-B)

Composite Mix Flow table | V-funnel time, | Slump cone | V-funnel time,
diameter, seconds (according to | diameter, seconds (EFNARC
mm EFNARC quideline | mm guideline  V-funnel
V-funnel dimensions dimensions for
for mortar) concrete)
C100S100 247 9 720 | SF2 | 6 VF1
C100S50 248 8 725 | SF2 |5 VF1
C90ZL10 256 7.2 800 SF3 | 4 VF1
C90FA10 258 8 820 | SF3 |5 VF1
C90ZL5FA5 257 8.1 807 SF3 | 5 VF1
C90ZL10AG25 256 8 795 SF3 | 5 VF1
C90ZL10AG50 251 8.5 750 | SF2 |55 VF1
C90ZL10AG75 247 9.2 717 SF2 | 6.1 VF1
C90ZL10AG100 | 245 9.5 700 | SF2 | 6.3 VF1

Fig. 2. 9 Slump flow of cement composites a) without aerogel and b) with aerogel
showing no visual segregation

The slump flow diameter slightly declines as the aerogel replacement
concentration increases, while the V-funnel time increases as the concentration of
the aerogel replacement increases. The mini-slump flow diameter is reduced by
nearly 4.3% by replacing 100% of the volume of aerogel with EGA in sizes of 2/1
and 1/0.5 mm. Aerogel’s surface chemicals, carboxylic (COOH) and hydroxyl (-
OH), have the ability to absorb some water, which results in a reduction in the
workability of the material (Suman Kumar Adhikary et al., 2021a). In this study, a
slight decrease in the workability of LWSCCC was observed, which may have been
caused by a similar factor. However, all the samples satisfied the requirements of
EFNARC to be called SCC. Aerogel-based cement composite C90ZL10AG25
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satisfied the SF3 slump class, while C90ZL10AG50, C90ZL10AG75, and
C90ZL10AG100 satisfied the SF2 slump class.

Table 2.6 shows the f; and fy of all the LWSCCC samples. The LWSCCC
samples from F through J feature fc and fs ranging from 21.3 to 12.4 MPa and 5.5 to
2.56 MPa, respectively. Sample C100S100 of LWSCCC was prepared by using a
mix of sand and EGA, which exhibits the greatest growth in f.and f;.

Table. 2. 6 Physical and mechanical characteristics of lightweight cementitious
composites

Samples fe, MPa fi, MPa Density, Total Thermal
kg/m?3 porosity, conductivity,
% [W/(m-K)]

C100S100 21.3 5.5 1343 50 0.62
C100S50 19.8 4.8 1178 56.5 0.5
C90zZL10 15.1 2.6 1126 56.9 0.475
C90FA10 12.8 35 1154 55.1 0.495
C90ZL5FA5 14.8 3 1146 55.7 0.485
C90ZL10AG25 13.6 2.3 1126 58.7 0.47
C90ZL10AG50 11 2.3 1076 60.2 0.45
C90ZL10AGT75 9.1 2.0 1044 62.1 0.427
C90ZL10AG100 7.9 1.7 1019 64.2 0.418

Compressive strength is reduced as the EGA content is increased in the
composite. An explanation for this phenomenon is that sand and EGA work better
together, which leads to the development of greater strength. The mechanical
strength of porous-structured EGA is lower, and a large amount of EGA in concrete
reduces its strength. Owing to slower hydration, fly ash could contribute to a weaker
strength at an early age. Despite this, composite samples C90ZL10 and C90ZL5FA5
with zeolite are denoted by higher compressive strengths than sample C90FAL0.
This shows that the addition of zeolite to LWSCCC will improve its compressive
strength more effectively. Composite specimens C90ZL10, C90FA10, and
C90ZL5FAS5 show a higher water/binder ratio, which may have contributed to their
decreased strength. According to the findings, f. and fy decreased as the aerogel
concentration increased. The deterioration of f. was more significant than fy
degradation. When 100% aerogel replaced 1/0.5 and 2/1 mm EGA, f. and fy
decreased by 49.2% and 34.6%, respectively. The f. of the control sample,
C90ZL10AG25, C90ZL10AG50, C90ZL10AG75, and C90ZL10AG100 was
measured and determined as 15.12, 13.59, 11.01, 9.08, and 7.69 MPa, respectively.
Meanwhile, the fs of samples C90ZL10AG25, C90ZL10AG50, C90ZL10AG75, and
C90ZL10AG100 ranged between 2.56 and 1.67 MPa. The brittleness of the aerogel
is responsible for the decrease in strength. The use of a combination of aerogel and
expanded glass reduces strength, especially at higher aerogel concentrations. The
addition of aerogel to a cement composite will unquestionably diminish the
composite’s strength, but it can also reduce its density while improving the
material’s thermal insulation (Suman Kumar Adhikary et al., 2021a).
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The porosity of cementitious composite may have a notable impact on its
strength and durability. The porosity of the LWSCCC samples is represented
graphically in Table 2.6. The porosity of C100S50, C90ZL10, C90FAL0, and
C90ZL5FAG5 increases with an increasing water/binder ratio and EGA concentration.
Adding large amounts of EGA to LWSCCC may increase its overall porosity. The
drying of free water by evaporation in cementitious composites results in the
formation of pores increasing the porosity of concrete.
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Fig. 2. 10 Relationship between the total porosity and aerogel replacement
concentration in lightweight self-compacting cementitious composites

The use of EGA and a greater water/binder ratio resulted in an increased
porosity. There was no significant difference in the porosity observed for the
samples of pozzolan ingredients. Porosity was increased in all the LWSCCC
samples by increasing the aerogel content. The total porosity of the control samples
C90ZL10AG25, C90ZL10AG50, C90ZL10AG75, and C90ZL10AG100 was
determined to equal 56.93%, 58.77%, 60.22%, and 62.08%, respectively. Fig. 2.10
shows that the presence of aerogel in LWSCCC enhances porosity. During the
mixing process, hydrophobic aerogel entrapped some air bubbles, thereby increasing
porosity and leading to a decreasing strength. EGA is a porous structural material
that may also substantially enhance the porosity of concrete. Probably, the use of
aerogel and EGA in combination may lead to reaching such high porosity levels.

Table 2.6 depicts the dry density of all LWSCCC samples which ranges from
1343 to 1126 kg/m?® for the first series. According to the findings, the density of
LWSCCC decreased significantly as natural sand concentrations decreased and EGA
concentrations rose. A high concentration of EGA in a cement composite could lead
to a decrease in its density because EGA is a much lighter material than a natural
aggregate. With the addition of a pozzolan, the density slightly changes. Zeolite is
lighter than fly ash; adding it to cement composites could help to reduce the density
even further.
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Fig. 2. 11 a) Relationship between porosity and density, and b) relationships
between porosity and compressive strength of lightweight cement composites

The study results also suggest that an increase in the aerogel concentration results in
a significant decline of the LWSCCC density. The density of LWSCCC was reduced
by 15.8% when 1/0.5 and 2/1 EGA were completely replaced with aerogel. The
oven dry density of C90ZL10AG25, C90ZL10AG50, C90ZL10AG75, and
C90ZL10AG100 was measured at about 1126, 1076, 1044, 1019, and 948 kg/m?,
respectively. In light of the findings, it is obvious that the concentration of the
aerogel, its density, strength, and porosity are all linked together. The porosity of
LWSCCC increases along with the aerogel concentration, which results in a
decrease of the density and strength. Fig. 2.11 depicts the relationship between
porosity and density as well as the relationship between the porosity and
compressive strength of cementitious composites. Aerogel is a much more
lightweight material than EGA, and the inclusion of aerogel as a replacement of
EGA significantly lowers the density of the cement composite. Moreover, the
porosity of the cement composite was increased by incorporating aerogel, which
may also be another reason for the decrease in density.
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Fig. 2. 12 Water absorption of lightweight cement composite samples without
aerogel content
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Besides, EGA is a very light aggregate, and the combined use of EGA and
aerogel results in low-density cement composites.

Fig. 2.12 and Fig. 2.13 depict water absorption for all LWSCCCSs. After 48
hours of the water absorption test, the Wa capacity of LWSCCC samples C100S100
to C90ZL5FAS ranges from 11.9 to 14.3%. A composite specimen made with a
lower water/binder ratio and EGA/natural sand mixtures exhibits lower water
absorption levels than the other composite specimens.
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Fig. 2. 13 Water absorption of lightweight cement composite samples with aerogel
content
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Fig. 2. 14 Relationship between water absorption and general porosity of aerogel
added LWSCCC (stage — I-B)

However, the inclusion of pozzolanic materials shows no discernible effects in
this study. Following a 48-hour period, the maximum water absorption of the control
sample, C90ZL10AG25, C90ZL10AG50, C90ZL10AG75, and C90ZL10AG100
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was measured at 13.57%, 15.67%, and 17.70%, 18.74%, and 20.06%. The rise in the
content of aerogel leads to a rise in the general porosity and the open porosity of
LWSCCC, which enhances water absorption. The increased porosity and water
absorption capacity may be caused by trapped air bubbles in hydrophobic aerogels.
Fig. 2.14 presents the relationship between porosity and the water absorption of
LWSCCC incorporating aerogel.

The SEM image of LWSCCC evidently shows that a separation gap exists
between the ITZ of aerogel and the cementitious materials attributed to the
hydrophobic nature of aerogel.

Fig. 2. 15 Scanning electron microscope image of lightweight cement composites
showing a) the interfacial transition zone between the expanded glass aggregate and
cementitious composites; and b) interfacial transition zone between aerogel and
cementitious materials

Meanwhile, the ITZ between EGA and cement paste does not reveal any
cracks or gaps. Fig. 2.15 depicts the ITZ of aerogel and EGA. This phenomenon
suggests that EGA offers better adhesion with cementitious materials than aerogel.
Fig. 2.16 shows several pores around aerogel particles in LWSCCC, which makes it
evident that aerogel may entrap air bubbles during the mixing of fresh cementitious
composites. The ITZ of EGA, as well as the presence of crystals of ettringite in the
pores of EGA, is shown in Fig. 2.17. (Bumanis et al., 2013) also found ettringite in
foamed glass pores and in ITZ. Fig. 2.18 shows the presence of hydration products
in cementitious composites. The needle-shaped hydration products (ettringite) were
observed in the cementitious system. Fig. 2.15 (b) also shows the smooth and clean
surface of aerogel in the composite specimen, which suggests that no degradation of
aerogel due to the hydration of cementitious materials was observed. This
phenomenon suggests that aerogel particles remained rather stable during the
hydration process of cement. Study results suggest that the weaker adhesion of
aerogel and the presence of pores entrapped by aerogel will lead to the loss of
strength and will lead to a rise in porosity.
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Fig. 2. 16 Scanning electron microscopy image of lightweight concrete a) and b)
entrapped voids surrounding aerogel particles

Fig. 2. 17 Scanning electron microscopy image of a) and b) aerogel added cement
composite (28 days) showing the growth of hydration products

2.2. Improvement of physical, mechanical, and 1TZ of LWSCCC when using
polymer coatings on lightweight aggregates

This chapter is based on the paper published in Materials Today
Communications, 2022, 103496 (Adhikary, 2022). In this study, the mechanical and
water absorption of lightweight cementitious composites was improved by using
polymer coatings on lightweight aggregates. The experiments were performed, the
data was collected, and the manuscript was written by doctoral student Suman
Kumar Adhikary under the supervision of Zymantas Rudzionis. Simona Tuckuté
helped to conduct the SEM and XRD tests. Zymantas Rudzionis helped to finalize
the manuscript for the publication of the article.

This study aimed to improve the physical and mechanical properties of
lightweight self-compacting cementitious composites (LWSCCC) and ITZ between
aerogel and cementitious materials using polymer coatings. Previously conducted
studies suggested that aerogel and EGA-based lightweight cementitious composites
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may increase the risk of higher water absorption. Aerogel particles also feature
weaker adhesion levels with cementitious materials, which leads to weaker ITZ. In
this context, polymer coatings were employed on lightweight aggregates with the
objective to improve the characteristics of aerogel and EGA-based lightweight self-
compacted cementitious composites. Aerogel particles were coated (a single layer)
with styrene-butadiene rubber (SBR), while EGA particles were coated with single
and double layer coatings of SBR and paraffin. The study results suggest that the use
of polymer coating effectively improves the workability, water absorption, and 1TZ
between lightweight aggregates and cementitious materials. When using polymer
coating, almost 6.9% and 26% improvement in the slump flow and water absorption
was detected, respectively. The use of polymer coating also had a positive impact on
improving the compressive strength of LWSCCC, and an almost 16% increase in
compressive strength was determined.

In this experimental study, several grades of EGA were used as LWA. To coat
the LWA, at first, liquid polymers were poured into a container, and lightweight
aggregates were immersed for a short period of time. After about 20 seconds, the
lightweight aggregates were taken out and spread on flat surfaces for the drying
process. The process of creating a second layer of a similar coating was repeated.
The used grades of EGA for the preparation of the first sample EGAC were 0.1-0.3
mm, 0.25-0.5 mm, 0.5-1 mm, 1-2 mm, 2-4 mm, and 2-4 mm. The second sample
of the study was named A50, where 50% volume of the 2-1 mm and 1-0.5mm EGA
was replaced with 2-0.5 mm aerogel particles. The first two samples, EGAC and
A50, were prepared without any pre-coatings. Later on, following a similar mixing
composition of A50 several samples were prepared by using different polymer
coatings. Sample SBR1 was prepared with coatings of a single layer of SBR
polymers on the surface of 1-0.5 mm, 2-1 mm, 4-2 mm, and 84 mm EGA.
Similarly, PAR1 was prepared with single layer paraffin coatings on the surface of
1-0.5mm, 2-1 mm, 4-2 mm, and 8-4 mm EGA. For the composite sample SBR2,
double layers of SBR coatings were employed on the surface of EGA. Subsequently,
the SBR-PAR sample was coated with the first layer of SBR polymer and the second
layer of paraffin coatings. In addition, aerogel particles were coated with SBR and
used in the samples SBR1, PAR1, SBR2, and SBR-PAR. The water/binder ratio was
kept at 0.48. Table 2.7 shows the mixing composition of the LWSCCC samples.

The initial step of mixing involves manually mixing cement, zeolite, and EGA
for two minutes. The mixture was then manually mixed for three minutes with 50%
water. Then, SP and stabilizer were combined with the remaining water and added to
the composite. Aerogel was added last to the composite mixture so that to avoid the
crushing of aerogel particles. The final LWSCCC mixture was mixed for two
minutes, and the research afterwards proceeded to the workability test.

The workability of LWSCCC is presented in Table 2.8. The findings of the
study show that the addition of aerogel to the composite greatly reduces the slump
flow of the composite. Aerogel was used to partially replace EGA in LWSCCC,
which resulted in a reduction of the slump flow from 81 cm to 73.2 cm. The surface
chemicals of aerogel may absorb water, which leads to a decline in the workability
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of the cementitious system (Suman Kumar Adhikary et al., 2021a; Venkateswara
Rao et al., 2003).

Table 2. 7. Mixing composition of polymer modified LWSCCC, kg/m? (stage — Il)
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EGAC | 568.4 | 12.8+14.3+36.2+49.62+50.5+168.1 | - 63.2 9.42 | 3024 | 0.48

A50 568.4 | 12.8+14.3+18.1+24.8+50.5+168.1 11.8 63.2 9.42 | 3024 | 0.48
SBR1 | 568.4 | 12.8+14.3+18.1+24.8+50.5+168.1 11.8 63.2 9.42 | 3024 | 0.48
PAR1 | 568.4 | 12.8+14.3+18.1+24.8+50.5+168.1 11.8 63.2 9.42 | 3024 | 0.48
SBR2 | 568.4 | 12.8+14.3+18.1+24.8+50.5+168.1 11.8 63.2 9.42 | 3024 | 0.48
SBR- | 568.4 | 12.8+14.3+18.1+24.8+50.5+168.1 11.8 63.2 9.42 | 3024 | 0.48
PAR

Table 2. 8. Workability of polymer modified LWSCCC, (stage — II)

Mix Slump flow, cm Tso, Sec V-funnel time, sec | J-ring height, cm
EGAC 81 SF3 5 VS2 6 VF2 9.4

A50 73.2 SF2 55 | VS2 6.5 VF2 9

SBR1 745 SF2 5 VS2 5.4 VF2 9

PAR1 78.2 SF3 45 | VS2 5 VF2 9.6

SBR2 75 SF2 5 VS2 6 VF2 8.5

SBR-PAR 76 SF3 5 VS2 6 VF2 9.5

The inclusion of aerogel in a cementitious system may trap air bubbles, which
leads to a decline in workability. However, a single layer of SBR and paraffin-
coated EGA shows modest improvement in workability. The study also produces
evidence that a single-layer paraffin-coated EGA is more workable than an SBR-
coated EGA. The slump flow of PAR1 and SBR1 shows 6.9% and 1.8% improved
workability over sample A50. Tso flow time, as shown in Table 2.8, is in the range
between 4.5 to 5.5 seconds. Tsy flow time of EGAC was observed to equal 5
seconds, which increased to 5.5 seconds when aerogel was used as a replacement in
A50. Tso flow time was slightly shortened in a single-layer SBR and paraffin-coated
EGA-based cementitious system. The composite samples had J-ring heights ranging
from 8.5 cm to 9.6 cm. The composite samples showed no signs of blockage.
Probably due to the polymer coatings, the absorption by EGA in the fresh mixture of
the cementitious system was reduced, and the frictional forces between particles
(Yashar and Behzad, 2021) were also reduced, which led to an improvement in
workability. However, all the LWSCCC samples still satisfied the requirements of
EFNARC to be termed as SCC. The slump classes of polymer-modified LWSCCC
were classified as SF2 and SF3, while the V-funnel of LWSCCC was categorized as

VF2.
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Fig. 2.18 depicts the f. of polymer-modified cementitious composite samples.
Study results showed that the samples showed f. values ranging from 25.9 MPa to
17.03 MPa.

"Tre

T34
5.0
2.51
0.0

S

Compressive strengt

EGAC A50 SBRI PARI SBR2 SBR-PAR

Fig. 2. 18 Compressive strength of polymer modified lightweight self-compacted
cementitious composites (stage — 1)

The incorporation of aerogel as partial replacement of EGA in LWSCCC
reduced the f. value by 38.9%. Aerogel is hydrophobic by nature, which leads to
weaker adhesion with cementitious materials and results in an increase in porosity
and a weaker mechanical strength (Adhikary et al., 2022b; Suman Kumar Adhikary
et al., 2021b; Lu et al., 2020). In this study, a slight improvement in the compressive
strength can be observed by pre-treating LWA with polymers. The compressive
strength of the composite was improved by 8.4 and 15.9% when EGA was coated
with a single layer of SBR or paraffin. The experimental study revealed that
paraffin-coated EGA concrete gains a slightly higher rate of increased strength than
SBR-coated concrete. Possibly due to the improvement in 1TZ, polymer-coated
composite samples showed an increase in strength. However, when a double layer of
polymer coatings was used on EGA, the effectiveness in improving compressive
strength declined. Probably, air bubbles were trapped in the composite mixture
during the mixing process when double-layer coated LWA was being used, which
led to an increase in porosity and a decrease in strength.

Porosity exerts key influence on the strength and long-term durability of any
cementitious system. The porosity of cementitious composite samples is presented
in Fig. 2.19. The porosity of composite samples ranges between 54.7 and 61.37%.
The open porosity of cementitious composites ranged from 44.36% to 50.4%, and
their closed porosity ranged from 10.06% to 12.57%. By replacing the partial
amount of EGA in sample A50 with aerogel, the total porosity and the closed
porosity both increased by 5.87% and 4.87%, respectively. Previous studies
(Adhikary et al., 2022b; Suman Kumar Adhikary et al., 2021a) suggested that the
combined use of aerogel and EGA in a cementitious system make it porous. Aerogel
is hydrophobic, and, due to its hydrophobic nature, it may trap some air bubbles
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during the mixing of a fresh cementitious composite, thereby making this material
more porous (Gao et al., 2014).
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Fig. 2. 19 Porosity of polymer modified lightweight self-compacted cementitious
composites (stage — 1)

The porosity of LWSCCC sample A50 is likely to be enhanced by the addition
of aerogel over EGAC. In contrast, single-layer coatings of SBR and paraffin on
EGA showed a marginal improvement in porosity. SBR1 and PAR1 showed a
decrease in the total porosity at 1.63% and 2.9% levels, respectively, as well as a
drop in the closed porosity of 3.1% compared to A50. When it comes to porosity
reduction, it was observed that the second layer of polymer coating on EGA did not
have a great impact. Interestingly, a slight increase in porosity was observed for
double-layer coated LWA. Probably some air bubbles were trapped due to the
increase in hydrophobicity because of the double layer coating, which led to a rise
in the porosity of composite samples.

Fig. 2.20 shows the oven-dried density of polymer-modified lightweight self-
compacting cementitious composite samples. The oven-dried density of polymer-
modified LWSCCC ranges between 1164 and 1065 kg/m*. A 9.3% reduction in
density was measured when aerogel was used as partial replacement of EGA.
Aerogel is a much more lightweight material in comparison to other lightweight
aggregates, and, probably, due to this fact, the use of aerogel as a replacement of
EGA reduces the density (Adhikary et al., 2022b; Zhu et al., 2020). In addition, the
air entrapped by aerogel in a cementitious system also leads to an increase in
porosity, which results in a decrease in density. Polymer coatings on aerogel and
EGA somewhat enhance the density of composite samples SBR1, PAR1, SBR2, and
SBR-PAR. For the composite samples, a modest increase in density can be achieved
by using polymer coatings on lightweight aggregates (Yashar and Behzad, 2021).

Fig. 2.21 shows the water absorption of cementitious systems. Composites
feature water absorption ranging from 8.25% to 13.16% after 48 hours of immersion
in water. Using aerogel as a partial replacement for EGA leads to a 59.5% increase
in the water absorption capacity. However, polymer-coated lightweight aggregates
were able to improve the water absorption capacity of cementitious composites. The
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water absorption of lightweight cementitious composites was shown to improve
more by single-layer polymer coatings applied to EGA than by double-layer
coatings.
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Fig. 2. 20 Density of polymer modified lightweight self-compacted cementitious
samples (stage — I1)
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Fig. 2. 21 Water absorption of polymer modified lightweight self-compacted
cementitious samples (stage — I1)

LWSCCC prepared with paraffin-coated EGA exhibits a lower water
absorption capacity than SBR-coated EGA. Cementitious composite SBR1 coated
with a single layer of SBR and PAR1 coated with a single layer of paraffin show
22.6% and 26% lower water absorption over A50 after 48 hours of water immersion.
However, LWSCCC prepared with a double polymer layer coated EGA does not
appear to be significantly superior. Double-layer coated EGA shows a slight
increase in water absorption when compared to single-layer coated EGA. A rise in
porosity may be responsible for this outcome. Adding a second layer of coating to
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LWA may trap some air bubbles and increase the porosity thereby raising the water
absorption capacity.

SEM images of EGA and SBR polymers coated with EGA are shown in Fig.
2.22. The SEM image shows that the surface of EGA seems to be rough, and some
broken shell pores may be seen. A single-layer SBR coated EGA, and a single layer
paraffin coated EGA are shown in Fig. 2.22 b) and Fig. 2.23 a).
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Fig. 2. 22 SEM image of a) non-coated EGA,; b) single layer SBR coated EGA

The SEM image presented in Fig. 2.23 b) makes it evident that the polymer
layer is well-bound on the surface of EGA, and the pores are mostly filled with
polymers. Fig. 2.24 a) shows the brittleness of aerogel; many cracks are clearly
visible on the surface of aerogel. Previous investigations (Adhikary et al., 2022b;
2020) also reported similar surface fractures. Fig. 2.25 a) indicates a moderate
improvement in the ITZ of aerogel and cementitious materials. It seems from Fig.
2.25 that the aerogel particles were not damaged by cementitious materials. Fig. 2.25
b) shows ITZ polymer coated EGA nicely bonded with cementitious materials. Fig.
2.25 a) also reveals that the ITZ between cementitious materials and polymer-coated
EGA features an extraordinarily homogeneous and dense microstructure of polymer-
coated EGA. The separation gaps and the weaker adhesion between the aerogel and
cementitious materials seem to have improved with polymer coatings.

Fig. 2. 23 SEM image of a) single layer paraffin coated EGA; b) microscopic surface
texture of paraffin coated EGA.
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Fig. 2. 25 a) Interfacial transition zone between cementitious materials and polymer coated
aerogel, b) interfacial transition zone between cementitious materials and polymer coated
expanded glass

2.3. Enhancement of mechanical performance, ITZ, and water absorption
characteristics of lightweight concrete by using carbon nanotubes and
graphene platelets

2.3.1.Enhancement of mechanical performance, ITZ, and water absorption
characteristics of lightweight cement composites by using carbon nanotubes

This chapter is based on the paper published in Scientific reports, 2021, 2104
(S.K. Adhikary et al., 2021). In this study, the mechanical and water absorption of
lightweight cementitious composites was improved by using carbon nanotubes. The
experiments were performed, the data was collected, and the manuscript was written
by doctoral student Suman Kumar Adhikary under the supervision of Zymantas
Rudzionis. Simona Tuckuté helped to perform the SEM and XRD tests. Zymantas
Rudzionis and Deepankar Kumar Ashish helped to finalize the manuscript for the
publication of the article.
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This study aimed to improve the mechanical performance and water
absorption of lightweight cementitious composites incorporating carbon nanotubes
(CNT). The results of previous studies suggested that cementitious composites
prepared with EGA and aerogel may encounter a higher risk of water absorption and
lower mechanical performance attributed to the porous structure of EGA and
brittleness of aerogel, respectively. In this context, CNT was incorporated into
lightweight cementitious composites. Carbon nanotubes were treated with an
aquacise solution of superplasticizer and water while using ultrasonic energy for 3
min. The study results suggest that the use of 0.6% CNT improves the compressive
strength and water absorption of the investigated lightweight cement composite by
41% and 30%, respectively. The study results also make it evident that the
separation gaps between aerogel and cementitious materials were also improved
when using CNT. The presence of CNT and hydration products was observed in ITZ
between aerogel and cementitious materials. The higher growth of C-S-H and pore
filling effects of CNT were also confirmed in this study.

Table 2. 9 Mixing composition of carbon nanotube modified lightweight cement
composite, kg/m? (stage — 11-A)

Ee e g
n s ) © - % ? g g < — £ g
£ - z28 |£ |g |$ |Eg 5s
& S < o 39¢F N > =< 5
E | <4y =| g
2| 2 4 A
LWC 454.5 315 |0 - 34.5+54+34 | 45.45 8.181 | 1.3635 | 325 -
+40
LWCC 4545 315 | 0. 0.18 | 34.5+54+34 | 45.45 8.181 | 1.3635 | 325 3
NTO0.04 04 | 18 +40
LWCC 4545 | 315 | 0. 0.45 | 345+54+34 | 4545 | 8.181 | 1.3635 | 325 | 3
NTO.1 1 44 +40

LwcCC 4545 | 315 | 0. | 0.68 | 345+54+34 | 4545 | 8.181 | 1.3635 | 325 | 3
NTO0.15 15 | 16 +40
LwcCC 4545 | 315 | 0. | 1.36 | 34.5+54+34 | 4545 | 8.181 | 1.3635 | 325 | 3
NTO0.30 30 | 32 +40
LWCC 4545 | 315 | 0. | 204 | 345+54+34 | 4545 | 8.181 | 1.3635 | 325 | 3
NTO0.45 45 | 53 +40
LwcCC 4545 | 315 | 0. | 272 | 345+54+34 | 4545 | 8.181 | 1.3635 | 325 | 3
NTO.60 60 | 64 +40

In this stage, aerogel-based cement composites were reinforced with carbon
nanotubes containing up to 0.6% of cement mass. At first, cement zeolite and
expanded glass aggregates were mixed in dry conditions for 2 minutes. Afterwards,
carbon nanotubes were dispersed with ultrasonic energy. A polycarboxylate-based
superplasticizer was added with 40% of the total water. Subsequently, nanotubes
were added to the solution and dispersed with ultrasonic energy for 3 minutes. The
remaining constituent (60% water) was poured into the dry mixture and mixed by
hand for 2 minutes. The solution of sonicated CNT was added to the lightweight
cement composite mixture and mixed for 3 minutes. As the last stage of the study,
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aerogel particles were added and mixed for another 2 minutes. The mixing
composition of CNT reinforced cement composites is presented in Table 2.9.

The research of the flowability of CNT-modified lightweight cement
composites was performed by using a flow table. From the study, it was observed
that the workability of CNT-modified cement composites decreased with an increase
in CNT concentration. By incorporating 0.6% CNT in cement composites, almost
17% reduction in the flow diameter was observed. The flow diameter of cement
composites is presented in Fig. 2.26.
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Fig. 2. 26 Flowability of sonicated CNT-LWAC specimens

The reduction in the flowability of cement composites by incorporating CNT
may be attributed to the surface area and the elongated shape of nanoparticles. At
higher CNT doses, the high specific gravity of CNTSs also enhances the demand for
superplasticizers to overcome the intermolecular forces. Moreover, the incorporation
of nanoparticles in concrete increases the packing density by filling up the
mesopores and micropores, which may significantly impact the demand for
superplasticizers (Farooq et al., 2020).

The semi-adiabatic temperature was also investigated so that to study the
impact of aerogel and carbon nanotubes on cement hydration. The semi-adiabatic
temperature rise of the composite samples is presented in Fig. 2.27. From the study
results, it is completely evident that the inclusion of silica aerogel with cement
achieves lower exothermic heat compared to plain cement mortar. The study results
also suggest that the initial setting time of plain cement paste was determined at 27
min, and the process finished at 388 min. When aerogel was added to cement paste
sample C100AG31.5, the initial setting time was retarded to 67 min, while the final
setting time was observed at 385 min. However, by adding CNT, the initial setting
was shortened, and the final setting time was slightly retarded compared to the
aerogel added cement paste. The initial setting time of 0.04% and 0.15% CNT added
cement paste samples, C100AG31.5CNT0.04 and C100AG31.5CNTO0.15, was
observed at 52 min and 28 min, respectively. Meanwhile, the final setting time of
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C100AG31.5CNTO0.04 and C100AG31.5CNTO0.15 was observed at 401 min and 414
min, respectively.
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Fig. 2. 27 Hydration of cement mortar containing aerogel and sonicated CNTs

The f. values of CNT modified cement composite specimens are shown in Fig.
2.28. The control sample had an average compressive strength of 5.4 MPa. Study
results suggest that the incorporation of CNT to lightweight cement has a substantial
impact on the mechanical properties. The f. value of the cement composite was
continuously increased as the proportion of CNTs was increased as well.
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Fig. 2. 28 Compressive strengthsof CNT-LWAC specimens
Cement composite with 0.60 wt.% CNT improved the f. of LWC by 41.48%.
Fig. 2.29 depicts the proportionate rise in f of CNT modified LWC. A considerable

improvement in f; was observed when CNTs were added to aerogel-based lightweight
cement composites. Probably, the improved microstructure and nucleating effects of
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CNT led to an increase in the compressive strength. The presence of the C-S-H
structure around the CNTs was observed, and the nucleating effects of CNT were
made evident. The presence of hydration products and CNTs in the microcracks/gaps
was also observed which may provide additional support and contribute to the
improvement in compressive strength. The literature also suggests that the addition of
nanoparticles in a controlled manner enhances the microstructure and results in a
denser concrete structure (Farooq et al., 2020).
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Fig. 2. 29 Relationship between the relative increase in doses of carbon nanotubes and
compressive strength of lightweight cement composites
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Fig. 2. 30 Water absorption of CNT-LWAC specimen

Water absorption kinetics of the CNT-LWAC specimen with up to 0.60 wt.%
CNTs is shown in Fig. 2.30. The water absorption of the control sample after 24 hr
and 48 hr of water immersion was measured at 32.33% and 34.33%, which was
reduced to 28.86% and 30.42% at 0.6% CNT reinforcements. Nano reinforcement
improves the water absorption by 12% over the control sample. (T.Ch et al., 2012)
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and (Leonavicius et al., 2018) observed that the addition of CNTs reduced the total
pore volume by filling gaps, which, in turn, reduced water absorption in the test
samples. The study results made it evident that, as the concentration of CNTs
increased in the cementitious system, the effectiveness in the improvement of water
absorption was also increased. The reduced water absorption is conditioned by the
addition of CNTs to lightweight concrete, which reduces micropores and results in a
denser concrete structure.

As seen in Fig. 2.31, hydrophobic silica aerogel appears to be a brittle material
with surface cracks. As a result, the mechanical properties of the researched
lightweight cement composite were reduced.

Fig. 2. 31 Scanning electron microscopy image a) showing cracks on the surface of
native silica aerogel, b) cracked aerogel in the hydrated concrete specimen

Fig. 2.31 also shows cracked aerogel particles in the lightweight cement
composite which may be attributed to the weaker mechanical strength of aerogel.
During the mixing of fresh, lightweight cement composite, aerogel particles may
easily break into pieces. Literature evidently states that aerogel is brittle, and the
incorporation of aerogel reduces the mechanical performance (Liu et al., 2016;
Westgate et al., 2018).

Fig. 2. 32 SEM image a) and b) showing the interfacial transition zone of aerogel
evidencing the separation gaps between aerogel and cementitious materials
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Hydrophobic silica aerogel has no chemical bonds with hydrophilic cement.
Probably due to this fact, a separation gap in ITZ between the aerogel and
cementitious materials was observed, as shown in Fig. 2.32. Several researchers also
observed a similar phenomenon of lower adhesion of aerogel and the presence of
separation gaps in ITZ between aerogel and cementitious materials (Gao et al.,
2014). Air and water can easily move through the gaps in the separation, thereby
weakening the concrete in the process. The study results also make it evident that the
use of carbon nanotubes in a small content helped to reduce the separation gaps (Fig.
2.33). Hydration products and CNTs bridged the gap between the hydrophobic silica
aerogel and cement-based materials. Fig. 2.34 also evidently shows that carbon
nanotubes were well dispersed within cementitious composites. A network-like
distribution within the composite structure was observed at high CNT
concentrations.

Fig. 2. 33 SEM image a) and b) showing the agglomeration of CNTs and the
presence of ettringite and the honeycomb structure of C-S-H gel in the transition zone of
aerogel and cementitious material

Fig. 2. 34 SEM image showing a) well-dispersed concrete sample under high
concentration of CNT at different magnifications; b) presence of C-S-H gel surrounding
CNTs
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X-ray diffraction analysis of LWAC specimens is shown in Fig. 2.35. The X-
ray diffraction pattern of a CNT-modified lightweight cement composite shows that
the concentration of CNT enhances the intensity of portlandite at 34° and 47°.
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Fig. 2. 35 X-ray diffraction pattern of sonicated CNT-LWAC specimens (stage —
I1-A)

Note: a — ettringite CasAl2(SO4)3(OH)12-26H20 (41-1451), b — portlandite Ca(OH)2 (1-837), ¢ — calcite
Ca(CO)s (24-27), d — calcium silicate hydrate Cai15SiOss-x H20 (33-306), e — alite CasaMgAl2Si160g0
(13-272), f — belite Ca2SiO4 (33-302).

The nucleation effects of CNT were explained by the increasing peak of
calcium silicate hydrate at 29°, 32°, and 50°. CNT-modified cement composites
exhibit higher concentrations of calcite and ettringite over the control sample. When
the amount of CNTs in the cement composite increases, the growth of hydration
products is also increased. According to (El-Gamal et al., 2017), introducing CNT
into the cementitious composite increases the hydration peak in a similar way.

2.3.2. Enhancement of mechanical performance, ITZ, and water absorption
characteristics of self-compacting lightweight cement composites by using
graphene platelets

This chapter is based on the paper published in Journal of Building
Engineering, 2022, 104870 (Adhikary et al., 2022c). In this study, the mechanical
and water absorption of lightweight cementitious composites was improved by using
graphene platelets. The experiments were performed, the data was collected, and the
manuscript was written by doctoral student Suman Kumar Adhikary under the
supervision of Zymantas Rudzionis. Simona Tuckuté helped with the
implementation of the SEM and XRD tests. Zymantas Rudzionis and Deepankar
Kumar Ashish helped to finalize the manuscript for the publication of the article.

This study aimed to improve the mechanical performance, water absorption,
and ITZ between lightweight aggregates and cementitious materials of lightweight
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cementitious composites incorporating graphene platelets (GNP). The results of
previous studies suggested that self-compacting cementitious composites prepared
with EGA and aerogel may encounter a higher risk of water absorption and suffer
from inferior mechanical performance attributed to the porous structure of EGA and
the brittleness of aerogel, respectively. In this context, graphene platelets were
incorporated into lightweight cementitious composites. Similarly to the previous
studies, graphene platelets were also treated with ultrasonic energy in the aquacise
solution of superplasticizer and water for 3 min. The study results suggest that the
use of 0.25% graphene platelets improves the compressive strength of lightweight
cement composite by 43.8%. The water absorption of the lightweight cementitious
composite was also improved by 29% by incorporating graphene platelets.
Moreover, the separation gaps between aerogel and cementitious materials were also
improved by using GNP. The higher growth of C-S-H and the pore filling effects of
GNP were also confirmed in this study.

Three different thicknesses of GNP of dosed range of 0.025% to 0.50% by
cement mass were employed in the lightweight cementitious composite. The
optimized mixing composition of this experimental study was also obtained by the
mixing and trail methods. The concentration of the lightweight aggregate was kept
constant, whereas the doses of GNP were increased from 0.025% to 0.5%. A
combination of EGA of the grade of 0.1-0.3 mm, 0.25-0.5 mm, 0.5-1 mm, 1-2 mm,
2-4 mm, 4-8 mm was used. Meanwhile, 0.5 to 2 mm aerogel particles were also
used as lightweight aggregates. The water/binder ratio was kept constant at 0.48.
The used thickness of GNP was 2 nm, 6-8 nm, and 11-15 nm. The mixing
composition of the cement composite is presented in Table. 2.11. In the first stage,
GNP was dispersed with the total amount of water and superplasticizer by
ultrasonication energy for 3 minutes. Afterward, zeolite powder, cement, and EGA
were mixed manually by hand for 2 minutes. Subsequently, the ultrasonically
dispersed GNP solution was added to the mixture and manually gently mixed for a
further 2 minutes. At the last stage of mixing, the aerogel particle was employed and
mixed for another 1 minute. Aerogel particles were mixed in the last stage of the
study to avoid maximum crushing of aerogel particles. After determining the fresh
properties of the cement, the composite was molded into 16.0x4.0x4.0 cm prims and
kept at room temperature for one day for the hardening process to take place. The
hardened cement composite was kept immersed in water in a climatic room for 28
days while maintaining > 95 RH and 20+1°C temperature.

In order to study the semi-adiabatic calorimetry, several cement pastes were
prepared incorporating similar doses of GNP, while maintaining a 0.40 water-
cement ratio. The GNP was ultrasonically disposed of in the solution of water and
superplasticizer for 3 minutes. The temperature rises of the semi-adiabatic
calorimetry are presented in Fig 2.36, Fig. 2.37 and Fig 2.38. The initial setting time
of the control sample only with cement paste was observed at 578 min and finished
at 1153 min. Meanwhile, with the incorporation of 0.025% GNP of 2 nm thickness,
the initial setting time was slightly shortened to 545 min, whereas the final setting
time was extended to 1161 min. The initial setting time of cement paste containing
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0.05% GNP shows a shortened initial setting time over the other samples containing
2 nm thickness of GNP. The initial setting time of cement paste containing 0.050%,
0.10% and 0.5% GNP of 2 nm thickness was observed at 515, 572 and 548 min,
while the final setting time was detected at 1159, 1184 and 1195 min, respectively.
A slightly higher exothermic effect of the produced heat over cement paste was
observed for the sample containing 0.025% GNP of 2 nm thickness.

Table 2. 10 Mixing composition of graphene platelet modified lightweight cement
composite, kg/m? (stage — I11-B)
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Control 524.7 11.82+13.2+16.70 | 10.92 583 | 0 0 8.7 279.2
+22.9+46.6+155.2

2nm0.025 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.025 | 0.131 8.7 279.2
+22.9+46.6+155.2

2nm0.050 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.05 0.262 8.7 279.2
+22.9+46.6+155.2

2nmo0.1 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.1 0.524 8.7 279.2
+22.9+46.6+155.2

2nm0.25 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.25 1.311 8.7 279.2
+22.9+46.6+155.2

2nm0.50 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.5 2.623 8.7 279.2
+22.9+46.6+155.2

6-8nm0.025 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.025 | 0.131 8.7 279.2
+22.9+46.6+155.2

6-8nm0.050 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.05 0.262 8.7 279.2
+22.9+46.6+155.2

6-8nm0.1 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.1 0.524 8.7 279.2
+22.9+46.6+155.2

6-8nm0.25 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.25 1.311 8.7 279.2
+22.9+46.6+155.2

6-8nm0.50 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.5 2.623 8.7 279.2
+22.9+46.6+155.2

11-15nm0.025 | 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.025 | 0.131 8.7 279.2
+22.9+46.6+155.2

11-15nm0.050 | 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.05 0.262 8.7 279.2
+22.9+46.6+155.2

11-15nm0.1 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.1 0.524 8.7 279.2
+22.9+46.6+155.2

11-15nm0.25 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.25 1.311 8.7 279.2
+22.9+46.6+155.2

11-15nm0.50 524.7 11.82+13.2+16.70 | 10.92 58.3 | 0.5 2.623 8.7 279.2
+22.9+46.6+155.2

Similarly, for the series of 6-8 nm GNP reinforced cement paste, the initial
and the final setting time of the control sample was observed at 552 min and
finished at 1254 min. However, it was discovered that 6-8 nm GNP reinforced
cement paste behaves differently from 2 nm GNP reinforced cement paste. The
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initial and the final setting times of 6-8 nm GNP reinforced cement paste were
extended to 0.1% concentration of 6-8 nm GNP. Meanwhile, the initial and the final
setting times at 0.5% GNP of 6-8 nm thickness were suddenly shortened. The initial
setting times of cement paste containing 6-8 nm GNP at 0.025%, 0.050%, 0.10%,
and 0.50% were observed at 569, 580, 612, and 515 min, whereas the final setting
times were detected at 1257, 1264, 1316, and 1177 min, respectively.
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Fig. 2. 36 Hydration of nano reinforced cement paste, 2 nm graphene platelets
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Fig. 2. 37 Hydration of nano reinforced cement paste, 6-8 nm graphene platelets

The obtained results suggest that GNP and its thickness exert notable impact
on cement hydration. It was also observed that, with an increase in GNP
concentration, the produced exothermic heat was decreased. However, all the
cement pastes containing 0.025% GNP of various thicknesses show slightly higher
produced exothermic heat over the control sample. The delay in cement hydration
after certain doses of GNP may be attributed to the surface anionic charge density of
GNP. Literature studies suggest that a higher anionic charge density may also lead to
a delay in the formation of C-S-H (Schonlein and Plank, 2018; Zhu et al., 2021).
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Study results reported that the initial growth of C-S-H may be held back by the
surface area of nanomaterials (Schonlein and Plank, 2018).The hydration of cement
paste containing a higher thickness of GNP may be accelerated by the formation of
hydration products leading to acceleration in cement hydration.

45 === Control

s | 1-15 nm GNP-0.025%
= | |-15 nm GNP-0.050%
= | |-15 nm GNP-0.1%
*11-15 nm GNP-0.5%

w w F
=] a =]
1 L

Temperature, °C
N
o

20

0 500 1000 1500 2000 2500
Time, minute

Fig. 2. 38 Hydration of nano reinforced cement paste, 11-15 nm graphene
platelets

Fig. 2.39 depicts the workability of cement composite incorporating GNP. It
can be clearly observed that the incorporation of GNP significantly impacts the
workability of the cement composite. Moreover, the impact of the thickness of GNP
was also observed. It was determined that the cement composite incorporating 2 nm
GNP shows an adverse effect of up to 0.05% doses, and an almost 22.4% decline in
the workability was measured. However, with the incorporation of above 0.05%
GNP, an improvement in workability was observed. Meanwhile, the cement
composite incorporating 6-8 nm GNP suggests a completely different observation.
A slight improvement in workability (3% increase) was measured at 0.05% doses of
6-8 nm GNP; afterwards, a significant decline in workability was initiated. The
decline in the workability when incorporating 0.25% and 0.5% GNP of 6-8 nm
thickness was measured at about 12.2% and 20.4%, respectively. On the other hand,
almost 8.1% improvement in the workability was measured when incorporating 11—
15 nm GNP at 0.025%. The workability of the cement composite incorporating 11—
15 nm GNP was decreased above 0.025% to 0.25%. According to EFNARC
recommendations, the minimum flow table spread of self-compacted mortar is 24
mm. Our study results suggest that most cement composites incorporating GNP
satisfy the required at 0.025%. However, the workability of the composite may be
enhanced by adding an additional amount of water. The higher specific surface area
of GNP may lead to a demand for water and also trigger a decline in the workability
of cement composites (Ahmad et al., 2022). Fig. 2.40 suggests that there was no
visual segregation observed for GNP-modified lightweight cement composites.
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Fig. 2. 39 Workability of GNP reinforced lightweight cementitious composites, (stage —
111-B)

®

Fig. 2. 40 Flow table of a) cementitious composite without graphene platelets, and
b) with graphene platelets showing no visual segregation

The fc and fq values of the cement composite incorporating GNP are presented
in Fig. 2.41 and Fig. 2.42, respectively. Study results evidently show that the
incorporation of GNP and its thickness has a significant effect on the mechanical
strength of the grain. The study results show that f. value of the cementitious
composite was improved by an increase in doses of GNP up to 0.25% doses. The f;
value of the control sample was measured as 11.32 MPa, which increased to 15.88
MPa, 15.52 MPa, and 14.92 MPa when incorporating 0.25% GNP of a thickness of
2 nm, 6-8 nm, and 11-15 nm, respectively. The optimum level of improvement in
compressive strength was measured at about 43% over the control sample
incorporating 11-15 nm GNP. However, a sudden drop in the compressive strength
of the cement composite incorporating above 0.25% GNP was observed.
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Fig. 2. 41 Compressive strength of GNP-reinforced lightweight cement composites
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Fig. 2. 42 Flexural strength of GNP-reinforced lightweight cement composites

Similarly, the fs value of the cement composite was also increased up to a
certain dose of GNP; however, it started decreasing afterwards. The optimum
improvement in the flexural strength of cement composites incorporating 2 nm and
6—8 nm GNP was measured at 0.25% doses. Meanwhile, 11-15 nm GNP reinforced
cementitious composite gains optimum fq at 0.1%. Almost 41.8% improvement in
flexural strength of the cement composite was observed when incorporating 0.25%
GNP of a thickness of 68 nm. Literature studies also confirm that the use of GNP
in the cementitious system may improve mechanical performance (Arslan et al.,
2022; Cao et al., 2016). The pore filling and nucleation effect of GNP may lead to an
improvement in mechanical performance (Chen et al., 2019; Du and Pang, 2015;
Matalkah and Soroushian, 2020). Probably due to these reasons, the mechanical
performance of the cement composite incorporating GNP was observed. However, a
drop in the mechanical performance of cement composites incorporating certain
doses of GNP was also observed in this study; this phenomenon can be attributed to
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the hydrophilic behavior of nanomaterials (Arslan et al., 2022). By absorbing water
from the cement surface, GNP’s hydrophilic behavior may prevent cement hydration
(Barnard and Snook, 2008; Nazari and Riahi, 2011). Moreover, at high doses of
nanomaterials, the demand for water may rise and disrupt the homogeneous
distribution of nanomaterials, which would lead to a decline in mechanical
performance (Chen et al., 2019). Probably, due to these facts, the mechanical
performance of the cement composite declines above certain doses of GNP.

The water absorption (Wa) of the lightweight cement composite after 24 hours
and 48 hours of water immersion is presented in Fig. 2.43 and Fig. 2.44,

respectively.
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Fig. 2. 43 Relationship between doses of graphene platelets and water absorption of
lightweight cement composite after 24 hours of water immersion
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Fig. 2. 44 Relationship between doses of graphene platelets and water absorption of
lightweight cement composite after 48 hours of water immersion

The outcomes of the research suggest that an increase in the concentration of
GNP reinforcement resulted in a decline of water absorption of lightweight cement
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composites. After 48 hours, the cement composite with 2 nm GNP had the lowest
amount of water absorption. After 24 hours, the improvement in water absorption of
cement composites incorporating 2nm, 6-8 nm, and 11-15 nm GNP was measured
at about 72.4%, 56.7%, and 64.4%, respectively. This study also provided evidence
that GNP thickness also affects the Wa of the cementitious system. GNP particles
fill the pores of the cementitious composite, which leads to an improvement in Wa
(Chen et al., 2019; Du and Pang, 2015). This reduction in the water absorption of
cementitious  composites  incorporating GNP  suggests that, likely,
nanoreinforcements densified the microstructure, which leads to a decrease in water
absorption.

The effectiveness of ultrasonication energy to disperse GNP particles is
evident in Fig. 2.45. Meanwhile, Fig. 2.46 shows the ITZ of EGA and cementitious
materials with nano reinforcements. Fig. 2.46 suggests that EGA offers good
adhesion with cementitious materials; there was no significant improvement in ITZ
between EGA, and cementitious materials were observed to incorporate GNP.
However, the presence of nanomaterials was clearly observed in the ITZ of EGA.
Meanwhile, a separation gap in ITZ between aerogel and cementitious materials
without nano reinforcement is clearly observed in Fig. 2.47. However, a significant
improvement in ITZ was observed between aerogel and cementitious materials with
nano reinforcements. The presence of GNP was also clearly visible in the ITZ of
aerogel. At higher magnification in Fig. 2.48 evidently shows the presence of
hydration products surrounding GNP in the cementitious composite. This
phenomenon clearly suggests the nucleation effects of GNP. Fig. 2.49 also
highlights that GNP provides pore filling effects, which leads to an improvement in
the microstructure of cementitious composites. Probably, due to these phenomena,
the mechanical and water absorption characteristics of the cementitious composite
were improved.

10.0kV x3.00k SE

Fig. 2. 45 Scanning electron microscopy image showing a) and b) dispersion of GNP
within cementitious composites
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Fig. 2. 46 Scanning electron microscopy showing a) and b) interfacial transition
zone of expanded glass with graphene platelet reinforcements

Fig. 2. 47 SEM image showing a) interfacial transition zone of aerogel without GNP
reinforcements, and b) interfacial transition zone of aerogel with GNP reinforcements

Fig. 2. 48 SEM image showing a) and b) the presence of hydration products surrounding
graphene platelets in lightweight cement composite
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Fig. 2. 49 SEM image showing a) and b) pore filling effects of GNP

The XRD pattern of cementitious composites is presented in Fig. 2.50, Fig.
2.51, and Fig. 2.52. Our study results reveal that the addition of GNP did not
significantly impact the XRD pattern of the cementitious composites. There were no
additional peaks observed when adding GNP in the cementitious system. The
incorporation of GNP only impacted the intensity of the XRD pattern. This
phenomenon suggests that almost the same hydration products were grown and that,
with the addition of GNP, only the crystallinity of the hydration products was
impacted. The primary hydration products of cement composites include calcite,
portlandite, and ettringite. These figures also suggest that the growing GNP
concentration resulted in an increase in the intensity of ettringite at 8° and 19°. All
the cementitious composites had portlandite peaks detected at 18° and 34°. It was
observed that the intensity of portlandite varied with the change in the thickness of
GNP. 0.5% GNP reinforced cementitious composite exhibited a higher intensity of
portlandite at 34°.
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Fig. 2. 50 XRD pattern of 2 nm GNP reinforced lightweight cement composites

Note: a — ettringite CasAl2(SO4)3(OH)12-26H20 (41-1451), b — portlandite Ca(OH)2 (1-837), ¢ — calcite
Ca(CO)s (24-27), d — calcium silicate hydrate Cai15SiOssx H20 (33-306), e — alite CasaMgAl2Si160g90
(13-272), f — belite Ca2SiO4 (33-302)
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Fig. 2. 51 XRD pattern of 6-8 nm GNP reinforced lightweight cement composites

Note: a — ettringite CasAl2(SO4)3(OH)12:26H20 (41-1451), b — portlandite Ca(OH). (1-837), ¢ — calcite
Ca(CO)s (24-27), d — calcium silicate hydrate Ca15SiOs5x H20 (33-306), e — alite CassaMgAl2Sii60s0
(13-272), f — belite Ca2SiO4 (33-302)
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Fig. 2. 52 XRD pattern
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of 11-15 nm GNP reinforced lightweight cement composites

Note: a — ettringite CasAl2(SO4)3(OH)12:26H20 (41-1451), b — portlandite Ca(OH)2 (1-837), ¢ — calcite
Ca(CO)s (24-27), d — calcium silicate hydrate Ca15SiOs5x H20 (33-306), e — alite CassaMgAl2Sii60s0
(13-272), f — belite Ca2SiO4 (33-302)
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3. CONCLUSIONS

This study aimed to develop a lightweight cement composite by using EGA
and silica aerogel satisfying EFNARC self-compactibility requirements. The novelty
of the study is the achievement of the self-compatibility of the lightweight cement
composite below the density of 1400 kg/m®. Moreover, such problems as separation
gaps in ITZ between aerogel and cementitious materials, a weaker mechanical
performance, and high water absorption of the cementitious composite were
improved by using polymer coatings and nano reinforcements.

Stage 1: Investigations of binding materials, fine particle concentration,
and LWA concentrations on the physical, mechanical, and microstructural
characteristics of LWSCCC

The use of aerogel in the cementitious system significantly lowers the density
of the composite. Partial replacement of EGA by aerogel (incorporation of 32.04
kg/m?) lowers the density of the cement composite by almost 15.8%. Aerogel is
lighter than EGA, and the incorporation of aerogel into a cement composite
increases the porosity by entrapping air bubbles, which leads to a decline in density.
Hydrophobic aerogel has weaker adhesion with cementitious materials, and the use
of 32.04 kg/m® and 42 kg/m?® silica aerogel as partial replacements for EGA
decreases the compressive strength by 49.15 and 60.70%, respectively.

The use of very lightweight aggregates, such as EGA and aerogel, makes it
possible to develop LWSCCC within the density range of 1343 to 948 kg/m®. The
optimized cementitious composite achieves a workability range of 700 to 820 mm
slump flow satisfying EFNARC 2005 recommended SF2 and SF3 classes within the
density range of 1400 to 1000 kg/m3. Moreover, the cementitious composite
achieves 21.3 to 12.4 MPa compressive strength, which also satisfies the
recommended mechanical strength requirements of ACI-213R-03 2003 (>17 MPa)
and ACI-213R-2014 (>17 MPa) CEB/RILEM (>15 MPa) guidelines. However,
microstructural investigation recommended that aerogel offers weaker adhesion with
cementitious materials, and separation gaps were observed in ITZ. Moreover, the
use of high volumes of aerogel and EGA in cementitious systems leads to a higher
risk of water absorption.

Stage 2: Improvement of physical, mechanical, and ITZ of LWSCCC by
using polymer coatings on lightweight aggregates

The addition of coatings of SBR and paraffin to lightweight aggregates was
observed to slightly improve the workability of the investigated material. An
improvement in workability of almost 6.8% of the pre-coated LWA added cement
composite was observed. The obtained slump flow was measured as 810 to 732 mm,
which satisfies the acceptance criteria of SF2 and SF3 classes. The use of the
polymer coating on LWA also enhances the quality of ITZ and lowers the separation
gaps between aerogel and cementitious materials. Moreover, the use of polymer
coatings improves the total porosity by 2.9% and ensures about 26% water
absorption capacity of lightweight cementitious composites. The mechanical
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strength of the self-compacted cementitious composite was measured to equal about
25.9 MPa to 17.03 MPa, thereby satisfying the requirement of CEB/RILEM, ACI-
213R-03 2003, and ACI-213R-2014. The use of polymer coatings improves the
compressive strength by almost 8.4 and 15.9 % when using single-layer coatings of
SBR or paraffin.

Stage 3: Enhancement of mechanical performance, ITZ, and water
absorption characteristics of lightweight concrete by using carbon nanotubes
and graphene platelets

The addition of 0.6% CNT improved the compressive strength of the
lightweight cement composite by nearly 41%. The separation gaps between aerogel
and ITZ were effectively improved by incorporating carbon nanotubes attributed to
the higher growth of higher hydration products. CNT was also observed to fill the
pores of the cement composite, which led to improvement in the mechanical and
water absorption characteristics of LWC. Carbon nanotube reinforcement improves
the water absorption capacity of the lightweight cement composite by almost 12%.

The optimum doses for the improvement in compressive strength when
incorporating GNP were observed at 0.025%. When incorporating GNP, almost
43% improvement in the compressive strength and 72.4% improvement in water
absorption (24 hours of immersion) of the cementitious composite was determined.
Moreover, GNP improves the separation gaps between the aerogel and cementitious
materials attributed to the pore filling and nucleating effects.

Future recommendations

Aerogel is a new generation material, and the use of such materials in
lightweight cementitious composites shall improve thermal and noise insulation
properties. Moreover, aerogel is a highly fire-resistant material. The use of aerogel
in combination with other lightweight materials will lower the density of the
cementitious composite. The self-compactibility properties of cementitious
composite will allow the product to reach the congested areas of the building easily
and to compact by itself without any required external vibration energy. This present
study was only aimed at developing self-compacting cementitious composites using
aerogel and EGA below the density of 1400 kg/m3. Moreover, such problematic
areas as weaker adhesion, a weaker mechanical performance, and water absorption
properties were improved. However, more research on aerogel-based lightweight
self-compacting  cementitious composites is still needed, and future
recommendations are listed below.

1. The use of alternate lightweight aggregates with the combination including
aerogel to develop LWSCCC also needs to be investigated. The use of more
sustainable materials will reduce production costs while also moving us closer
to sustainability.

2. The thermal insulation of aerogel and EGA-based lightweight cementitious
composites needs to be performed in the laboratory in future work. The
developed product is expected to offer better thermal insulation characteristics
in the laboratory tests than the theoretically calculated value. Moreover, the
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pore dispersion and porosity of lightweight cementitious composites have a
great impact on the thermal insulation characteristics, and, in future studies, a
detailed study is also required to understand the impact of porosity and pore
size distribution on the thermal, mechanical, and durability characteristics of
aerogel based LWSCCC.

Aerogel and EGA both contain silica, and a detailed study on ASR needs to be
performed. Moreover, other durability properties, such as shrinkage, frost
resistance, water penetration depth, and long-term durability in aggressive
environments, such as chloride, sulfate attack, etc., need to be extensively
studied.

The use of the developed products in real buildings as practical applications
will provide the actual thermal performance numbers. Also, it should be easy to
differentiate the performance of aerogel-based products from other thermal
insulation materials that are conventionally used.

In the present study, polymer coatings and nanomaterials were used to improve
ITZ, mechanical, and durability characteristics of aerogel-based LWSCCC.
However, in future studies, more sustainable and cost-effective alternative
materials must be identified.
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Santrumpos

SSB - susitankinantis betonas (angl. self-compacting concrete)

LSSB - lengvasis susitankinantis betonas (angl. light-weight self-compacting
concrete)

SRUKZ — sukietéjusio risiklio (cementinio akmens) ir uzpildo kontaktiné zona
(betone) (angl. Interfacial transition zone)

LSSK — lengvasis susitankinantis kompozitas (angl. light-weight self-compacting
composite)

SEM —  skenuojamoji elektroniné mikroskopija (angl. scanning electronic
microscopy)

XRD - rentgenodifrakciné analizé (angl. X-ray diffraction analysis)

LSSCK — lengvasis susitankinantis cementinis kompozitas (angl. lightweight self-
compacting cement composite)

ANV - anglies nanovamzdeliai (angl. carbon nanotubes)

GNP — grafeno nanoplokstelés (angl. graphene nanoplatelets)

SBK - stireno ir butadieno kopolimeras (angl. styrene butadiene rubber)

SANTRAUKA

Susitankinantj betong (SSB) 1986 m. sukiiré Ozawa ir jo kolegos, ir tai buvo
reik§mingas betono ir gelzbetonio statybos technologijos Zingsnis (Adebayo Mujedu
et al., 2020). Lengvasis betonas buvo naudojamas ilga laikg, o Siandien lengvasis
susitankinantis betonas (LSSB) laikomas patobulinta SSB ir lengvojo betono
atmaina (Yu et al., 2019). Gaminant LSSB $iandien naudojami jvairQis natdral@s ir
dirbtiniai lengvi uzpildai. Ta¢iau dauguma LSSB yra gaminami i$ dirbtiniy uzpildy.
LSSB gamyboje didelj potencialg turi palmiy aliejaus klinkerio, polistireninio
putplascio, gumos, kokoso Iuksto ir plastiko atliekos. Lengvyjy uzpildy fizinés ir
mechaninés savybés gali skirtis pagal jy tipa, o tai gali turéti jtakos LSSB savybéms
(Ting etal., 2019). Gali buti, kad lengvyjy uzpildy naudojimas betone sukels
segregacijos problemy dél lengvyjy uzpildy iSplaukimo j pavirsiy efekto (Adhikary
and Rudzionis, 2020; Juradin et al., 2012; Kwasny et al., 2012). I$sisluoksniavimas
ir netinkamas savaiminis sutankéjimas dél netolygaus lengvyjy uZzpildy
pasiskirstymo gali pakenkti betono konstrukcinéms eksploatacinéms savybéms ir
ilgaamziskumui (Kwasny et al., 2012). Norint paruosti mazesnio nei 1400 kg/m®
tankio SSB, reikalingas didelis lengvyjy uzpildy kiekis, o tai gali padidinti vandens
absorbcijos rizikg (Adhikary and Rudzionis, 2020; Juradin et al., 2012; Kurt et al.,
2016¢, 2016b; Kwasny et al., 2012; Wan et al., 2018). Mazo tankio betonas gali bati
naudojamas garsg ir Silumg izoliuojancioms pastato atitvaroms jrengti (Ting et al.,
2019). Dél lengvyjy uzpildy pavirSiaus strukttros ir sukibimo kokybés skirtumy i§
jvairiy lengvyjy uzpildy tipy pagaminty LSSB sukietéjusio riSiklio ir uzpildo
kontaktinés zonos (SRUKZ) kokybé taip pat gali skirtis. Literatiros $altiniy tyrimai
rodo, kad keramzitas, putstiklis, perlitas ir vulkaniné pemza gerai sukimba su
cementinémis medziagomis, todél pageréja SRUKZ kokybé (Barnat-Hunek et al.,
2018; Duplan et al., 2014; Yashar and Behzad, 2021; Yu et al., 2013). Polistireninis
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putplastis, kitos polimerinés atliekos ir aerogelis silpniau sukimba su cementinémis
medziagomis, todél blogesnis jy sukibimas ir silpnesné SRUKZ (Adhikary et al.,
2021a; Angelin et al., 2020; Cheboub et al., 2020; Da Silva et al., 2020; Ranjbar and
Mousavi, 2015). Be to, pastaraisiais metais LSSB i§ lengvyjy uzpildy daugiausia
buvo kuriamas didesnio tankio nei 1400 kg/m3.

Aerogelis yra perspektyvi labai mazo tankio medziaga, kuri gali bati
naudojama gaminant labai lengvus cemento kompozitus. Putstiklis taip pat yra
mazesnio tankio lengvasis uzpildas. Nepaisant maZesnio tankio, aerogelis yra trapus.
Be to, hidrofobinis aerogelis gali silpniau sukibti su cementinémis medziagomis,
todél cementiniai kompozitai gali buti mazesnio stiprumo. Lengvasis susitankinantis
cementinis kompozitas, kuriame yra putstiklio ir aerogelio derinys, galéty biti
perspektyvi medziaga statyboms. Lengvasis cemento kompozitas, kuriame yra tokio
mazo tankio uzpildy, sumazins cemento kompozito tankj. Be to, naudojant tokias
medZiagas cementiniame kompozite, gali pablogéti mechaninés savybés ir padidéti
vandens absorbcijos rizika. Hidrofobinis aerogelis taip pat gali turéti silpnesng
SRUKZ; todél reikalingi iSsamesni tyrimai, kad biity iStirtos cementiniy kompozity,
kuriuose yra naudojami aerogelio ir putstiklio uzpildai, savybés, atsizvelgiant j jy
Sviezio miSinio savybes ir sukietéjusio kompozito mechanines bei kitas savybes, taip
pat mikrostruktiirg. Be to, reikéty paSalinti problemas, susijusias su aerogelio ir
putstiklio uzpildy pagrindu pagamintu cementiniu kompozitu. Daugumos iki Siol
sukurty LSSB, kuriy tankis mazesnis nei 1400 kg/m3, gniuzdymo stipris yra
mazesnis uz rekomenduojama ACI-213R-03 (2003), ACI-213R-2014 ir
CEB/RILEM verte, skirta naudoti konstrukcijoms. Atsizvelgiant j aerogelio ir
putstiklio kaip perspektyviy ir mazai iStyrinéty lengvyjy uzpildy tinkamuma
pagaminti ypa¢ lengva ir pakankamai stipry LSSB, buvo atlickami $io darbo
moksliniai tyrimai siekiant geriau istirti jy panaudojimo galimybes LSSB gamyboje.
Tyrimo tikslui pasiekti buvo taikomi jvairis miSinio paruo§imo ir sukietéjusio
konglomerato tyrimo metodai. Pirmiausia paruosti mazo tankio cemento kompozitai
naudojant putstiklj ir aerogelj, siekiant nustatyti $iy uZpildy poveikj cemento
kompozito savybéms. Taikant jvairius LSSB tyrimo metodus, optimizuota betono
miSinio sudétis ir pasiektas savaiminis sutankinamumo kriterijus. Tokios problemos
kaip didesné vandens absorbcija, mazesnés stiprumo savybés ir blogesnis aerogelio
sukibimas su cementinémis medziagomis buvo iSsprestos naudojant polimerines
dangas, kuriomis padengti lengvieji uZpildai. Be to, naudojant anglies
nanovamzdelius ir grafeno nanoploksteles pagerintos mechaninés LSSB savybés ir
vandens absorbcija bei SRUKZ tarp aerogelio ir sukietéjusio cemento risiklio.

Pagrindinis Sio darbo tikslas — istirti lengvuosius susitankinanéius cementinius
kompozitus (LSSCK), kuriy tankis maZesnis nei 1400 kg/m?, naudojant aerogelio
bei putstiklio uzpildus ir istirti jy fizikines, mechanines bei mikrostruktiirines
savybes.
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Darbo uzdaviniai norimam tikslui pasiekti

1. IStirti riSamyjy medziagy, smulkiyjy daleliy ir lengvyjy uZzpildy
koncentracijos poveikj LSSCK (<1400 kg/m?) fizikinéms, mechaninéms ir
mikrostruktrinéms savybéms.

2. Atlikti LSSB, paruosto i§ lengvyjy uzpildy, padengty polimerinémis
dangomis, tyrimus ir nustatyti jy jtaka LSSB vandens jgériui,
gniuzdomajam stipriui, SRUKZ ir mikrostruktiiros pokyc¢iams.

3. Istirti anglies nanovamzdeliy ir grafeno nanoploksteliy jtakg LSSCK
fizikinéms bei mechaninéms savybéms ir jo mikrostruktiirai.

Tyrimo mokslinis naujumas

Atlikus 8] mokslinj darbg buvo sukurtas naujo tipo lengvasis susitankinantis
cementinis kompozitas (LSSCK), kurio tankis maZesnis nei 1400 kg/m?. Sukurtas
LSSCK atitiko ACI-213R-03 (2003 ir 2014 m.) normy keliamus stiprumo
reikalavimus, kad buty galima naudoti jj statyboje kaip konstrukcing medziaga net
esant mazesniam nei 1400 kg/m® tankiui. Rankinis $vieZio cementinio kompozito
maiSymas leidzia maziau susmulkinti aerogelio daleles. Be to, Sie eksperimentiniai
tyrimai rodo, kad aerogelio sukibimas su cementinémis medziagomis yra silpnesnis,
o SRUKZ tarp aerogelio ir cementiniy medziagy buvo pastebéti vientisi atskyrimo
tarpai. Aerogelio pagrindu pagamintas Cementinis kompozitas jgyja mazesnj
mechaninj stipruma, poréta mikrostruktiirg ir padidéjusia vandens absorbcijos rizika.
Sio tyrimo metu aerogelio ir cementiniy medZiagy atskyrimo tarpai buvo pagerinti
naudojant nanomedziagas ir polimerines dangas. Be to, pageréjo vandens absorbcija,
mechaninés savybés ir mikrostruktiira.

Tyrimo metodai

Pradinés medziagos lengvyjy cementiniy kompozity kiirimui buvo parinktos
remiantis literatiiros analize. SEM ir XRD analizés buvo atlieckamos siekiant suprasti
pucolaniniy priedy ir lengvyjy uzpildy mikrostruktiirg. Dazniausiai moksliniuose
tyrimuose taikomas maiSymo ir eksperimentiniy tyrimy metodas, o atliktame
disertaciniame darbe jis taip pat taikomas. SvieZio cementinio kompozito savybés
buvo istirtos pagal EFNARC 2005 rekomendacijas. Cemento hidratacija cemento
teSloje buvo stebima pusiau adiabatinés kalorimetrijos metodu taikant Pico
technologija, sukurta pagal EN 196-9:2010 standartg. Cementinio kompozito
mechaninis stipris buvo iSbandytas pagal EN 196-1:2016 standarta. Cementinio
kompozito poringumas ir Silumos laidumas apskaiCiuoti atitinkamai pagal
GOST 12730.4-2020 ir EN 1745:2012 standartus. Gautiems rezultatams iSanalizuoti
ir jy tarpusavio rySiui nustatyti buvo atlikti cementinio kompozito vandens jgério,
tankio, poringumo ir SEM tyrimai. Sukirus lengvojo susitankinan¢io cementinio
kompozito (LSSCK) gamybos metodologija, pagrista tinkamais mai§ymo ir tyrimy
metodais, taikant daugybe priemoniy buvo bandoma pagerinti tokias kompozito
savybes kaip mechaninés savybés, mikrostruktiira ir vandens jgério charakteristikos.
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Praktinis disertacijos reik§mingumas

Rankinis lengvyjy cementiniy kompozity maiSymas sumazina aerogelio
sutrupéjimg maiSymo metu ir iSlaiko Sios medziagos vientisuma cemento
kompozituose. Sukurti lengvieji susitankinantys cementiniai kompozitai (LSSCK)
atitinka ENFRAC 2005 keliamus reikalavimus susitankinantiems cementiniams
miSiniams. Sukurti cementiniai kompozitai gali biiti naudojami kaip Siluma
izoliuojan¢ios medziagos, o ju savaiminio susitankinimo galimybé leidZia sutankinti
sudétingos konfigiiracijos betonines konstrukcijas netaikant iSorinés vibracijos
poveikio. Savaiminio sutankinimo savybé leidzia padidinti LSSCK miSinio
konsistencija, pagerinti formy uZzpildyma ir miSinio sutankinimo lygj. Tyrimo metu
sukurtos medziagos Silumos laidumas buvo daug mazesnis nei jprasto betono ir gali
bati pritaikytas statyby sektoriuje. Sio tyrimo metu cementiniy kompozity $ilumos
laidumas buvo apskai¢iuotas taikant EN 1745:2012 standarta, kuris gali skirtis nuo
laboratorijoje nustatyto Silumos laidumo koeficiento. Tyrimy metu sukurti racionaliy
sudéciy LSSCK taip pat gali biiti naudojami kaip konstrukcinés medziagos, nes jie
atitinka reikalaujamg ACI-213R-03 (2003 ir 2014 m.) rekomendacijy gniuzdomajj
stiprj. Praktinis Sio tiriamojo darbo naujumas yra tai, kad sukurtas LSSB mazesnio
nei 1400 kg/m?® tankio, pakankamo stiprumo, gero §ilumos laidumo ir jis gali biti
potencialiai panaudotas statyby sektoriuje skirtingiems tikslams pasiekti.

Disertacijos teiginiai

1. Lengvieji cementiniai kompozitai su optimizuota miSinio sudétimi gali
pasiekti savaiminj sutankéjimg net esant mazesniam nei 1400 kg/m? tankiui
ir SF2 bei SF3 pasklidos klasei.

2. D¢l aerogelio hidrofobiniy savybiy maisant Sviezig cementinj kompozita jis
gali sulaikyti oro burbuliukus ir parodyti mazesnj sukibimg bei silpnesng
SRUKZ.

3. Naudojant anglies nanovamzdelius (ANV), grafeno nanoploksteles (GNP),
stireno ir butadieno kopolimero (SBK) ir parafino dangas, labai pageréjo
atsisluoksniavimo tarpai tarp aerogelio ir cementinio risiklio. ANV ir GNP
jdéjimas j lengva cementinio kompozito miSinj pagerina atitinkamai 41,5 %
bei 43,8 % gniuzdomajj stiprj ir sumazina 30,5 % bei 29 % vandens jgérj.

Darbo struktiira ir apimtis

Si daktaro disertacija parengta i§ trijy skyriy, kuriuos sudaro jvadas, tyrimo
rezultatai bei jy aptarimas ir iSvados. Be to, pateikti cituojami literatiiros $altiniai,
trumpa disertacijos santrauka lietuviy kalba, doktoranto gyvenimo apraSymas,
publikacijy, susijusiy su daktaro disertacija, Sgrasas, taip pat papildomi disertacijos
autoriaus publikuoti straipsniai ir padéka. Daktaro disertacijoje yra 52 paveikslai,
10 lenteliy ir 50 cituojamy literattiros Saltiniy.

Tyrimo rezultaty patvirtinimas

Atlikty tyrimy iSvados buvo apibendrintos ir pateiktos i§ viso penkiuose
moksliniuose straipsniuose mokslo zurnaluose, kurie yra jtraukti j ,,Claritative
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Analytics Web of Science* duomeny bazes (su citavimo indeksu) ir priklauso Q1 ir
Q2 kvartiliams.

Autoriaus indélis

Medziagas parinko ir tyrimy plang sudaré Suman Kumar Adhikary ir
Zymantas Rudzionis. Medziagas tyrimams pateiké Kauno technologijos
universitetas ir Zymantas Rudzionis. Eksperimentus atliko, rinko duomenis ir
rankra§¢ius ra$é¢ doktorantas Suman Kumar Adhikary, vadovaujamas Zymanto
Rudzionio. Simona Tuckuté padéjo atlikti SEM ir XRD bandymus, Danuté
Vaiciukyniené — iSanalizuoti SEM ir XRD rezultatus, o Deepankar Kumar Ashish —
uzbaigti ir kritiskai perzitréti rankras¢ius publikuojant straipsnius.

Moksliniy publikaciju disertacijos tema saraSas

Sios disertacijos naujumas ir siekiami rezultatai buvo pasiekti penkiy
straipsniy rinkinyje. Siekiami rezultatai apibendrinami trimis etapais.

Pirmajame etape buvo atlikti pirminiai tyrimai betono miSinio savaiminio
susitankinimo kriterijui i$tirti. Pirmasis tyrimo etapas apima du straipsnius. Pirmasis
straipsnis paskelbtas ,Journal of Building Engineering™ Zurnale, 2020, 101399
(Adhikary ir kt., 2020). Sio tyrimo etapo tikslas jgyvendintas dviem etapais. I$
pradziy buvo tiriamas riSikliy ir lengvyjy uzpildy poveikis, ruoSiant labai taky,
lengva cementinio kompozito miSinj. Véliau, remiantis gautais rezultatais, buvo
optimizuota misinio sudétis, kad atitikty savaiminio sutankéjimo kriterijus. Sio
zingsnio rezultatai paskelbti zurnale ,,Case Studies in Construction®, 2022, e00879
(Adhikary ir kt., 2022b).

Antrajame tyrimo etape buvo bandoma tobulinti ankstesnio etapo metu
nustatytas problemas, susijusias su cemento kompozitais, pagamintais su putstiklio
ir aerogelio uzpildais. Tokias problemas kaip didesnis vandens sugertis ir silpnesnis
sukibimas tarp aerogelio bei cementiniy medziagy buvo bandoma pagerinti
polimerinémis dangomis. Sio tyrimo rezultatai paskelbti Zzurnale ,,Materials Today
Communications*, 2022, 103496 (Adhikary, 2022).

Trefiajame tyrimo etape nustatytas lengvo cementinio kompozito, paruo$to su
putstiklio ir aerogelio uzpildais, problemas bandyta tobulinti panaudojant
alternatyvias nanomedziagas. Tokias problemas kaip prastesnés mechaninés
savybés, silpnesné SRUKZ tarp aerogelio bei cementiniy medziagy ir didesné
vandens absorbcijos rizika buvo bandoma spresti naudojant naujos kartos
nanomedZziagas, tokias kaip ANV ir GNP. I§ pradziy susitankinancio lengvojo
betono misinio paruo$imui buvo naudojami anglies nanovamzdeliai; tyrimo
rezultatai paskelbti zurnale ,,Scientific reports®, 2021, 2104 (S. K. Adhikary et al.,
2021). Véliau mechaninés, vandens jgério savybés ir SRUKZ tarp lengvyjy uzpildy
ir cementiniy kompozity buvo pagerintos jdedant nanografeno ploksteliy (GNP)
jmaisg. Tyrimo rezultatai paskelbti Zurnale ,,Journal of Building Engineering®, 2022,
104870 (Adhikary et al., 2022c¢).
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1. Tyrimo rezultatai ir jy aptarimas
1.1. RiSamyjy medziagy, smulkiyjy daleliy ir lengvuju uzZpildy koncentracijos
jtakos tyrimai LSSCK fizikinéms, mechaninéms ir mikrostruktiiros savybéms

Sio tyrimo tikslas buvo jgyvendintas dviem etapais. Pirmiausia buvo tiriamas
riSamyjy medziagy ir lengvyjy uzpildy poveikis ruoSiant taky lengvajj cementinj
kompozita. Véliau miSinio sudétis buvo optimizuota, kad buty sukurti LSSCK.

1.1.1. Pucolaniniy priedy ir lengvyjy uZpildy poveikio takiy lengvyju
cementiniy kompozity savybéms tyrimai

Naudojant aerogelio ir putplascio stiklo uzpildus, buvo paruostos dvi takiy
lengvyjy cementiniy kompozity sudéCiy grupés. Pirmoji kompozito serija buvo
skirta istirti lakiyjy peleny, kaip dalinio cemento pakaitalo, poveikj, kurioje nuo 0 iki
30% cemento masés buvo pakeista lakiaisiais pelenais. Remiantis gautais
kompozity tyrimo rezultatais, kitai bandiniy serijai buvo parinktas geriausias
misinys pagal miSinio konsistencija, stiprumg ir vizualiai jvertintag misinio
i$sisluoksniavimg. Antroje serijoje 1-2 mm dydzio putstiklio uzpildy tiiris buvo
pakeistas 1-2 mm dydzio silicio aerogeliu atitinkamai 25 %, 50 %, 75 % ir 100 %.
Kompozity miSinio sudétys pateiktos 1 lenteléje.

1 lentelé. Cementinio kompozito misiniy sudétys (komponenty kiekis pateiktas kg
1 m® miSiniui paruosti) (I-A etapas)

w»n O
g <o = ¢ x g
5 3 = E*B- @ 3 é = = % s8
£ g & | 228 g 22 | €2 |20°
5 £ e | gag =, Bs | S« | g0
& 3 < | £9¢9 < 22 | 2°|>5
4 24 - a3e | o

A g
C100FAO0 500 - 138+54+34+40 - 9 15 325
C90FAL0 4545 |- | 138+54+34+40 | 4545 | 818 137 | 325
C80FA20 416,7 | - 138+54+34+40 83,34 | 7,50 1,25 325
CT0FA30 385 |- | 138+54+34+40 | 1155 | 693 116 | 325
C90FA10AG25 4545 | 10,5 | 103,5+54+34+40 | 4545 | 8,18 1,37 325
C90FA10AGS0 4545 | 21 69+54+34+40 45,45 | 8,18 1,37 325
C90FA10AGT5 4545 | 31,5 | 34,5+54+34+40 4545 | 8,18 1,37 325
C90FA10AG100 4545 | 42 0+54+34+40 45,45 | 8,18 1,37 325

Pastaba: * — jmaisy kiekiai, proc. nuo cemento masés

Cementinio kompozito mi$inio pasklidos tyrimo duomenys pateikti 2 lenteléje.
Tyrimo rezultatai aiskiai rodo, kad cementinio kompozito misiniy pasklida maz¢ja
didéjant aerogelio koncentracijai. O §tai cementinio kompozito misiniy konsistencija
pageréjo jmaiSius lakiuosius pelenus kaip cemento pakaitalg. ISmatuota C100FAQ
bandinio miSinio pasklida buvo 21 c¢m, kuri padidéjo iki 23,4 cm, kai 30 % cemento
buvo pakeista lakiasiais pelenais. C90FA10AG25 bandinio, kuriame yra 25 % 1-
2mm putstiklio uzpildy tario, pakeista aerogeliu pasklida buvo 21 mm, o
C90FA10AG100 kompozito, kuriame yra 100 % putstiklio uzpildy ttrio, pakeista
aerogeliu pasklida sumazgjo iki 18,4 mm. Cementiniy kompozity takumo
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sumazgjimas pridéjus aerogelj gali buti siejamas su silicinio aerogelio sulaikytu oru
ir didesniu vandens jgériu. Taciau kompozito klojuma galima pagerinti koreguojant
vandens ir superplastifikatoriaus dozes.

2 lentelé. Lengvyjy cementiniy kompozity konsistencija (I-A etapas)

Serija Pasklidos Serija Pasklidos
bandymas, cm bandymas, cm
C100FAO0 21 CI90FA10AG25 21
CI90FA10 21 C90FA10AG50 20
C80FA20 23 C90FA10AGT75 18,9
C70FA30 23,4 C90FA10AG100 18,4

Siame tyrimo etape kompozity gniuzdomasis ir lenkiamasis stipris f. ir fq buvo
iSmatuoti po 7 ir 28 pary kietéjimo, jy duomenys pateikti 3 lentelgje. Tyrimo
rezultatai rodo, kad padidéjus lakiyjy peleny kiekiui, cementinio kompozito f.
mazéja. Taip pat pastebéta, kad padidéjus aerogelio koncentracijai sumazéja ir f, ir
fi. 100 % 1-2 mm putstiklio uzpildy pakeitus aerogeliu, po 28 pary kietéjimo
betonas prarado apie 60,7 % gniuzdomojo stiprio. Aerogelis yra trapi medziaga,
turinti labai mazg stipruma; ir galbiit dél Sios priezasties, padidéjus aerogelio kiekiui
kompozituose, sumazéjo gniuzdomasis ir lenkiamasis stipris.

3 lentelé. Lengvyjy cementiniy kompozity gniuzdomojo ir lenkiamojo stiprio tyrimo
duomenys (I-A etapas)

Serija Gniuzdomasis ir Gniuzdomasis ir Tankis
lenkiamasis lenkiamasis stipris po esant
stipris po 7pary | 28 pary kietéjimo, MPa Sausos
kietéjimo, MPa biisenos,
fe fa fe T kg/m3
C100FAO0 9,32 |25 12,2 2,68 862,4
C90FA10 8,2 2,3 114 2,56 848
C80FA20 6,92 |22 10 2,1 834,5
C70FA30 52 19 8 2,04 826,4
C90FA10AG25 572 |17 6,52 2,38 816
C90FA10AG50 588 184 6,40 2,01 793
CI90FA10AGT75 3,32 | 111 4,8 1,61 774,5
C90FA10AG100 3,2 1,097 4,48 1,45 749,5

IsdZiovinty bandiniy orasausis tankis buvo iSmatuotas po 28 pary kietéjimo,
tada apskaiCiuotas kompozity Silumos laidumas pagal EN 1745:2012. 3 lenteléje
parodyta, kad padidéjus aerogelio koncentracijai kompozito tankis sumazéjo.
I3dziovinto kompozito C9OFAI10AG25 orasausis tankis buvo 816 kg/m?; jis
sumazéjo iki 749,5 kg/m® kompozitui C90FA10AG100, kuriame 100 % putstiklio
uzpildy fr. 1-2 mm buvo pakeista aerogelio uzpildais. Dél sumazéjusio kompozity
tankio sumazéja ir Silumos laidumas.
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Aerogelis i§ prigimties yra labai trapi medZziaga. Aerogelio uzpildy SEM
nuotraukos pateiktos 1 pav. Lygus ir $varus silicio aerogelio pavirSius rodo, kad
cemento hidratacijos metu jo irimas nejvyko. 1 pav. pateikti SEM vaizdai atskyrimo
tarpy tarp hidrofobinio silicio aerogelio ir cementinio kompozito. Sis reiskinys rodo
silpnesn] silicio aerogelio sukibimg su cementiniais kompozitais. Per tokius
atskyrimo tarpus oras ar vanduo gali lengvai pernesti kenksmingas medziagas ir
paveikti kompozito ilgaamziSkumo savybes, ypa¢ kompozito, veikiamo agresyvioje
aplinkoje.

100um

1 pav. a) Itrikimai aerogelio pavir§iuje; b) atskyrimo tarpai tarp aerogelio ir cementinio
kompozito kontaktinés zonos

1.1.2. Pucolaniniy priedy ir lengvyju uZpildy poveikio savaime susitankinanciy
lengvuyjy cementiniy kompozity savybéms tyrimai

Kompozito misinys C100C100 buvo suformuotas natiiraly smélj derinant su
jvairaus dydzio putstiklio uzpildais (0,1-0,3 mm, 0,25-0,50 mm, 0,5-1 mm ir 1-
2 mm) ir jvairiomis jy proporcijomis. C100S50 bandinyje pusé¢ smélio tiirio buvo
pakeista labai smulkia 0,1-0,3 mm putstiklio uzpildy frakcija, todél tankis sumazéjo.
Padidinus  smulkiyjy  daleliy  kiekj, neZymiai padidéja vandens ir
superplastifikatoriaus Kkiekis, reikalingas norimam kompozito takumo lygiui
palaikyti. Kaip pucolaniniai priedai betono miSiniy C90ZL10, C90FA10 ir
C90ZL5FAS sudétims paruosti buvo panaudoti lakieji pelenai ir klinoptilolitas
(gamtinis ceolitas) pakeiciant 10 % cemento dalj.

Bandiniy serija C90ZL10 buvo naudojama kaip kontroliniai bandiniai. Buvo
paruostos dar keturios LSSCK bandiniy serijos su skirtingais aerogelio kiekiais. 0,5—
1mm ir 1-2mm dydZio putstiklio uZpildai pakeisti aerogeliu (piltinis tankis
75 kg/m3) 25 %, 50 %, 75 % ir 100 % kiekiais. Visuose kompozito bandiniuose
vandens ir riSiklio santykis buvo 0,55. 4 lenteléje parodyta visy LSSCK miSiniy
sudétys. MaiSymo proceso metu putstiklio uzpildai, ceolito milteliai ir cementas
buvo kruops¢iai sumaiSyti sausos biisenos. Po to buvo jmaiSyta 70 % viso vandens
kiekio, kuris maiSomas rankomis dar tris minutes. Tada superplastifikatorius ir
stabilizatorius buvo sumaiSyti su likusiu 30 % vandens kiekiu ir Svelniai maiSomi
2 minutes, prie§ jdedant ] kompozito misinj. Paskutiniame etape | kompozito misinj
buvo pridétas aerogelis, siekiant sumazinti aerogelio daleliy susmulkéjima, paskui
misinys maiSomas kitas dvi minutes.
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4 lentelé. Lengvo savaime susitankinancio cementinio kompozito miSiniy sudétys
(komponenty kiekis pateiktas kg 1 m® miiniui paruosti) (I-B etapas)
o
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C1005100 550 | 380 | 45+56+44+56 . - 038 | 55 | 045

C100S50 530 | 183 | 43.4+54+424+ 436 | — | - - 038 | 69 | 058

C90ZL10 525 | - 47,7+594+46,6+59, | — | 58,3 036 |87 | 055
4+95,8

C90FAIL0 525 | - 47,7+59,4+46,6+59, | — | - 58 | 036 |87 |O055
4+95,8

C0ZL5FAS 525 |- 47,7+594+466+59, | — | 292 | 292 | 036 | 87 | 055
4+95,8

CO0ZLI0AG25 | 525 | - 358+445+466+59, | 8 | 58,3 | — 036 |87 | 055
4+95,8

CO0ZL10AGS0 | 525 | - 23,9+29,7+46,6+59, | 16 | 583 | - 036 |87 | 055
4+95,8

CY0ZLI0AG75 | 525 | - 11,9+14,9+46,6+59, | 24 | 583 | - 036 |87 | 055
4+95,8

C90ZL10AGI00 | 525 | - 0+0+46,6+59,4+95, | 32 | 58,3 | — 036 |87 | 055
8

LSSCK misiniy konsistencijos bandymo rezultatai parodyti 5 lenteléje.
Remiantis tyrimo rezultatais, kompozicinis miSinys su lakiaisiais pelenais turi
didziausig sklidumo skersmenj. C100S100, C100S50, C90ZL10, C90FA10 ir
C90ZL5FAS5 bandiniy sklidumo skersmuo ir mazojo V piltuvo istekéjimo trukmé
buvo atitinkamai 247-258 mm ir 7,2-9 sekundés. Naudojant netaisyklingos daleliy
formos smélj, mazesnj vandens bei riSiklio santykj ir sumazintg
superplastifikatoriaus kiekj, C100S100 méginio sklidumo ir pasklidos skersmuo
buvo maziausias. Padidinus smulkaus pustiklio uzpildo koncentracija cemento ir
kompozito miSinyje C100S50, padid¢ja vandens poreikis ir superplastifikatoriaus
kiekis, kad LSSCK misinio konsistencija biity palaikoma savaiminio sutankéjimo
lygio. Be to, putstiklio uZpildai pasizymi didesne vandens absorbcijos geba nei
natliralts uzpildai, todél gali padidéti vandens ir superplastifikatoriaus poreikis.
Antra vertus, kompozito méginiy C90ZL10, C90FA10 ir C90ZL5FAS konsistencija
Zymiai pageréjo, o tai galéjo buti siejama su pageréjusia miSinio granuliometrine
sudétimi ir padidintu superplastifikatoriaus kiekiu.

Sklidumo ir pasklidos skersmuo Siek tiek sumazéja, kai LSSCK miSinyje
didiname aerogelio koncentracija, taip pat V formos piltuvo istekéjimo laikas didéja.
Pakeitus 100% 2/1 mm ir 1/0,5 mm dydzio putstiklio uzpildy tario aerogeliu,
sklidumo skersmuo sumazéja beveik 4,3 %, o pasklidos skersmuo 12,5 %. Aerogelio
pavirSiuje esantys karboksilo (-COOH) ir hidroksilo (-OH) radikalai gali sugerti
Siek tiek vandens, todél sumazéja miSinio konsistencija (Adhikary et al., 2021a).
Siame tyrime stebimas kiek sumazéjes LSSK klojumas, kurj galéjo lemti panasus
veiksnys. Taciau visi bandiniai atitiko EFNARC reikalavimus, kad jie biity vadinami
savaime susitankinanciais betono misiniais. C90ZL10AG25 aerogelio cementinis

68



kompozitas atitinka SF3 pasklidos klase, o C90ZL10AG50, C90ZL10AG75 ir
C90ZL10AG100 — SF2 pasklidos klase.

5 lentelé. LSSCK konsistencijos bandymo duomenys (I-B etapas)

Kompozito Sklidumo V piltuvo Slankumo V piltuvo laikas,
misinys skersmuo, iStekéjimo kigio sekundés (pagal
mm trukmé, s (pagal pasklidos EFNARC
EFNARC gaires | skersmuo, rekomendacijas V
V piltuvo mm formos piltuvo
matmenys matmenys betonui)
skiediniui)
C100S100 247 9 720 | SF2 | 6 VF1
C100S50 248 8 725 | SF2 | 5 VF1
C90ZL10 256 7,2 800 | SF3 | 4 VF1
C90FA10 258 8 820 | SF3 | 5 VF1
C90ZL5FA5 257 8,1 807 | SF3 |5 VF1
C90ZL10AG25 256 8 795 | SF3 | 5 VF1
C90ZL10AG50 251 8,5 750 | SF2 | 55 VF1
C90ZL10AG75 247 9,2 717 | SF2 | 6,1 VF1
C90ZL10AG100 | 245 9,5 700 | SF2 | 6,3 VF1

6 lenteléje pateikti visy LSSCK bandiniy gniuzdomojo ir lenkiamojo stiprio (f
ir fq) bei tankio duomenys. LSSCK bandiniai nuo turi f. ir fy atitinkamai nuo
7,9 MPa iki 21,3 MPa ir 1,7-5,5 MPa. LSSCK C100S100 bandinys, kuris buvo
paruostas naudojant smélio ir putstiklio uzpildy misinj, pasizymi didziausiais fc ir fq
rodikliais.

6 lentelé. Lengvyjy susitankinanciy cementiniy kompozity fizinés ir mechaninés

savybés
Pavyzdziai f., MPa fa, MPa Tankis, kg/m?®
C100S100 213 55 1343
C100S50 19,8 48 1178
C90ZL10 15,1 2,6 1126
C90FA10 12,8 3,5 1154
C90ZL5FA5 14,8 3 1146
C90ZL10AG25 13,6 2,3 1126
C90ZL10AG50 11 2,3 1076
C90ZL10AGT75 9,1 2,0 1044
C90ZL10AG100 7,9 1,7 1019

Did¢jant kompozite putsklio uzpildy kiekiui, gniuzdymo stipris mazéja.
Poringos struktiiros putstiklio uzpildy mechaninis stipris yra mazesnis, o didelis jy
kiekis betone mazina betono stipruma. Nepaisant to, kompozito bandiniai C90ZL10
ir C90ZL5FAS su ceolitu turi didesnes gniuzdymo stiprio vertes nei bandinys
C90FA10. Tai rodo, kad pridéjus ceolito j LSSCK, jo gniuzdymo stiprumas bus
didesnis. Kompozito bandiniy C90ZL10, C90FA10 ir C90ZL5FAS vandens ir
riSiklio santykis buvo didesnis nei C100S100 bandinio, o tai gal¢jo turéti jtakos jy
stiprumo sumazéjimui.
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Remiantis gautais duomenimis, f. ir fq sumazéjo didéjant aerogelio
koncentracijai. f; pablogéjimas buvo reik§mingesnis nei fy sumazéjimas. 1/0,5 mm ir
2/1 mm dydzio putstiklio uzpildus pakeitus 100 % aerogeliu, fc ir fq sumazéjo
atitinkamai  492% ir 34,6 %. Kontrolinio bandinio, C90ZL10AG25,
C90ZL10AG50, C90ZL10AGT5 ir C90ZL10AG100 f. buvo iSmatuotas atitinkamai
15,1; 13,6; 11,0; 9,1 ir 7,9 MPa. O §tai bandiniy C90ZL10AG25, C90ZL10AGS50,
C90ZL10AG75 ir C90ZL10AG100 fq svyravo nuo 2,3 iki 1,7 MPa. Aerogelio
didelis trapumas ir mazas stiprumas turéjo didziausig jtaka stiprio sumazéjimui.
Naudojant aerogelio ir putstklio uzpildy derinj, stipris sumazéja, ypac esant didesnei
aerogelio koncentracijai. Pridéjus aerogelio j cementinj kompozita, neabejotinai
sumazés kompozito stipris, taciau taip pat gali sumazéti jo tankis, kartu pageréja
medziagos $ilumos izoliacinés savybés (Adhikary et al., 2021a).

6 lenteléje parodytas visy LSSCK bandiniy orasausis tankis, kuris svyruoja
nuo 1343 iki 1019 kg/m3. Remiantis gautais duomenimis, maZé&jant natiiralaus
smélio koncentracijai ir didéjant putstiklio uzpildy koncentracijai, LSSCK tankis
labai sumazéjo. Didelé putstiklio uzpildy koncentracija cementiniame kompozite
gali sumazinti tankj, nes putstiklis yra daug lengvesné medziaga uz natiiraly gamtinj
smélj. Tyrimo rezultatai taip pat parodé, kad padidéjus aerogelio koncentracijai
zymiai sumazéja LSSCK tankis. Visiskai pakeitus 1/0,5 ir 2/1 mm stambumo
putstiklio uzpildus aerogeliu, LSSCK tankis sumazéjo 15,8 %. Orasausis
C90ZL10AG25, C90ZL10AG50, C90ZL10AGT5 ir C90ZL10AG100 tankis buvo
atitinkamai apie 1126, 1076, 1044, 1019 ir 948 kg/m?.

Sl
18 I 1h
16 [ 24h

12 T

Vandens sugertis, %
=)

CI00ST100  CI00S50  C90ZL10  C90FAT10 CO0ZLSIFAS
2 pav. Lengvojo cementinio kompozito bandiniy, kuriuose néra aerogelio,
vandens sugertis

2 ir 3 paveiksluose pavaizduota visy LSSCK bandiniy vandens jgério tyrimo
duomenys. Po 48 valandy vandens jgério bandymo LSSCK bandiniy nuo C100S100
iki C90ZL5FA5 WA jgerto vandens tiiris svyravo nuo 11,9 iki 14,3 %. Kompozito
bandinys, pagamintas naudojant mazZesnj vandens bei risiklio santykj ir putstiklio bei
natiralaus smélio uzpildy misinj, turi mazesnj vandens jgéri nei kiti kompozito
bandiniai. I§ tyrimo duomeny matome, kad LSSCK miSiniy modifikavimui
panaudojus pucolanines jmaiSas vandens sugertis padidéja. Po 48 valandy mirkymo
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iSmatuotas  bandiniy C90ZL10AG25, C90ZL10AG50, C90ZL10AG75 ir
C90ZL10AG100 vandens sugertis buvo 13,6 %, 15,7 % ir 17,7 %, 18,7 % ir 20,1 %.
Dél aerogelio uzpildy didelio poringumo gali padidéti vandens jgério rizika.
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3 pav. Lengvojo cementinio kompozito bandiniy, kuriuose yra aerogelio,
vandens sugertis

4 paveiksle pateiktos LSSCK SEM nuotraukos rodo, kad aplink aerogelio
daleles yra susiformaves didesnis pory kiekis LSSCK. Galime teigti, kad maiSant
Sviezius cementinius kompozitus aerogelis gali sulaikyti oro burbuliukus dél
didesniy pavirSiaus jtempiy. Ankstesniame tyrimo etape pastebéta, kad aerogelis taip
pat silpniau sukimba su cementiniais riSikliais. Manome, kad LSSCK stiprumas
sumazgja dél silpnesnio aerogelio sukibimo su cementiniu riSikliu ir SRUKZ
padidéjusio poringumo.

o

5.C X1& 3.00 15 ¢ S U
4 pav. a) ir b) Lengvojo betono skenuojamosios elektroninés mikroskopijos
vaizdai, kuriuose matyti aplink aerogelio daleles padéjgs poringumas

1.2. LSSCK fiziniy, mechaniniy savybiy ir SRUKZ gerinimas taikant lengvuyju
uzpildy pavirsSiaus padengimg polimerinémis dangomis

Siame eksperimentiniame tyrime kaip lengvieji uZpildai buvo naudojamos
kelios putstiklio uzpildy frakcijos, o kaip polimerinés dangos — stireno ir butadieno
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kopolimeras (SBK) ir skystas parafinas. Lengvyjy uzpildy pavirSiaus padengimui
skystieji polimerai pirmiausia buvo supilami j inda, o lengvieji uzpildai kuriam
laikui panardinami jame. Mazdaug po 20 sekundziy mirkymo lengvieji uzpildai
buvo i8imami ir paskleidziami ant plok$¢iy pavirSiy dZiovinimui. Antrasis dangos
sluoksnis buvo pakartotinai padengiamas tuo paciu budu. Pirmajam LSSCK
méginiui (EGAC) paruosti naudotos §ios putstiklio uzpildy frakcijos: 0,1-0,3 mm,
0,25-0,5mm, 0,5-1 mm, 1-2 mm, 2-4 mm ir 2-4 mm. Antrasis tyrimo bandinys
buvo pavadintas A50; jame 50 % 2/1 mm ir 1/0,5 mm putstiklio uzpildy tiirio buvo
pakeista 2/0,5 mm aerogelio dalelémis. Pirmieji du bandiniai, EGAC ir A50, buvo
pagaminti be padengimo polimerinémis dangomis. Véliau tos pacios sudéties AS0
miSinys buvo paruoStas naudojant jo uzpildus ir padengiant skirtingomis
polimerinémis dangomis. SBR1 bandinys buvo paruosStas su 1/0,5 mm, 2/1 mm,
4/2 mm ir 8/4 mm stambumo putstiklio uzpildais, kuriy pavirSius padengtas vienu
SBK sluoksniu. PAR1 buvo paruostas analogi$kai SBR1 miSiniui su vienu skystojo
parafino sluoksniu. SBR2 kompozito bandiniui paruosti naudoti putstiklio uzpildai,
kuriy pavirsius buvo padengtas dviem SBK dangos sluoksniais. SBR-PAR bandinys
padengtas vienu SBK sluoksniu ir antru skystojo parafino dangos sluoksniu. Be to,
aerogelio dalelés buvo padengtos SBK vienu sluoksniu ir naudojamos SBR1, PAR1,
SBR2 ir SBR-PAR bandiniy paruosimui. Vandens ir riSiklio santykis i§laikytas 0,48.
7 lenteléje pateiktos LSSCK bandiniy miSinio sudétys.

7 lentelé. Polimerais modifikuoto LSSCK misinio sudétys, kg/m® (11 etapas)
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EGAC 568,4 12,8+14,3+36,2+49,62+50,5+168,1 — 63,2 | 942 | 302,4
A50 568,4 12,8+14,3+36,2+49,62+50,5+168,1 118 | 632 | 942 | 3024
SBR1 568,4 12,8+14,3+36,2+49,62+50,5+168,1 118 | 632 | 942 | 3024
PAR1 568,4 12,8+14,3+ 36,2+49,62+50,5+168,1 118 | 632 | 942 | 302,4
SBR2 568,4 12,8+14,3+36,2+ 49,62+50,5+168,1 118 | 63,2 | 942 | 302,4
SBR-PAR 568,4 12,8+14,3+36,2+49,62+50,5+168,1 118 | 632 |942 | 3024

Pradinis maiSymo etapas apima cemento, gamtinio ceolito ir putstiklio uzpildy
maisyma rankiniu biidu 2 minutes. Tada miSinys 3 minutes rankiniu biidu maiSomas
su 50 % vandeniu. Paskui superplastifikatorius sumaiSomas su likusiu vandeniu ir
jdedamas j kompozito miSinj. Aerogelis | kompozito misinj buvo dedamas
paskutinis, kad buty iSvengta aerogelio daleliy suskaldymo. Galutinis LSSCK
misinys maiSomas 2 minutes ir atliekamas jo konsistencijos bandymas.

LSSCK misSinio konsistencijos bandymo duomenys pateikti 8 lenteléje.
Tyrimo rezultatai rodo, kad ] kompozito misinj pridéjus acrogelio Zymiai sumazéja
jo pasklida. Aerogelis buvo naudojamas i§ dalies pakeisti putstiklio uzpildus LSSCK
misinyje, todél pasklida sumazéjo nuo 81 cm iki 73,2 cm. Aerogelio pavirsius gali
sugerti vandenj, todél cementiniy miSiniy klojumas sumazéja (Adhikary et al.,
2021a; Venkateswara Rao et al., 2003).
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8 lentelé. Polimerais modifikuoto LSSK misinio klojumas (II etapas)

Misinio serija | Pasklida, cm Tso S V piltuvo | J Ziedo aukstis,
iStekéjimo cm
trukme, s

EGAC 81 SF3 5 VS2 6 VF2 9,4

A50 73,2 SF2 55 | VS2 6,5 VF2 9

SBR1 74,5 SF2 5 VS2 5,4 VF2 9

PAR1 78,2 SF3 45 | VS2 5 VF2 9,6

SBR2 75 SF2 5 VS2 6 VF2 8,5

SBR-PAR 76 SF3 5 VS2 6 VF2 9,5

Aerogelio jmaiSymas | LSSCK miSinius sumazina misinio konsistencija.
Taciau vienu skystojo parafino ir SBK sluoksniu padengti putstiklio uZpildai rodo
nedidelj LSSCK misinio konsistencijos padidéjima. IS tyrimo duomeny matome, kad
vienu sluoksniu parafinu padengti putstiklio uzpildai turi didesnj efektyvuma
LSSCK misinio konsistencijos padidéjimui nei SBK padengti putstiklio uzpildai.
PARI ir SBR1 miSiniy pasklida padidéjo 6,9 % ir 1,8 % atitinkamai, lyginant su
A50 bandiniu. T50 pasklidos trukmé iki 50 cm skersmens, kaip parodyta 8 lenteléje,
kinta nuo 4,5 iki 5,5 sekundés. Pastebéta, kad EGAC miSinio pasklidos trukmé T50
yra 5 sekundés, o naudojant aerogelj kaip dalinj pustiklio uzpildy pakaitalg (A50
misinys), ji padidéjo iki 5,5 sekundés. TS50 pasklidos trukmé buvo Siek tiek
trumpesné misiniuose, kur uzpildai buvo padengti vienu sluoksniu SBR ir skystu
parafinu. Kompozito mi$iniy J ziedo bandymo aukstis svyravo nuo 8,5 cm iki
9,6 cm. Kompozito misiniuose sluoksniavimosi pozymiy nebuvo. Tikétina, kad dél
to polimerinémis dangomis padengti putstiklio uzpildai turéjo mazesng vandens
absorbcijg; taip pat sumazéjo trinties jégos tarp daleliy (Yashar ir Behzad, 2021),
todél pageré¢jo klojumas. Taciau visi LSSCK bandiniai atitiko EFNARC
reikalavimus, kad biity buti vadinami susitankinané¢iais miSiniais (SSB). Polimeru
modifikuoto LSSCK pasklidos klasés buvo nustatytos SF2 ir SF3, o V piltuvo
LSSCK klampos klasé buvo priskirta VF2.
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EGAC AS50 SBR1 PARI SBR2 SBR-PAR

5 pav. Polimerais modifikuoty lengvyjy savaime susitankinanciy cementiniy kompozity
gniuzdymo stipris (I etapas)
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5 paveiksle pavaizduotas polimeru modifikuoty cementiniy kompozity
bandiniy gniuzdymo stipris fc. Bandymo rezultatai parodé, kad bandiniy f; svyravo
nuo 25,9 MPa iki 17,03 MPa. | LSSCK misinj jdéjus aerogelj kaip dalinj putstiklio
uzpildy pakaitalg, f; sumazéjo 38,9 %. Aerogelis i$ prigimties yra hidrofobinis, todél
turi silpnesnj sukibimg su cementiniu akmeniu; dél jo padidéja poringumas ir
sumazeja mechaninis stipris (Adhikary et al., 2022b, 2021c; Lu et al., 2020). Siame
tyrime galima pastebéti nedidelj gniuzdymo stiprio pageréjimg i$ anksto apdorojant
lengvuosius uzpildus polimerais. Kompozito stipris gniuzdant pageréjo 8,4 % ir
15,9 %, kai putstiklio uzpildai buvo padengti vienu SBR arba parafino sluoksniu.
Eksperimentinis tyrimas parodé, kad parafinu padengti putstiklio uZpildai padidina
betono stipruma Kiek daugiau nei su SBR padengtais uzpildais pagamintas betonas.
Galbiit polimeru dengty kompozity bandiniy stipris padidéjo dél SRUKZ
pageréjimo. Taciau naudojant dvigubg polimeriniy dangy sluoksnj ant putstiklio
uzpildy, sumazéjo gniuzdymo stipris. Tikétina, kad naudojant dviejy sluoksniy
dangg ant lengvyjy uzpildy maiSymo metu j kompozita pateko daugiau jtraukto oro,
todél padidéjo poringumas ir sumazgjo stipris.

6 paveiksle parodytas polimeru modifikuoto lengvojo savaime susitankinan¢io
cementinio kompozito i§dziovinty bandiniy tankis. Orasausis polimeru modifikuoto
LSSCK tankis yra nuo 1164 iki 1065 kg/m®. Ismatuotas 9,3 % tankio sumazéjimas,
kai i§ dalies putstiklio uzpildai buvo pakeisti aerogeliu. Aerogelis yra lengvesné
medziaga, palyginti su kitais lengvaisiais uZzpildais, todél tikétina, kad tankis
sumazg¢ja naudojant aerogelj kaip putstiklio uzpildy pakaitala.

1150-/
X

T |

EGAC A50 SBRI PARI SBR2 SBR-PAR
6 pav. Polimerais modifikuoto LSSCK tankis (1 etapas)

7 paveiksle parodytas LSSCK vandens sugertis. Kompozity vandens sugertis
svyruoja nuo 8,25 % iki 13,16 % po 48 valandy panardinimo j vandenj. Naudojant
aerogelj kaip dalinj putstiklio uzpildy pakaitalg, vandens sugertis padidéjo 59,5 %.
Taciau polimeru dengti lengvieji uzpildai galéjo sumazinti cementinio kompozito
vandens sugertis. Cementinis kompozitas SBR1, padengtas vieno sluoksniu SBR, ir
PAR1, padengtas vieno sluoksnio parafinu, po 48 valandy panardinimo j vandenj
parodé 22,6 % ir 26 % mazesnj vandens jgéri, palyginti su A50. Taciau LSSCK,
paruostas su dvigubu polimeriniu sluoksniu padengtu pustiklio uzpildu, turi panasy
vandens jgérj. Dvigubo sluoksnio danga padengtas putstiklio uzpildas neZymiai
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padidina vandens jgérj, palyginti su vienu sluoksniu padengtu putstiklio uzpildu. Sio
atvejo priezastis gali bati padidéjgs LSSCK poringumas.

20 15 min
18+ 1h

161 24 h

144 48h

12 %i
10

%

N

Vandens sugertis, %
AR

SN

RN

ARG

N

EGAC AS0 SBRI PARI SBR2SBR-PAR
7 pav. Polimerais modifikuoto LSSCK vandens sugertis (I etapas)

Nepadengto putstiklio uzpildo ir SBR polimerais padengto aerogelio SEM vaizdai
pateikti 8 paveiksle. Is SEM vaizdo matyti, kad aerogelio pavirsius atrodo Siurkstus,
matomas sutruikingjes uzpildo pavirSius.

U
-+
|

!

R e A . [ B
10 E 1.00mm 10 E 1.00mm)|

8 pav. epadengto danga putstiklio uzpildo SEM Vaizdas; b) SBR polimeru padengto
aerogelio vaizdas

9 pav. a) SEM vaizdas, kuriame parodyta vienu sluoksniu parafinu dengto putstiklio
uzpildo pavirSiaus tekstira; b) SEM vaizdas, kuriame parodyta vienu sluoksniu SBR
padengto putstiklio uzpildo pavirSiaus teksttra
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" Jooum I 10.0kV x100 SE - . $00um
10 pav. a) SRUKZ tarp cementinio risiklio ir polimeru dengto aerogelio SEM nuotrauka;
b) SRUKZ polimeru dengto putstiklio uzpildo SEM nuotrauka

Vieno sluoksnio parafinu padengtas putstiklio uzpildo pavir§ius ir vieno
sluoksnio SBR dengtas putstiklio uzpildas parodytas 9 paveiksle. 10a) paveiksle
parodytas nedidelis aerogelio ir cementiniy medziagy SRUKZ pageréjimas. Taip pat
Siame paveiksle parodyta, kad cementinés medziagos kontaktinéje zonoje nepazeidé
aerogelio daleliy. 10b) paveiksle parodyta putstiklio uzpildo padengto SBR danga
SRUKZ. Sioje nuotraukoje matomas geras putstiklio sukibimas su sukietéjusiu
cementiniu akmeniu. Paveiksle taip pat parodyta, kad SRUKZ tarp cementinio
riSiklio ir polimeru padengto putstiklio riSiklio turi nejprastai homogeniska ir tankia
mikrostruktiirg. Atrodo, kad naudojant polimerines dangas pageréja atskyrimo tarpai
tarp aerogelio ir sukietéjusio cementinio risiklio.

1.3. Lengvojo betono mechaniniy, SRUKZ ir vandens ijgério savybiy
gerinimas naudojant anglies nanovamzdelius (ANV) ir grafeno nanoploksteles
(GNP)

Siame tyrime, naudojant tokias naujos kartos nanomedziagas kaip ANV ir
GNP, buvo bandoma spresti tokias problemas: kaip padidinti lengvojo betono
stiprumo savybes, pagerinti SRUKZ tarp aerogelio bei cemento risiklio ir sumazinti
vandens absorbcijos rizika.

1.3.1. Lengvujy cemento kompozity mechaniniy, SRUKZ ir vandens jgério
savybiy gerinimas naudojant anglies nanovamzdelius

Siame etape su aerogelio ir putstiklio uZpildais pagaminti LSSCK buvo
modifikuoti ANV, kuriy buvo jdéta | misinj iki 0,6 % nuo cemento masés.
Pirmiausia cementas, gamtinis ceolitas (klinoptilolitas) ir putstiklio uzpildai buvo
maiSomi sausomis sglygomis 2 minutes. Po to i LSSCK miSinj pridétas
superplastifikatorius polikarboksilato pagrindu su 40 % bendru vandens kiekiu. Like
60 % vandens jmaiSyti | drégng misinj ir maiSomi rankomis 2 minutes. ANV buvo
jdéti | vandens tirpalg ir 3 minutes disperguoti ultragarsu. Taip apdorotas ANV
tirpalas buvo jpiltas | LSSCK misinj ir maiSomas 3 minutes. Paskutiniame mi$inio
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paruosimo etape buvo jdéta aerogelio daleliy ir maiSoma dar 2 minutes. ANV jmaisa
modifikuoto cementiniy kompozity misinio sudétys pateiktos 9 lenteléje.

9 lentelé. LSSCK misinio, modifikuoto anglies nanovamzdeliais, sudétys, kg/m®
I11-A etapas)

g e
o Pt n
2 v o | . |EE& g |2 0
3 £ 5 S | 89S 8 = S g ©
c g o P E S = = on kS S ©
S s o > X o o ° L2 N c
g £ = Z =02 o ST | = s !
hZ O < 2+ 5 o S >
= b= o S 2]
= n
LWC 4545 315 |0 34,5+54+34 | 4545 | 8,181 | 1,3635 | 325

+ 40
LWCCNT | 4545 | 31,5 | 0,04 | 34,5+54+34 | 4545 | 8,181 | 1,3635 | 325
0,04 +40
LWCCNT | 4545 | 315 | 0,1 | 345+54+34 | 4545 |8,181 | 1,3635 | 325
0,1 +40
LWCCNT | 4545 | 315 | 0,15 | 34,5+54+34 | 45,45 | 8,181 | 1,3635 | 325
0,15 +40
LWCCNT | 4545 | 31,5 | 0,30 | 34,5+54+34 | 45,45 | 8,181 | 1,3635 | 325
0,30 +40
LWCCNT | 4545 | 31,5 | 0,45 | 34,5+54+34 | 45,45 | 8,181 | 1,3635 | 325
0,45 +40
LWCCNT | 4545 | 315 | 0,60 | 345+54+3 | 4545 |8,181 | 1,3635 | 325
0,60 4+ 40

ANV modifikuoty LSSK bandiniy f. pateiktas 11 paveiksle. Tyrimo rezultatai
rodo, kad ANV priedas turi reikSmingos jtakos LSSCK mechaninéms savybéms.
LSSCK gniuzdymo stipris fc nuolat didéja, kai jdedama didesné ANV dalis. LSSCK
su 0,60 % ANV priedo nuo cemento masés padidino f. 41,48 %. Tikétina, kad dél
patobulintos LSSCK mikrostrukttiros ir ANV kaip kristalizacijos centry formavimo
poveikio padidéja gniuzdymo stipris. SEM vaizde buvo pastebétas C-S-H naujadary
buvimas aplink ANV, i§ kurio matyti ANV kaip kristalizacijos centro poveikis.

LSSK bandiniy su iki 0,60 % ANV priedu vandens jgério kinetika parodyta
12 paveiksle. ISmatuotas kontroliniy méginiy vandens sugertis po 24 ir 48 valandy
panardinimo j vandenj buvo 32,33 % ir 34,33 %, kuris sumazéjo iki 28,86 % ir
30,42 % esant 0,6 % ANV jmaiSos kiekiui nuo cemento masés. Palyginti su
kontroliniu bandiniu, ANV jmaiSa sumazino vandens jgéri iki 12 %. Sumazg&jusj
vandens jgér] galima paaiskinti sumazéjusiu mikropory kiekiu ir tankesne betono
struktiira.
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12 pav. LSSCK vandens sugertis priklausomybé nuo jdedamo ANV kiekio
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10.0um

13 pav. SEM nuotraukos, parodancios hidratacijos produkty (adatos formos etringito bei
kalcio hidrosilikaty) ir anglies nanovamzdeliy buvima aerogelio ir cementinés medziagos
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SEM tyrimo rezultatai rodo, kad ANV jmaiSos panaudojimas nedideliais
kiekiais padéjo pagerinti SRUKZ, kaip matyti 13 paveiksle. Cemento hidratacijos
produktai ir ANV uzpildé atskyrimo tarpus tarp hidrofobinio silicio aerogelio ir
sukietéjusio cemento akmens. 14 paveiksle matyti, kad anglies nanovamzdeliai buvo
homogeniskai iSmaiSyti LSSCK. Esant dideléms ANV koncentracijoms, kompozito
strukttiroje buvo pastebétas j tinkla panasus pasiskirstymas. 14 paveiksle taip pat
parodytas ANV kaip kristalizacijos centry poveikis, o C-S-H naujadary susidarymg
galima aiSkiai pastebéti aplink ANV daleles.

15.0K’ S50k 5.0kV SE e
14 pav. SEM nuotraukos, parodané¢ios ANV poveikj LSSCK mikrostruktarai, taikant
ivairy didinima

1.3.2. LSSCK mechaniniy, SRUKZ ir vandens jgério savybiy gerinimas
naudojant grafeno nanoploksteles

LSSCK misiniy paruo$imui buvo naudojami trys skirtingi GNP storiai, kuriy
dozavimo diapazonas buvo nuo 0,025 % iki 0,50 % cemento masés. LSSCK
misiniuose buvo palaikoma pastovi lengvojo uzpildo koncentracija, o GNP kiekiai
didinami nuo 0,025 % iki 0,5 % nuo cemento masés. Naudoti 0,1-0,3 mm, 0,25—
0,5 mm, 0,5-1 mm, 1-2 mm, 2-4 mm, 4-8 mm frakcijy putstiklio uzpildai, ir 0,5
2 mm dydZio aerogelio dalelés taip pat buvo naudojamos kaip lengvieji uzpildai.

Vandens ir riSiklio santykis buvo i$laikomas pastovus — 0,48. Taikytas GNP
storis buvo 2nm, 6-8nm ir 11-15nm. LSSCK mi$iniy sudétys pateiktos
10 lentel¢je. Pirmajame etape GNP buvo issklaidytas su visu vandens ir
superplastifikatoriaus kiekiu, disperguojant ultragarsu 3 minutes. Paskui ceolito
milteliai, cementas ir putstiklio uzpildai buvo maiSomi rankiniu badu 2 minutes.
Tada j miSinj buvo jpilas ultragarsu disperguotas GNP tirpalas ir §velniai maiSomas
dar 2 minutes. Paskutiniame maiSymo etape buvo panaudota aerogelio dalis ir
maiSoma dar 1 minutg. Aerogelio dalelés buvo sumaiSytos paskutiniame tyrimo
etape, kad biity iSvengta maksimalaus aerogelio daleliy suskaldymo. Nustacius
$viezio LSSCK misinio savybes, i§ kompozito buvo suformuoti 16,0 x 4,0 x 4,0 cm
dydzio bandiniai ir vieng parg laikomi kambario temperatiiroje kietéti. Jgaves
pirminj stiprumg kietéjantis cemento kompozitas buvo laikomas klimatinéje
patalpoje 27 paras, iSlaikant santyking oro drégme >95 ir 20+1 °C temperatiira.
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10 lentelé. Lengvojo cemento kompozito, modifikuoto grafeno nanoplokstelémis,

miSinio sudétis, kg/m® (111-B etapas)

n
2 2,398 2 4

2 = ) T 8 = S

£ = L = E + 2 J'-> 2 = o S »n| O

) 5 | 28279 |5 |8 |Z_|5%| &

= g o e IN =) < O O =l >

Kontrolé 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0 8,7 279,2
2,9+46,6+155,2

2nm0,025% | 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,02 | 8,7 279,2
2,9+46,6+155,2 5

2nm 0,050 % | 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,05 | 8,7 279,2
2,9+46,6+155,2

2nm 0,1 % 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,1 8,7 279,2
2,9+46,6+155,2

2nm 0,25 % 5247 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,25 | 8,7 279,2
2,9+46,6+155,2

2nm 0,50 % 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,5 8,7 279,2
2,9+46,6+155,2

6— 5247 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,02 | 8,7 279,2

8 nm 0,025 % 2,9+46,6+155,2 5

6— 5247 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,05 | 8,7 279,2

8 nm 0,050 % 2,9+46,6+155,2

6-8nm0,1% | 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,1 8,7 279,2
2,9+46,6+155,2

6— 5247 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,25 | 8,7 279,2

8 nm 0,25 % 2,9+46,6+155,2

6— 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,5 8,7 279,2

8 nm 0,50 % 2,9+46,6+155,2

1115nm 0,02 | 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,02 | 8,7 279,2

5 % 2,9+46,6+155,2 5

11- 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,05 | 8,7 279,2

15 nm 0,050 2,9+46,6+155,2

%

11- 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,1 8,7 279,2

15nm 0.1 % 2,9+46,6+155,2

11- 5247 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,25 | 8,7 279,2

15 nm 0,25 % 2,9+46,6+155,2

11- 524,7 | 11,82+13,2+16,70+2 | 10,92 | 58,3 | 0,5 8,7 279,2

15 nm 0,50 % 2,9+46,6+155,2

LSSCK gniuzdymoir lenkimo stipriy fc ir f; duomenys atitinkamai pateikti 15
ir 16 pav. Tyrimo rezultatai rodo, kad GNP jmaiSos panaudojimas ir jos ploksteliy
storis turi didele jtakg LSSCK mechaniniam stipriui; kad cementinio kompozito f.
pageréjo padidinus GNP kieki iki 0,25 % nuo cemento masés. ISmatuota kontrolinio
bandinio f. vert¢ buvo 11,32 MPa, kuri padidéjo iki 15,88 MPa, 15,52 MPa ir
14,92 MPa, panaudojant 0,25 % GNP jmaiSos kiekj, kurios storis atitinkamai 2 nm,
6-8 nm ir 11-15 nm. DidZiausias iSmatuotas gniuzdymo stiprio padidéjimas buvo
apie 43 %, palyginti su kontroliniu bandiniu, kai buvo panaudota 11-15 nm storio
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GNP jmaisa. Taciau smarkiai sumazéjo LSSCK gniuzdymo stipris, kai GNP kiekis
virsijo 0,25 %.
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16 pav. LSSCK lenkimo stiprio priklausomybé nuo GNP kiekio

Lenkimo stipris kito panaSiai kaip ir gniuzdymo stipris, naudojant GNP
jmaiSas. Optimalus cementiniy kompozity, kuriuose panaudotas 2 nm ir 6-8 nm
storio GNP priedas, stiprio lenkiant pageréjimas buvo iSmatuotas esant 0,25 % GNP
kiekiui nuo cemento masés. O §tai 11-15 nm GNP jmaisa sustiprintas LSSCK jgyja
optimaly fy esant 0,1 % jmaiSos kiekiui. Buvo nustatytas beveik 41,8 % cemento
kompozito stiprio lenkiant pageréjimas naudojant 68 nm storio 0,25 % GNP prieda.
Literattiros tyrimai taip pat patvirtina, kad GNP naudojimas cementinéje sistemoje
gali pagerinti mechanines savybes (Arslan etal., 2022; Cao etal.,, 2016).
Mechaninés savybés gali pageréti dél GNP pory uzpildymo ir kristalizacijos centry
susidarymo poveikio (Chen et al., 2019; Du ir Pang, 2015; Matalkah ir Soroushian,
2020). Taciau $iame tyrime taip pat buvo pastebétas cemento kompozity su didesniu
GNP kiekiu mechaniniy savybiy pablogéjimas; §j reiskinj galima paaiskinti
nanomedziagy hidrofilinémis savybémis (Arslan et al., 2022). Sugeriant vandenj nuo
cemento pavirSiaus, GNP hidrofiliSkumas gali uzkirsti kelig cemento hidratacijai
(Barnard ir Snook, 2008; Nazari ir Riahi, 2011). Be to, naudojant didelius
nanomedziagy kiekius, vandens poreikis gali padidéti ir sutrikdyti tolygy
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nanomedZziagy pasiskirstymg, todél pablogéja mechaninés savybés (Chen et al.,
2019). Tikriausiai dél S$iy fakty cementinio kompozito mechaninés savybés
pablogé¢ja virsijant tam tikrus GNP kiekius.

Lengvojo cementinio kompozito vandens jgério (WA) po 24 valandy ir
48 valandy panardinimo } vanden] tyrimo duomenys atitinkamai pateikti 17 ir
18 paveiksluose. Tyrimo rezultatai parodé, kad padidéjus GNP kiekiui LSSCK,
sumazéja lengvyjy cementiniy kompozity vandens sugertis. Po 48 valandy cemento
kompozitas su 2 nm GNP turéjo maziausig jgerto vandens kiekj. Po 24 valandy
cemento kompozity, kuriy GNP storis yra 2 nm, 6-8 nm ir 11-15 nm, vandens
sugertis sumazéjo atitinkamai mazdaug 72,4 %, 56,7 % ir 64,4 %. Sis tyrimas
parodé, kad GNP storis taip pat turi jtakos LSSCK vandens jgériui WA. GNP
dalelés uzpildo cementinio kompozito poras, todél pageréja WA (Chen et al., 2019;
Du ir Pang, 2015).
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SRUKZ tarp aerogelio ir cementiniy medziagy be GNP jmaiSos matoma
19a) paveiksle. Taciau pastebimas SRUKZ pageréjimas tarp aerogelio ir cementiniy
medziagy su GNP jmaisa (zr. 19b) pav.). 20 paveiksle taip pat matoma, kad GNP
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uztikrina pory / tuStumy uZpildymo efektg. Tikriausiai dél Siy reiskiniy pageréjo
cemento kompozito mechaninés ir vandens jgério savybés.

<V x 0 E u
19 pav. SEM nuotraukos, kuriose parodyta: a) aerogelio SRUKZ be GNP jmaiSos;
b) aerogelio SRUKZ su GNP jmaisa

nanoplokstelémis poveikis

2. Pagrindinés iSvados

letapas. 1.1. RiSamuyjy medZiagy, smulkiyjy daleliy ir lengvyju
uzpildy koncentracijos jtakos tyrimai LSSCK fizikinéms, mechaninéms ir
mikrostruktiiros savybéms

Aerogelio naudojimas cementinéje sistemoje zymiai sumazina LSSCK tankj.
Dalinis putstiklio uzpildy pakeitimas aerogeliu (32,04 kg/m?® kiekio) sumazina
cemento kompozito tankj 15,8 %. Aerogelis yra lengvesnis nei putstiklio uzpildai, o
] cemento kompozitg jdéjus aerogelio, padidéja poringumas, todél sumazéja tankis.
Hidrofobinis aerogelis silpniau sukimba su cementinémis medziagomis, o naudojant
32,04 kg/m? ir 42 kg/m? silicinj aerogelj kaip dalinj putstiklio uzpildo pakaitala,
gniuzdymo stipris sumazéja atitinkamai 49,15 % ir 60,70 %.

Naudojant labai lengvus uzpildus, tokius kaip putstiklis ir aerogelis, galima
sukurti LSSCK tankio diapazone nuo 1343 iki 948 kg/m®. Optimizuotas LSSCK
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misinys uztikrina klojuma diapazone nuo 700 iki 820 mm pasklidos ir atitinka
EFNARC 2005 rekomenduojamas SF2 ir SF3 pasklidos klases tankio diapazone nuo
1400 iki 1000 kg/m®. Be to, cementinio kompozito gniuzdymo stipris yra nuo 21,3
iki 12,4 MPa, o tai taip pat rodo, kad jis atitinka rekomenduojamas ACI-213R-03-
2003 (=17 MPa) ir ACI-213R-2014 (>17 MPa) CEB/RILEM (>15 MPa) gniuzdymo
stiprio reikSmes. Taciau LSSCK mikrostruktiiros tyrimas parodé, kad aerogelio
sukibimas su cementinémis medziagomis buvo silpnesnis, 0 SRUKZ buvo pastebéti
atskyrimo tarpai. Be to, naudojant didelius aerogelio ir putstiklio uzpildy kiekius
cementinése sistemose, padidéja vandens jgério rizika.

2 etapas. LSSCK fiziniy, mechaniniy savybiy ir SRUKZ gerinimas taikant
lengvujy uzpildy pavirSiaus padengima polimerinémis dangomis

Pastebéta, kad lengvyjy uzpildy pavirsiy padengus SBR ir skystojo parafino
dangomis, LSSCK misiniy konsistencija kiek pageréja. Pastebétas beveik 6,8 %
konsistencijos pageréjimas, kai LSSK lengvieji uzpildai i§ anksto padengti
polimerinémis dangomis. ISmatuota pasklida buvo 810—732 mm, o tai atitinka SF2 ir
SF3 pasklidos klasiy keliamus reikalavimus. Lengvyjy uzpildy padengimas
polimerinémis dangomis taip pat pagerina SRUKZ kokybe ir sumazina atskyrimo
tarpus tarp aerogelio ir cementinio risiklio. Be to, naudojant polimerines dangas,
bendras poringumas sumazéja 2,9 %, 0 LSSCK vandens sugertis — apie 26 %.
Nustatytas LSSCK gniuzdymo stipris buvo nuo 25,9 MPa iki 17,03 MPa, ir tai
atitinka CEB/RILEM, ACI-213R-03-2003 ir ACI-213R-2014  keliamus
reikalavimus. Naudojant polimerines dangas LSSCK gniuzdymo stipris padidéja
8,4 % ir 15,9 % atitinkamai, kai naudojamos vienasluoksnés SBR arba skysto
parafino dangos.

3etapas. 1.3.  Lengvojo betono mechaniniy, SRUKZ ir vandens jgério
savybiy gerinimas naudojant anglies nanovamzdelius (ANV) ir grafeno
nanoploksteles (GNP)

Pridéjus 0,6 % ANV jmaisos, LSSCK stipris gniuzdant padidéjo beveik 41 %.
Panaudojus ANV LSSK savybiy modifikavimui, nustatyta, kad SRUKZ tarp
aerogelio pager¢jo ir buvo pastebimas didesnis C-S-H naujadary susidarymas. Taip
pat pastebéta, kad ANV uzpildo cementinio kompozito poras, todél pageréja LSSCK
mechaninés ir vandens jgério savybés. ANV priedas sumazina LSSCK vandens jgérj
beveik 12 %.

Nustatyta, kad optimali yra 0,025 % nuo cemento masés GNP jmaisa, kuri
pagerina LSSK gniuzdymo stiprj. Idéjus GNP, iSmatuotas cementinio kompozito
stipris gniuzdant pageréjo beveik 43 %, 0 vandens sugertis sumazéjo 72,4 % (po
24 valandy mirkymo). Be to, GNP priedas pagerina aerogelio ir cementiniy risikliy
SRUKZ dél pory uzpildymo ir kristalizacijos centry susidarymo.
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ARTICLE INFO ABSTRACT
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Low energy consumption buildings is one of effective responses to the challenge of climate change. Light-
weight c t-based posites with llent thermal insulation and mechanical properties are sustainable
building materials for energy-efficient buildings. In this study three different types of lightweight thermal insu-

Silica aerogel § % e . .
Thmogxfphy lating materials, namely expanded glass aggregates, silica-aerogel, and prefabricated plastic bubbles, were
SEM and XRD tested as aggregates and fine fillers. Four different series of concrete ples were prepared using expanded

glass aggregates, fly ash, prefabricated plastic bubbles, and aerogel to investigate the mechanical properties of
lightweight/ultra-lightweight concrete. Scanning microscopy, thermography, semi-adiabatic calorimetry tests
and XRD analysis of concrete samples were performed to analyse the effect of aerogel particles on the hydra-
tion process of lightweight/ultra-lightweight concrete. The results show that replacement of up to 15% of ce-
ment by aerogel particles cause the compressive strength of concrete to drop by more than 42%. Less than
800 kg/m?® density of concrete can be reached when a higher content of aerogel particles is used in combina-
tion with expanded glass aggregate. Separation gaps observed between the aerogel and swrrounding cementi-
tious materials indicate lower bonding of aerogel particles. Fly ash and prefabricated plastic bubbles were

found to be very beneficial for the production of flowable lightweight/ultra-lightweight concrete.

1. Introduction

A growing concern about the environment and the global warming
demand for more sustainable and energy saving building materials.
Various researchers have estimated that energy consumption in build-
ings in some countries reaches 35-40% [1,2], and that justifies the
need for high building insulation standards. The building sector also is
one of the major producers of greenhouse gasses [3], which have
tremendous negative effects on the environment. According to the
global status report of 2017, the annual global building-related carbon
emissions were estimated around 9.0 gigatons of CO; in 2016, where
2.8 Gt CO, was emitted directly from buildings and 3.7 Gt CO» was
emitted from building construction. Heat preservation and building
insulation are the most effective ways to reduce the total energy con-
sumption in buildings. Various insulating materials are used for the
thermal insulation of buildings and also for the preparation of light-
weight thermal insulating concrete. The type of fillers and aggregates
used, and the unit weight of cementitious materials are the key factors
determining the thermal behaviour of insulation [4]. A lower unit

* Corresponding author.

weight of cement-based material leads to better performance of ther-
mal insulation [5]. Therefore, the choice of suitable lightweight ag-
gregates/fillers for producing lightweight cement-based composites is
of prime importance. In the last decades, a lot of studies investigated
the lightweight/ultra-lightweight concrete and thermal insulation ma-
terials containing expanded polystyrene [6-10], polyurethane [11-
13], expanded glass aggregates [14,15] pumice [16-18], diatomite
[19-22], scoria [23,24], expanded clay [25,26], etc. Fly ash is a light-
weight pozzolanic material having a lower loose density than cement,
thus it is very useful for producing lightweight concrete. Recently,
many studies have been carried out on fly ash based lightweight con-
crete [27,28]. Nowadays, aerogel is gaining popularity in the con-
struction sector for its excellent thermal insulation properties. There
are various types of aerogel: graphene aerogel [29], silica aerogel
[30,31], carbon aerogel [32], cellulose aerogel [33]; of these silica
aerogel is more easily and widely available in the market. In the
1930s, Samuel Stephens Kistler first produced silica aerogels [34].
Aerogel is a highly insulated and lightweight material that can be
used in buildings for many purposes. Aerogel is almost three times
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denser than air and has very high porosity; this material, can have
porosity above 95%. Large aerogel particles consist of a network of
mesoporous (~50 nm in diameter) and microporous (5-10 nm in di-
ameter) particles; to put it simply, large aerogel particles are aggrega-
tions of small nanoparticles [35]. According to the data, 30% of heat
losses of buildings occur due to inappropriate thermal insulation tech-
niques [36]. Traditionally, extruded polystyrene board, expanded
polystyrene panels, glass felts, polyurethane foam, etc. are used for
the thermal insulation purposes of building envelopes, which have
lower fire resistance, lower strength properties, but poor hydrophobic-
ity [37]. Therefore, ultra-lightweight/lightweight aerogel concrete can
be the best alternative for traditionally used thermal insulation of
building envelopes. In the last few years various researchers con-
ducted studies to develop different forms of aerogel insulating materi-
als for the improvement of building insulation. Ibrahim et al. showed
in his study that aerogel insulating coating for the exterior wall had
better performance than any other thermally insulating materials
[38]. Sughwan Kim et al. achieved thermal conductivity of 0.135 W/
(m K) by incorporating aerogel into cement paste [39]. Normally,
aerogel has thermal conductivity of about 0.010-0.020 W/mXK de-
pending on the preparation conditions [40,41]. However, in contrast
to good thermal properties, aerogel has poor mechanical properties
and is a very brittle material. Some large aerogel particles might be
broken during the mixing process [42]. Therefore, it is very hard to
achieve a higher strength in low density aerogel concrete. Fickler et
al. [43] used silica aerogel granules and achieved 3.0 MPa and
23.6 MPa compressive strength with 0.16 W/mK and 0.37 W/mK
thermal conductivity respectively. Gao et al. developed aerogel con-
crete containing 60% of aerogel with compressive strength of
~8.3 MPa and thermal conductivity of ~0.26 W/mK [35]. Aerogel
particles can be mixed reasonably well with cement before and after
water is added, and that contradicts to the requirement to pre-treat
aerogel particles with methanol reported by Kim et al. [39]. Hanif et
al. reports the findings of research into the microstructure of cementi-
tious composites incorporating aerogel and fly ash and proves that the
composites have a porous inner structure [27].

In this study, a series of concrete samples were prepared to ob-
serve the effect of the quantity of fly ash, prefabricated plastic bubbles
and aerogel particles on the properties of ultra-lightweight concrete.
As the flowability and strength of concrete were given priority in this
study, all types of concrete samples were made flowable. Besides the
mechanical properties, the chemical analysis was also carried out to
investigate the influence of aerogel particles on lightweight concrete.

2. Experimental details
2.1. Materidls used in lightweight concrete

Ordinary Portland cement of grade CEM 1 42.5R, satisfying the re-
quirements of standard EN 197-1:2011 [44], and fly ash, satisfying
the requirements of standard EN 450-1:2012 [45], were used as bind-
ing materials for the preparation of lightweight/ultra-lightweight con-
crete. Expanded glass aggregates, which satisfied the requirements of
standard EN 13055-1:2002 + AC:2004 [46], 1-2 mm irregularly
shaped silica aerogel with bulk density of 70 kg/m® and holding the
approval No. Z-3.212-1948 from German Institute of Construction
Technology (DIBt), and Acrylonitrile-Polymer based prefabricated
plastic bubbles with 135 kg/m® bulk density were used as aggregates.
Combinations of four different sizes of 0.01-0.3 mm, 0.25-0.5 mm,
0.5-1.0 mm and 1-2 mm of expanded glass aggregates were used in
the concrete mixture. The physical properties of expanded glass aggre-
gates are given in Table 1. Polycarboxylate ether polymer-based su-
perplasticizer MasterGlenium SKY 8700 and stabilizer MasterMatrix
SDC 100 were used as a chemical admixture in this study. Superplasti-

Journal of Building Engineering 31 (2020) 101399

Table 1
Physical properties of expanded glass aggregate used in lightweight concrete.

Designation Standard Expanded glass aggregate size
0.1-03mm 0.25-050mm 0.5-1 mm 1-2mm
Bulk density in  EN 1097-3 400 340 270 230
kg/m®
Compressive EN 13055-1, 2.8 25 23 2
strength A annex
(+15%)
Thermal EN 0.0767 0.0767 0.0713 0.0663
conductivity  12939:2002
in W/(m-k)
(+£0.02)
Water EN 1097- 25 25 20 20
absorption %  6:2002
by mass C annex
(absorption
9% after 24 h
submerged in
‘water)
Specific density 2.3 23 23 23
pH value 911
Softening point 700 °C/1300 °F (approximately)
Color Cream white

cizer and stabilizer were added to all types of concrete samples by
weight of cement at 1.8% and 0.3% respectively.

2.2. Preparation of lightweight concrete

Four series A, B, C, D of concrete samples were prepared maintain-
ing a constant water/binder ratio of 0.65. Series A samples were pre-
pared to investigate the influence of fly ash content in the preparation
of lightweight concrete. Fly ash was used as cement replacement
ranging from O to 30% by weight of cement and the best result was
used in the preparation of series B, C, and D of concrete samples. Sim-
ilarly, series B and C were prepared to investigate the effect of prefab-
ricated plastic bubbles and aerogel particles on the properties of ultra-
light concrete. In series B samples prefabricated plastic bubbles were
replaced by 0.01-0.3 mm expanded glass aggregate, the amount of
which ranged from 0 to 10 kg/m°. In series C samples 1-2 mm ex-
panded glass aggregates were replaced by aerogel. The aerogel parti-
cles were added to the mixture at 15%, 30%, 45%, and 60% by vol-
ume of total aggregate content. In series D samples the best quantity
of fly ash and prefabricated plastic bubbles were used. All concrete
samples were mixed by hand. The composition of concrete samples is
shown in Table 2. At first, expanded glass aggregate, cement, fly ash
and prefabricated plastic bubbles were mixed together. Then, 90% of
the total water was mixed into the concrete mixture for 1 min, there-
after, the rest 10% of the water mixed with superplasticizer and stabi-
lizer was added to concrete mixture and mixed for 40 s. Afterwards
flowability tests of the paste were done. Aerogel particles are very
brittle in nature and can easily break into pieces during the mixing
process. For this reason aerogel particles were mixed in the last stage
of the mixing process. At first, the aggregates, the binding material,
water, and chemical admixtures were mixed thoroughly by hand and
then aerogel particles were gently mixed in for another 20-30 s by
hand. The mixing process was immediately followed by flowability
tests of all concrete mixtures. Thereafter, concrete samples were
molded into 16.0 X 4.0 X 4.0 cm size prisms and kept for 24 h at
room temperature to set. After the setting process, all concrete sam-
ples were demolded and kept water immersed in the climatic chamber
(Temperature: 20+ 1 °C, RH: more than 95%) until the 28 day of the
hardening process.
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Table 2
Mixing composition of lightweigh samples, Materials for 1 m® of concrete.
Series  Cement Aerogel Airsolid  Aggregate (1/2 + 1/0.5 + 0.5/0.25 + 0.01/0.3) Flyash Superplasticiser  Stabilizer  Water (w/b = 0.65)
1.8% 0.3%
A-1 500 - - 138 + 54 + 34 + 40 - 9 15 325
A-2 454.5 - - 138 + 54 + 34 + 40 45.45 8.181 1.3635 325
A-3 416.7 - - 138 + 54 + 34 + 40 83.34 7.50 125 325
A-4 385 - - 138 + 54 + 34 + 40 1155 6.93 1.155 325
B-1 454.5 - 2 138 + 54 + 34 + 34 45.45 8.181 1.3635 325
B-2 454.5 - 4 138 + 54 + 34 + 28 45.45 8.181 1.3635 325
B-3 454.5 - 6 138 + 54 + 34 + 22 45.45 8.181 1.3635 325
B-4 454.5 - 8 138 + 54 + 34 + 16 45.45 8.181 1.3635 325
B-5 454.5 - 10 138 + 54 + 34 + 10 45.45 8.181 1.3635 325
c1 454.5 105 - 103.5 + 54 + 34 + 40 45.45 8.181 1.3635 325
c-2 454.5 21 - 69 + 54 + 34 + 40 45.45 8.181 1.3635 325
c3 454.5 315 - 345+ 54 + 34 + 40 45.45 8.181 1.3635 325
C-4 454.5 42 - 0+54 + 34 + 40 45.45 8.181 1.3635 325
D-1 454.5 105 8 1035 + 54 + 34 + 16 45.45 8.181 1.3635 325
D-2 454.5 21 8 69 + 54 + 34 + 16 45.45 8.181 1.3635 325
D-3 454.5 31.5 8 345+ 54+ 34+ 16 45.45 8.181 1.3635 325
D-4 454.5 42 8 0+54 + 34 + 16 45.45 8.181 1.3635 325

3. Results and discussion
3.1. Flowability test of lightweight concrete

The selection of aggregates plays a predominant role in achieving
the desired slump flow, rheological parameters and plastic viscosity of
concrete. Ostrowski et al. showed in his studies that the shape of
coarse aggregate remarkably influences the rheological parameters of
concrete. Coarse aggregates of regular shape and low friction angle
lead to higher flowability concrete compared to coarse aggregates of
irregular shape and bigger friction angle [47]. Harini et al. showed
that mortar made of irregular shape fine aggregates increased the un-
compacted void content. A higher percentage of uncompacted voids
decrease the slump flow of the mortar. The mortar with high fine ag-
gregate content also has lower flowability [48]. The flowability of
concrete was determined using the flow table test, satisfying the re-
quirements of standards EN 12350-5:2009 [49] and GOST (23789-
85), and Stuart viscometer. The dimensions of the flow table and
cylindrical Stuart viscometer are given in Fig. 1. Both tests were per-
formed three times for each concrete sample and the mean value was
taken as a result. The study revealed that the flowability of concrete
increases with the increase of fly ash and prefabricated plastic bubble
content in the mixture. The results of the flowability test of concrete
samples are shown in Table 3. It has been proven by research that fly
ash increases the flowability of concrete and slows down the hydra-
tion process [50]. Aerogel particles (of irregular shape) incorporated
in concrete sample of Series C reduce the flowability of lightweight

Internal diameter 50 mm

concrete, whereas the combination of aerogel particles and prefabri-
cated plastic bubbles (of regular shape) mixed into lightweight con-
crete samples of Series D give better flowability results compared to
Series C concrete samples.

3.2. Strength, density and thermal conductivity of lightweight concrete

Compressive and flexural strength is one of the most important
properties of concrete. Compressive and flexural strength of light-
weight concrete samples was measured on the 7 and 28" days of the
curing process according to the requirements of standard EN 196-
1:2016 [51]. The resistance demonstrated by the material without un-
dergoing failure or changing its shape or form under the compressive/
flexural loading is termed as compressive/flexural strength. Normal
conventional concrete subjected to heavy loading has high strength
properties. Concrete density and the type of materials used are some
of the most important factors for the compressive strength of light-
weight concrete. Usually, concrete strength decreases with density
[52]. In the study described herein the lightweight/ultra-lightweight
concrete was prepared using aerogel particles and expanded glass ag-
gregates. Both materials are lightweighted and have lower strength
properties. These factors directly affect the strength properties of
lightweight concrete. The compressive strength of Series A concrete
samples decreased with the higher content of fly ash used to replace
cement. The flexural strength of concrete samples also decreased with
the addition of fly ash. The strength drops with the addition of fly ash
because fly ash delays the hydration process. 30% replacement of fly

g
8
= 300 mm |
5
7}
o=l
——————
S
Internal diameter 50 mm
Sutard viscosimeter Flow table
Fig. 1. Di of Sutard vi r and flow table.
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Table 3
Flowability of lightweight concrete samples.

Series Sutard Flow table Series Sutard Flow
viscosimeter test, cm viscosimeter, table
test, em cm test, cm

Series A-1 16.5 21 Series C-1 16.5 21

A C
A-2 169 21 C-2 165 20
A-3 20 23 C-3 155 189
A-4 205 234 C-4 145 18.4
Series B-1 17 21 Series D-1 19 22
B D
B-2 17 21.2 D-2 185 22.1
B-3 17.8 22 D-3 175 20.5
B-4 18 224 D-4 17 20
B-5 185 229

ash reduced the compressive strength by 44.2% and 34.4% on the 7%
and 28 days of the hydration process respectively. Concrete samples
of Series B also showed very similar results: the compressive strength
decreased with the addition of a higher amount of prefabricated plas-
tic bubbles. Interestingly, prefabricated plastic bubbles showed better
results on the flexural strength properties: the flexural strength value
decreased less than the compressive strength value. The addition of
prefabricated plastic bubbles at 10 kg/m® reduced the compressive
strength of the samples by almost 23.15% and the density by 4.7% on
the 28% day of hydration process. The replacement of cement by both
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fly ash and prefabricated plastic bubbles in concrete samples helps to
produce concrete with lower density. Aerogel added from 15% to 60%
into lightweight concrete reduces the compressive strength from
42.8% to 60.7% and density from 3.7% to 11.6% on the 28 day of
the hydration process. The compressive strength drops more than den-
sity in concrete samples of Series D, where both aerogel and prefabri-
cated plastic bubbles are used. The results show that a higher content
of aerogel in concrete can decrease the density to less than
800 kg/m?®. The results of compressive strength, flexural strength, and
dry density of lightweight concrete samples on the 7% and 28% day of
curing are given in Table 4. Fig. 2 illustrates that the strength proper-
ties of lightweight concrete incorporating aerogel reduced drastically
with the decreasing density of concrete. Literature studies confirm
that lightweight cementitious composites incorporating aerogel have
very low strength properties [34,53-55]. The specific strength of con-
crete sample A-1 was calculated 14.15 kN m/kg and it drops to
9.68 kN m/kg by using 30% replacement volume of fly ash. Similarly,
from 2 kg/m? to 10 kg/m?® prefabricated plastic bubbles added light-
weight concrete reduces specific strength from 13.9 kN m/kg to
10.84 kN m/kg. Interestingly, aerogel added from 15% to 60% into
lightweight concrete reduces specific strength from 7.99 kN m/kg to
5.98 kN m/kg due to its lower strength and adhesive properties. Ther-
mal conductivity of concrete samples was calculated according to EN
1745:2012. The thermal conductivity of lightweight concrete de-
creased along with decreasing dry density of concrete. The thermal
conductivity results of lightweight concrete samples are given in
Table 4. Thermal conductivity of lightweight concrete depends on

Table 4
Investigation results of compressive strength, flexural strength and density of lightweight concrete samples.
Series 7% day strength test 28% day strength test Dry density, kg/m® Thermal conductivity [W/(m.K)]
Compressive strength, MPa  Flexural strength, MPa  Compressive strength, MPa  Flexural strength, MPa
Series A A-1 9.32 25 122 2,68 862.4 0.356
A2 82 2.3 11.4 256 848.0 0.348
A-3 6.92 2.2 10 21 834.5 0.345
A-4 52 1.9 8 2.04 826.4 0.342
SeriesB B-1 7.9 2.36 116 2.69 834.8 0.348
B-2 76 2.31 11.1 258 829 0.342
B-3 7.0 227 10.22 252 823 0.340
B-4 6.41 22 9.33 248 818.6 0.338
B-5 593 1.9 8.76 212 808.3 0.333
SeriesC C-1 572 17 6.52 238 816 0.337
C-2 588 1.84 6.40 201 793 0.328
Cc-3 332 1.11 4.8 1.61 7745 0.322
C-4 32 1.097 4.48 1.45 749.5 0.314
SeriesD D-1 5.66 1.91 7.88 2,01 815 0.336
D-2 458 119 5.06 1.64 7433 0.312
D-3 3 1.06 4.04 14 7334 0.310
D-4 256 0.89 3.72 1.29 7135 0.302
50
45 Qiang Zeng et al. [53] °
£ 40 @S Fickler etal. [43]
E, 35 ® Ahhas Nadir, ef al [54]
? 30 @ Li Pengwei, et al. [55]
£ 25 ® aerogel concrete series C
®
£ 2 s
z
g 1 & . e
E‘ 10 L[] Y
S
o 5 b
0 eo o
0 500 1000 1500 2000 2500
Density, kg/m3
Fig. 2. Rel hip between compressive strength and density of cementitious materials incorporating aerogel.
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various parameters, such as moisture content, aerogel content, poros-
ity, cement content, etc. [56]. The results show that the thermal con-
ductivity of aerogel incorporated lightweight concrete samples C-1, C-
2, C-3 and C-4 are 0.337 W/m-K, 0.328 W/m-K, 0.322 W/m-K, and
0.318 W/m-K. While the thermal conductivity of without aerogel con-
tent concrete sample A-1, A-2, A-3 and A-4 are 0.356 W/mK,
0.348 W/m'K, 0.345 W/m-K and 0.342 W/m K. The study infer that
the thermal insulation properties of lightweight concrete enhanced
with aerogel and prefabricated plastic bubbles.

3.3. Semi-adiabatic calorimetry test of lightweight concrete

Fig. 3 shows a semi-adiabatic temperature rise of cement mortar
samples with and without fly ash with various doses of aerogel parti-
cles. The test was cairied out to understand the influence of aerogel
particles on the hydration process of concrete. Table 5 shows the mix-
ing composition of cement paste samples. The setting time of Portland
cement retarded when fly ash was mixed in the cement paste (samples
S2, S5 and S6). The longer setting time could be explained by the rate
of pozzolanic reaction. Similar results were obtained by Yilmaz et al.
[57]. The addition of aerogel particles did not have a significant effect
on the setting time of Portland cement (samples S3 and S4). The set-
ting times on unmodified cement paste remain almost stable, but the
setting time is slightly retarded when a portion of cement is replaced
by fly ash. This finding indicates that aerogel particles are slightly re-
active with cementitious materials (see Fig. 4).

3.4. Simul thermal

lysis of lightweight concrete

Simultaneous thermal analysis was performed on a thermal
analyser LINSEIS STA PT-1000 (Germany), which analyses the weight
change and heat flow of the sample as a function of time or tempera-
ture under controlled atmosphere. The following DSC-TGA parameters
were used: the rate of temperature increase was 10 °C/min, the tem-
perature range was 25-945 °C, the standard platinum crucible was
used, the atmosphere in the furnace was nitrogen, the weight of the
sample was 10 mg, the accuracy of measurement was + 3 °C. DSC-
TGA was performed for samples A-1, A-2, C-1, C-2, C-3 and C-4 on the
28™ day of concrete hydration process. A-1 is the designation of con-
crete prepared without fly ash and A-2 is the designation of concrete
prepared with fly ash. Concrete samples C-1, C-1, C-2, C-3, and C-4
have various doses of aerogel particle with a constant fly ash content.
Concrete series B and D were prepared with prefabricated plastic bub-
bles; therefore, DSC-TGA analysis was done only with series A and C.
Fig. 5 and Fig. 6 show the DSC and TGA curves of lightweight con-
crete samples. The first endothermic peak observed at 102.1 °C,
100.9 °C, 98.6 °C, 102.1 °C, 98.5 °C and 102.1 °C for concrete samples

Temperature, °C
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A-1, A2, C-1, C-2, C-3, and C-4 indicates the drying process of con-
crete when physically bound water is driven out. The second en-
dothermic peak indicates the formation of calcium silicate hydrate by
the loss of water at the peak of 140.7 °C, 138.9 °C, 140.6 °C, 140.3 °C,
137.7 °C, and 139.2 °C. The weight loss of samples A-1, A-2, C-1, C-2,
C-3 and C-4 due to water loss was 11.2%, 10.6%, 8.05%, 7.09%,
7.5%, and 7.8% respectively. The endothermic peak of concrete sam-
ples at 443.3 °C, 442.4 °C, 446.6 °C, 450.3 °C, 449 °C, 452.8 °C indi-
cates the dehydration of calcium hydroxide (portlandite). The weight
loss due to dehydration of portlandite was 1.71%, 1.52%, 2.15%,
2.63%, 2.36% and 2.80% for samples A-1, A-2, C-1, C-2, C-3, and C-4
respectively. The endothermic peak ranging from 620.3°C to 688.7 °C
denotes the dehydration of calcium carbonate (CaCOs). The weight
loss in concrete samples due to dehydration of calcium carbonate was
1.04%, 1.82%, 1.80%, 2,0%, 1.77% and 2.04%. The peak at 830 °C in
lightweight concrete samples incorporating aerogel indicates the pres-
ence of C-S-H. The peak of C-S-H at 830 °C was observed when aero-
gel was used in the lightweight concrete and the temperature in-
creased with the increasing volume of aerogel particles.

3.5. X-ray diffraction analysis of lightweight concrete

The X-ray diffraction analysis was performed with X-ray diffrac-
tometer DRON-6 with Bragg-Brentano geometry using Ni-filtered Cu
Ka radiation and graphite monochromator, operating with the voltage
of 30 kV and emission current of 20 mA. The step-scan was performed
from the angular range 2°-70° (20) and each step of 20 was 0.02".
Concrete samples A-1, A-2, C-1, C-2, C-3, and C-4, made of cement, fly
ash, aerogel, and expanded glass, were crushed and converted to pow-
der to perform the X-ray diffraction analysis. Figs. 6 and 7, Fig. 8, Fig.
9, and Fig. 10 show the X-ray diffraction pattemns of aerogel, Portland
cement, fly ash, expanded glass aggregate and lightweight concrete
samples A-1, A-2, C-1, C-2, C-3, and C-4. X-ray diffraction pattern of
silica aerogel confirmed the amorphous nature of silica aerogel. In the
range of 20°-30° one broad peak was observed in the pattern without
any narrow peaks. X-ray diffraction of concrete samples shows that
the intensity of ettringite near 8° decreased with the increasing con-
tent of aerogel in the concrete samples. Similarly, the intensity of hy-
drotalcite near 12° reduces after the aerogel particles are incorporated
in concrete samples. This reduction of ettringite and hydrotalcite
peaks could be explained by the partial dissolving and reaction of
aerogel during Portland cement hydration. Aerogel of amorphous na-
ture is expected to be reactive and it can partially dissolve in contact
with Portland cement paste. Literature studies confirm that aerogel
particles partially dissolve and react with cement during the hydra-
tion process [58].

(] 500 1000 1500 2000
Time. minute
e S-2 S-3 S-4 ——S5 S-6

Fig. 3. Hydration of cement paste containing fly ash and aerogel.
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Table 5
Mixing composition of cement paste for the semi-adiabatic calorimetry test.

Sample Cement, g Aerogel, g Fly ash, g Water, g
s-1 100 = 35
s-2 100 - 10 35
s-3 100 21 = 35
S-4 100 42 - 35
s-5 100 21 10 35
-6 100 4.2 10 35

3.6. Scanning electronic microscopy (SEM) of lightweight concrete

Scanning electronic microscopy analysis was carried out for aero-
gel particles and concrete samples A-1, A-2, C-2, C-4, and D-1. A high-
resolution electronic microscope FEI Quanta 200 FEG with Schottky
field emission gun (FEG), an energy-dispersive X-ray spectrometer
(EDS) with a silicon type drift droplet detector were used for this
analysis. The image of plain aerogel in Fig. 11 clearly illustrates that
it is a very brittle material having cracks on the surface in the
nanoscale, which lead to lower strength properties. The compositional
analysis of aerogel revealed that those particles are mainly silica/sili-
cates. The SEM image of concrete incorporating aerogel particles
clearly shows the distribution of irregular shaped aerogel particles.
Clean and smooth aerogel particles in concrete samples also indicate
that no degradation of aerogel particles occurs in the hydration

Journal of Building Engineering 31 (2020) 101399

process of the binding materials. During the hydration process of ce-
mentitious materials, aerogel particles are found to be fairly stable. A
similar phenomenon was observed by Gao et al. [35]. However, semi-
adiabatic calorimetry test and XRD analysis confirmed that aerogel re-
acts slightly with cementitious materials. Literatures studies show that
aerogel particles partially dissolve in alkaline environment due to the
hydration of cement mortar, aerogel reacts with pore solution and
forms C-S-H with low Ca/Si ratio [58]. Interestingly, several separa-
tion gaps between aerogel particles and suirounding concrete materi-
als were identified in lightweight concrete samples on the nanoscale
level. That indicates lower binding properties of aerogel particles. The
separation gap of aerogel particles and the surrounding cementitious
material are shown in Fig. 11 (b). Water and/or air can be easily
transported through the gap between aerogel and swrrounding cemen-
titious materials. Needles of ettringite and honeycomb structure of C—
S-H can be clearly seen in the microscopy of concrete samples. This
can be explained by the presence of silica in aerogel. It should be
noted that a higher amount of C-S-H phase was found in concrete
sample C-4. The presence of C-S-H phase in concrete helps to develop
better strength properties. Concrete sample microscopy image in Fig.
12 also shows the sizes and good binding properties of prefabricated
plastic bubbles in lightweight concrete. The distribution of aerogel
particles and minerals in concrete sample are shown in Fig. 13 and
Fig. 14.
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Fig. 7. X-ray diffraction pattern of Portland cement. Notes: A-alite CassMgAl>Si16Q0o0 (13-272); L—belite CapSiO4 (33-302); B—brownmillerite Cas (Al, Fe), Os

(30-226).
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Fig. 8. X-ray diffraction pattern of fly ash. Notes: Ca — (CaO) calcium oxide (82-1690), Mg — (MgO) magnesium oxide (78-430), Q — (SiO,) quartz (83-539), Cs —
(Ca(S0),) calcium sulfate (80-787), P — (Ca(OH),) portlandite (1-837), Ce — (Ca(CO)3) calcium carbonate (1-837), G — (Ca, Al(AlSiO;)) gehlenite (79-1726), L —

(Ca,Si0,) belite (24-37).
4. Conclusions

This study analyses the feasibility of using aerogel particles, fly ash
and prefabricated plastic bubbles to produce lightweight/ultralight-
weight flowable concrete. The following conclusions can be drawn on
the basis of the results obtained:

1. The content of fly ash in concrete plays an important role in the
production of lightweight flowable concrete. Fly ash increases the
flowability, slows down the hydration process and reduces the
strength properties of concrete. Fly ash added to the concrete
mixture at 30% by weight of cement reduces the compressive

102
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strength of lightweight concrete incorporating expanded glass
aggregates by almost 34.42%.

. Proper utilization of prefabricated plastic bubbles can be very

beneficial to produce flowable lightweight/ultra-lightweight
concrete. They help to improve the workability and slightly
decrease the density of lightweight concrete.

Aerogel is a lightweight and excellent insulating material, which
is beneficial to produce lightweight concrete with good thermal
insulation properties. Combinations of expanded glass,
prefabricated plastic bubbles and aerogel can be used as
lightweight aggregates in the construction industry to produce
thermally insulating lightweight/ultra-lightweight  flowable
concrete. The thermal conductivity of lightweight concrete series-
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Fig. 9. Xray diffraction pattern of expanded glass aggregates.
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Fig. 10. Xray diffraction pattem of lightweigh samples aerogel particles.

Notes: P — Ca(OH) portlandite (1-837), K —Ca;.5Si Ogs*x H20 calcium silicate hydrate (33-306), Ce — Ca(CO)s calcite (24-27), A — alite CassMgAlsSii6000 (13—
272); L - CasSi04 belite (33-302), E - ettringite CasAlx(S04)a(OH);226H,0 (41-1451), H — hydrotalcite MgsAloCOgs(OH)12CO3 (H20)3)0.5 (70-2151).

Fig. 11. (a) Cracks in aerogel particles on microscale level; (b) separation gap between aerogel particle and cementitious material, concrete sample C-2.

A without aerogel content varies 0.356 W/m«K to 0.342 W/m-K.
While the thermal conductivity of lightweight concrete enhanced
by the addition of aerogel and prefabricated plastic bubbles.
Concrete sample D-4 made with high volume of aerogel particle
and prefabricated plastic bubbles show the lowest thermal 0.
302 W/m-K.

. A higher volume of aerogel particles in the concrete reduces the
concrete density and strength properties. 60% content of aerogel
particles reduces the compressive strength of lightweight concrete
by almost 60.7% and density by 11.6%. The results show specific
strength of the lightweight concrete is decreased by the addition
of aerogel content due to its lower strength and adhesive
properties. The specific strength of concrete sample A-1 was

o

calculated 14.5 kN m/kg while specific strength of 60% aerogel
incorporated concrete sample C-4 reduced to 5.98 kN m/kg.

. Aerogel of amorphous nature is expected to be reactive and it

partially dissolves in contact with Portland cement paste. It helps
to gain more C-S-H during the hydration process of concrete. It is
possible to detect aerogel particles in the cement matrix through
SEM analysis. A separation gap is found between aerogel and the
surrounding material on microscale level. This gap indicates
lower adhesive properties of aerogel particles with cement matrix.
Aerogel particles remain almost stable during the hydration
process of concrete.
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ARTICLE INFO ABSTRACT
Keywords: This study is aimed at preparing thermal insulating lightweight self-compacting cement com-
Aerogel posites (LWSCCC) below the density of 1400 kg/m® by using lightweight minerals and aggregates.

Self-compacting cement composite Study results showed that incorporation of porous-structured expanded glass aggregate (EGA)

Exl;a: :l:idhgtlifncrexe enhances the demand for water to maintain the workability and increases the risk of higher water
M?croscogpy absorption capacity. The use of a portion of aerogel as a replacement of EGA increases porosity by

Porosity 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/m® 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/m?, 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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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

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/m® 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 etal. [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/m>. 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.

Table 1
Physical properties of expanded glass.
Designation Standard Expanded glass aggregate size
1-2mm  0.5-1 0.25-0.50 0.1-0.3
mm mm mm
Particle density in Mg/m® EN 1097-6:2003, C 0.37 0.42 0.52 0.57
annex
Bulk density in kg/m® EN 1097-3 230 270 340 400
WATER absorption % by mass (absorption % after 24 h sub; d in EN 1097-6:2002 C annex 18 18 15 10
‘water)
Compression strength (=15%) EN 13055-1,A annex 2 2.3 25 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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2. Materials and methods
2.1. Materials

OPC (CEM I 42.4R), fly ash, and zeolite powder (50 pm) 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. [3]. 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/m? 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 [15]. A slump cone with a 30 cm height, a 20 em 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 x 4.0 x 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 15min, 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.
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Ordinary density (kg/m3) = {Mass of oven dried sample/ (mass of the water inmerged 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 ...

Closed porosity = total porosity-open porosity. ....

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 arotary 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 20 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 G, 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 Flow table V-funnel time, seconds (according to EFNARC Slump cone V-funnel time, seconds (EFNARC guideline V-
Mix diameter, mm guideline V-funnel dimensions for mortar) diameter, mm 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
Al00 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/m®. 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/>. 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/m? without aerogel content that decreased to 582 kg/m? containing 80 vol% of aerogels. Similarly,

. 65 : T T T T
574 [~9— General porosity 195
64+ |_e—Open porosity >
56 -| T s F19.0
634
o 55 ° 185
= & R * 62 N ®
2 = 2 180 2
@ 544 & a S
e g Sl 2
S g 2 el [eig
S s & 170 §
S 524 Q Cp aQ
8 o & 5% o
L 165
51+ 58 4
F16.0
50 57
155
9 . 56

T T T T T
Control A25 A50 ATS A100

Fig. 1. General and open porosity of 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 [12,33-40]. 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
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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 [51,591. 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,
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Fig. 9. Microscopic image of EGA and aerogel added cement composite showing the ITZ between the aggregate and cementitious composites.

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-8-H
with a low Ca/Si ratio. Hai-li et al.[57] and De Fatima Jiilio et al. [58] reported that the presence of amorphousssilica in silica aerogel
might lead to ASR due to the reactions between alkali presence in cement and the hydroxyl ions of aerogel.
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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 c

posite (28 days) showing the growth of hydration products.

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



S.K. Adhikary et al. Case Studies in Construction Materials 16 (2022) ¢00879

.
b o
—— Cement
3
©
=
k7]
c
8 A
£
T T T T T T 1
0 10 20 30 40 50 60 70
20, deg
© brownmillerite Caz(Al, Fe):0s | alite CassMgAlzSi1sOso
O belite CazSiO«
Fig. 12. XRD pattern of OPC cement.
i o |——Fly ash|
51
©
=
2 1 o
5}
=
5 oo
ol ovy .
T T T T T T J
] 10 20 30 40 50 60 70
28, deg
g carbonate Ca(CO), 7 gehlenite CazAI(AISIOr) £ quartz Si0s i
© calcium oxide (Ca0) ® portiandite Ca(OH): A calcium sulfate Ca(SO) |

® magnesium oxide (MgO)

Fig. 13. XRD pattem of fly ash.

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].
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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/m® 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 LWSCCCsignificantly 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.
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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
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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 etal. [28] developed LWSCCC using EGA having a density of
1280-1490 kg/m® with 23.3 and 30.2 MPa compressive strength. They measured the mini-slump value about 300 mm with a
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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/m®, 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 [6,63]. Lietal. [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.

o 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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Aerogel and porous lightweight aggregates have adverse impacts on the fresh, mechanical, and water absorption
characteristics of concrete. In this study, styrene-butadiene rubber (SBR) and Paraffin were used to coat the
lightweight aggregates. The lightweight aggregates were coated in single and double layers. Besides, aerogel
particles were also coated with SBR. The properties of the cementitious composites, such as slump flow, T50 flow
time, V-funnel flow time, J-ring height, compressive strength, water absorption, porosity, and microstructural
analysis, were evaluated. It was observed that single-layer coatings of polymers on EGA improved the slump flow

by 6.9% and lowered the water absorption by 26%. The compressive strength of the cementitious composites
incorporating polymer coated EGA also improved by 15.9%. Scanning microscopy was used to evaluate the
microstructure of EGA, aerogel, and lightweight cementitious composites. A uniform, denser structure of poly-
mer coated EGA was observed in the interfacial transition zone.

1. Introduction

Lightweight concrete is one of the prime topics in the building in-
dustry, and it is a topic that researchers are very interested in. The
primary advantage of LWC is that it reduces the weight of the structure
[1]. Owing to its high porosity, LWC has a lower heat conductivity than
conventional concrete [23]. In recent years, lightweight
self-compacting concrete has been gaining attention for its several
benefits. However, in the last decade, several studies were carried out to
understand and improve the characteristics of conventional
self-compacting concrete [4,5] but only limited studies were done on
lightweight thermal insulating LWSCC and LWSCCC [6,7].
LWSCC/LWSCCC is a refined product of LWAC and SCC that enables
molding and casting without using any vibration energy. It not only
results in a high-quality product, but it also considerably improves
productivity and working conditions. The use of lightweight aggregate
to produce LWSCC or LWSCCC might cause a risk of higher water ab-
sorption than conventional SCC [7]. Most lightweight aggregates are
porous-structured, having up to 45% of water absorption capacity, while
aggregates used in conventional concrete have up to less than 10% water
absorption [8,9]. In this context, modification and pre-treatment of
aggregates might be useful to improve the water absorption capacity,
strength, and durability characteristics [8,10,11].

* Corresponding author.
E-mail address: sumankradk9s@gmail.com.

https://doi.org/10.1016/j.mtcomm.2022.103496

Vahabi et al. [8] utilized SBR and PVR latex to coat scoria and
expanded clay. The authors reported that due to the reduction in WA of
aggregates, the slump of LWSCC improved by 2-10%. The slump flow of
LWSCC's sump improved due to the increase in coating layers of poly-
mers. Additionally, polymer membrane layers reduce frictional forces,
which reduces flow time and blocks resistance in LWSCC. The
compressive strength of treated scoria and LECA-based LWSCC was
improved by almost 21% and 13.5%, respectively. A similar phenomena
was observed by Giineyisi et al. [10]. The author used water
glass-treated FAA and observed improved workability of LWSCC. The
water absorption and cohesion forces of FAA were reduced owing to the
hydrophobic water glass coating, which improved slump flow,
decreased flow time, and decreased the blockage resistance of LWSCC.
Moreover, the author reported a 32-44% enhancement in the
compressive strength of concrete incorporating water glass treated FAA.
According to Assaad and Mir [12], SBR latex might increase the bond
strength by enhancing monolithic interlayer bonding and inhibiting
microcrack propagation. Li et al. [13] studied the characteristics of
concrete incorporating pozzolanic material-coated aggregates. The au-
thors observed that treated aggregates improved the slump and me-
chanical properties of the concrete. Bidesi et al. [14] observed improved
strength of concrete incorporating polymer-coated lightweight
aggregates.

Literature studies indicate that the use of polymer coatings on the
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Nomenclature
Lwc Lightweight concrete
LWSCC  Lightweight self-compacting concrete
LWAC  Lightweight aggregate concrete
LWSCCC Lightweight self-compacting cementitious composites
SCC Self-compacting concrete
SP Superplasticiser
WA Water absorption
Cs Compressive strength
Table 1

Physical properties of EGA.

Materials Today Communications 31 (2022) 103496

self-compatibility of the cementitious composites below 1200 kg/m®
density and to investigate the impacts of polymer-coated aerogel and
EGA on the characteristics of self-compacting cementitious composites.

2. Materials and methods
2.1. Materials

In this experimental study, OPC of grade 42.4 R and an average 50
um diameter zeolite powder were used as mineral admixtures. While
aerogel and different grades of EGA were used as lightweight aggre-
gates, the physical and chemical properties of EGA, OPC, and zeolite are
presented in Tables 1 and 2. The aerogel and EGA aggregates were

EGAsize,mm  Bulk density, kg/m®  Compressive strength, MPa ~ Water absorption, %  Thermal conductivity, W/ (m-K)  pH value  Softening point  Color
0.1-03 400 4 18 - 9-11 Approx. 700 °C Cream white
0.25-0.5 340 25 20 0.0767
0.5-1 270 1.7 18 0.0713
1-2 230 2.0 18 0.0663
24 200 1.4 15 0.0639
48 190 1.2 10 0.0661
Table 2
Chemical compositions of cement, zeolite and EGA.
Chemical Ca0 MgO S0,  AlO; FeO3 KO Na,0 SO; TiO, I Na,O LOI  Insoluble Free Lime Other
composition e residue lime paste
Cement 63 2.9 20.4 4.1 35 0.7 0.23 3.2 - 0.03 074 25 0.5 1.2 3.9 —
Zeolite 28 0.7 58.7 9.0 14 2.6 —_ 0.1 0.2 —_ 5.1 —_ —_ — —_
EGA 8-10.5 71-73 1.5-2 <03 —_ 13-14 — —_ — —_ —_ —_ < 0.5

aggregates effectively improves the fresh, mechanical, and microstrue-
tural properties of cementitious systems. Aerogel and EGA are both
lightweight aggregates and are used to prepare thermally insulating
cementitious composites [15-17]. In the past, only a few studies have
examined the performance of aerogel and EGA-based light-weight
thermal insulating cementitious composites [7,18-20]. EGA aggregates
absorb a sufficient amount of water and enhance the required amount of
water to get the desired workability [7,21-23]. Moreover, use of higher
volume EGA and a greater w/b ratio enhances the risk of rise in water
absorption. This study aimed to lower the water absorption capacity of
the EGA-based cementitious composites by coating the EGA with poly-
mers. Besides, aerogel has weaker adhesion with cement-based systems.
Aerogel was also coated with SBR polymers, aiming to enhance the
adhesion of aerogel with cementitious composites. Moreover, most
developed lightweight self-compacting concrete/cementitious compos-
ites have more than 1400 kg/m’ density. In the past, there were no
studies investigating the characteristics of self-compacting cementitious
composites incorporating aerogel and EGA. Also, the impacts of poly-
mers coated on expanded glass aggregate cementitious composites
weren't deeply studied. This study also aimed to obtain

purchased from "CABOT" and 'Stikloporas', respectively. SBR and
Paraffin were used for the pre-coating of aerogel and EGA. To maintain
the fresh properties of LWSCCC, MasterGlenium SKY 8700 and Mas-
terMatrix SDC 100 stabilizer were used as chemical admixtures.

2.2. Coating of lightweight aggregates

To coat the lightweight aggregates first, the polymer liquids were
poured into containers and the lightweight aggregates were dropped for
ashort period of time. Afterward, lightweight aggregates were taken out
and kept on the flat surface for 48 h for the dying process. A similar
process was repeated for the second layer of coatings.

2.3. Sample preparation

The mixing and trial methods were used to prepare the LWSCCC
samples. The first composite sample EGAC was prepared with 4-8 mm,
2-4 mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm, and 0.1-0.3 mm EGA ag-
gregates. For the second sample A50, half of the volume of 2-1 mm and
1-0.5 mm EGA was replaced with 2-0.5 mm aerogel particles. The first

Table 3

Mixing composition of lightweight self-compacting cementitious composites, kg/m*.
Mix Cement Aggregate (4/8 + 2/4 + 1/2 + 1/0.5 + 0.5/0.25 + 0.01/0.3) Aerogel, kg/m“ Zeolite SP Water

% Kg/m® Kg/m® w/b

EGAC 568.4 12.8 + 14.3 + 36.2 + 49.62 + 50.5 + 168.1 - 63.2 1.8 9.42 302.4 0.48
A50 568.4 12.8 + 14.3 + 18.1 + 24.8 + 50.5 + 168.1 11.8 63.2 18 9.42 302.4 0.48
SBR1 568.4 12.8 +14.3 + 18.1 + 24.8 + 50.5 + 168.1 11.8 63.2 18 9.42 302.4 0.48
PAR1 568.4 12.8 + 14.3 + 18.1 + 24.8 + 50.5 + 168.1 11.8 63.2 18 9.42 302.4 0.48
SBR2 568.4 12.8 + 14.3 + 18.1 + 24.8 + 50.5 + 168.1 11.8 63.2 18 9.42 302.4 0.48
SBR-PAR 568.4 12.8 + 14.3 + 18.1 + 24.8 + 50.5 + 168.1 11.8 63.2 1.8 9.42 3024 0.48
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two samples, EGAC and A50, were prepared without any pre-coated
lightweight aggregates. The rest of the samples were prepared with
pre-coated lightweight aggregates. For the sample, SBR1, 8-4 mm, 4-2
mm, 2-1 mm, and + 1-0.5 mm of EGA were coated with a single layer of
SBR. While Paraffin coated 4-8 mm, 2-4 mm, 1-2 mm, 0.5-1 mm, EGA
was used to prepare PARI. Similaily, for the SBR2, a double-layer
coating of SBR is used. For the composite sample SBR-PAR, the first
layer of SBR and the second layer of Paraffin were employed on the EGA.
In addition, the aerogel particles used in the concrete samples (except
EGAC and A50) were also coated with Styrene-butadiene rubber. All
composite samples were kept at a w/b ratio of 0.48. The mixing
composition of the composite samples is presented in Table 3. At the first
stage of the mixing process, cement, zeolite, and EGA were gently mixed
by hand for two minutes. Subsequently, the mixture was manually
stirred for three minutes with 50% of the total water content. After that,
the SP and stabilizer are blended with the leftover water and mixed to
the composite mixture. Aerogel was incorporated into the composite
mixture at the very end to prevent the aerogel particles from being
crushed. The final composite mixture was mixed for another two
minutes.

2.4. Workability test

To evaluate the fresh characteristics of LWSCCC, slump flow, T50
time, V-funnel time, and J-ring height were measured to satisfy EFNARC
guidelines. To measure the slump flow, a 30-centimeter-high cone with a
20-centimeter-wide bottom and a 10-centimeter-wide top is utilized.
Slump-flow tests were carried out by raising the slump cone vertically
and taking the average diameter of the LWSCCC base as a result. An
EFNARC-compliant concrete V-funnel was used for the testing of the
composite. After 10 s of filling, the bottom of the V-funnel was opened to
evaluate flow out time. After that, samples were molded into
100x100x100 mm cubes for hardening and left at room temperature for
24 h. Hardened composite specimens were demoulded and hydrated in
water for 28 days.

2.5. Compressive strength test

The Cs of LWSCCC was measured on the 28th day of hydration in
accordance with EN 196-1:2016. Six specimens were analyzed for each
sample, and the mean values were used as the result.

2.6. Porosity

After 28 days of hydration in accordance with GOST 127304, the
porosity of LWSCCC samples was measured. Samples of the composites
were then oven-dried for 24 h at 105 °C. The mass of the oven-dried
samples was accurately measured. After that, the mass of the compos-
ite samples was measured after they had been submerged in water for
15 min, an hour, 24 h, and 48 h. Underwater mass measurements were
made after 48 h of WA and the porosity of the composite samples was
calculated using the formula stated in the previous paper [7]. However,
the accuracy of this calculation might differ from that of the mercury
intrusion porosimetry (MIP) method.

2.7. Density and water absorption

In order to estimate each specimen’s dry density, on the 28th day, the
LWSCCC specimens were removed from the water and dried for 24 h at
105 “C. Following that, the composite specimens were evaluated for 15
min, 1h, 24 h, and 48 h for water absorption. The average of six spec-
imens from each composite sample type was considered as a result.

2.8. Scanning electron microscopy

The Hitachi S-3400 N high-resolution electronic microscope with a
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Table 4
Workability of ligh ight self- ing itiou p
Mix Slump flow, cm Tso,s  V-funnel time,s  J-ring height, cm
EGAC 81 5 6 94
A50 732 5.5 6.5 9
SBR1 745 5 5.4 9
PAR1 78.2 4.5 5 9.6
SBR2 75 5 6 8.5
SBR-PAR 76 5 6 95
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Fig. 1. Compressive strength of lightweight self-compacting cementi-
tious composites.

Bruker Quad 5040 EDS detector was used to conduct SEM analysis on
LWSCCC specimens. A rotary blade cutter was used to slice a thin layer
of concrete from the LWSCC specimens at 28 days of age for microscopic
examination.

3. Results
3.1. Workability

Table 4 shows the workability of LWSCCC. Study results show that
the incorporation of aerogel significantly lowers the slump flow of the
composite. The slump flow of the EGAC without aerogel was measured
at 81 cm, which was reduced to 73.2 cm by incorporating aerogel as a
partial replacement of EGA. Several studies [7,20,24-26] found a
similar decrease in slump flow of a cementitious system incorporating
aerogel. Water can be absorbed by the aerogel’s surface chemicals,
resulting in a decline in workability [24,27]. Besides, it was also
observed that the incorporation of aerogel might entrap some air bub-
bles [7]. Ma et al. [28] used aerogel in 3D printable concrete and re-
ported an almost 37.65% reduction in slum flow of concrete
incorporating aerogel. In accordance with previous findings and litera-
ture, the incorporation of aerogel may have a negative impact on
workability due to its surface chemistry and super hydrophobic prop-
erties. However, it was observed that a single layer of polymer coated
EGA with SBR and Paraffin slightly enhances the workability. A single
layer Paraffin.

-coated EGA was shown to be more workable than a single layer SBR-
coated EGA in the study. When compared to A50, the slump flow of
SBR1 and PAR1 improved by 1.8% and 6.9%, respectively. Table 4
further reveals that the T50 flow time of LWSCCC is between 4.5 and 5.5
s. TS0 flow time of EGAC was measured 5 s, that increased to 5.5
incorporating aerogel. The composite samples containing single-layer
SBR and paraffin-coated EGA showed a slight decrease in T50 flow
time. The composites’ V-funnel time was also found to exhibit the same
phenomenon. The Jring height of the composite samples was
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Total porosity
Open porosity
65 Closed porosity:

EGAC A50 SBR1 PAR1 SBR2  SBR-PAR

Fig. 2. Porosity of lightweight self-compacting cementitious composites.

somewhere between 8.5 and 9.6 cm. There was no blockage observed for
the composite samples. Polymer coating may reduce water absorption
and reduce frictional forces between aggregates, which leads to better
workability [8]. Similar phenomena were observed by Rostami et al.
[29]. However, in this study, the effectiveness in improving workability
was declined when double layers of polymer coatings were employed for
the composite samples SBR2 and SBR-PAR.

3.2. Compressive strength

The Cs of the composite samples was presented in Fig. 1. The
compressive strength of the samples was found to lie between 25.9 MPa
and 17.03 MPa. Study results reveal that incorporation as partial
replacement of EGA lowers the Cs by 38.9%. The reduction in strength of
cementitious composites incorporating aerogel might be due to the
lower strength of aerogel [20,30]. Furthermore, aerogel had weaker
adhesion with cementitious materials and increased porosity, resulting
in a decrease in strength [7,18,30]. Gao et al. [31] reported a 9-times
decrease in the Cs of concrete containing 60 vol% of aerogel over a
control sample. Several authors [32-34] reported similar decreases in Cs
of aerogel-based cementitious composites. However, polymer coatings
on the lightweight aggregates slightly enhance the strength of the
LWSCCC. Almost 8.4% and 15.9% increases in the compressive strength
of the composite were measured for the EGA coated with single layer
SBR and single layer Paraffin. According to the findings of the study,
Paraffin coated EGA concrete gains more strength than SBR coatings.
Microscopy images of the LWSCCC reveal that polymer coatings effec-
tively improve the adhesion of LWA with cementitious composites. A
dense structure in the ITZ of EGA was observed for the composites
coated with polymers. Besides, in this study, polymer-coated aerogel
also showed slightly improved adhesion with cementitious materials.
Probably due to this phenomenon, an improvement in the strength of the
polymer coated composite samples was observed. However, when a
double layer of polymer coatings was employed on the EGA, the effec-
tiveness in increasing compressive strength declined. Probably
double-layered coated lightweight aggregates probably entrapped some
air bubbles during the mixing process, leading to a slight increase in
porosity and a decline in strength. Rostami et al. [29] reported that
polymer coating might prevent hydration product adhesion, leading toa
decrease in strength. Similar observations were made by Akyuncu and
Sanliturk [35].
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Fig. 3. Density of lightweight self-compacting cementitious composites.
3.3. Porosity

Any cementitious system'’s porosity has a significant effect on the
composite’s strength and long-term durability. Fig. 2 shows the porosity
of the cementitious composite samples. The total porosity of the com-
posite samples lies between 54.7% and 61.37%. The open and closed
porosity of the composite ranged from 44.36% to 50.4% and
10.06-12.57%, respectively. The incorporation of aerogel as a partial
replacement of EGA in the A50 sample enhances the total porosity and
closed porosity by 5.87% and 4.87%, respectively. Previous studies [7,
24]. observed a similar phenomenon of increased porosity of cementi-
tious system by incorporating aerogel. Hydrophobic nature of aerogel
might entrap some air bubbles during the mixing of fresh cementitious
composite, leading to an increase in porosity [31]. It was observed that
large aerogel particles are an aggregation of nanoparticles and consist of
substantial voids (~50 nm in diameter, mesoporous). It also comprises
of a “pearl-necklace’ like a network of mesoporous and secondary par-
ticles with 5-10 nm diameter [24,31]. Apart from having weaker
adhesion with the cementitious system, several authors reported sepa-
ration gaps in the ITZ between cementitious materials and aerogel [7,24,
31]. The incorporation of aerogel probably enhances the porosity of the
composite A50. However, single-layer coatings of SBR and Paraffin on
EGA show a slight improvement in porosity. Compared to A50, almost
1.63% and 2.9% reductions in total porosity and a 3.1% decrease in
closed porosity were observed for the composite samples SBR1 and
PAR1. On the other hand, a double layer of polymer coating on EGA was
not found to be effective in lowering the porosity of the composites. This
is most likely due to composite samples with double layer coating
entrapping some air bubbles, leading to an increase in porosity.

3.4. Density

The oven dried density of the composite samples was presented in
Fig. 3. The oven dried density of the LWSCCC samples was found to lie
between 1164 and 1065 kg/m3. Study results suggested that incorpo-
ration of aerogel as a partial replacement of EGA reduced the density by
9.3%. Aerogel is a lightweight material having a bulk density of about
70 kg/m3, and incorporation of aerogel as a replacement for EGA leads
toa decline in density [7,36]. Besides, incorporation of aerogel enhances
the porosity of the LWSCCC, leading to a decline in porosity [36].
However, the use of polymer coatings on the aerogel and EGA slightly
enhances the density of the composite samples SBR1, PAR1, SBR2 and
SBR-PAR. The oven dried density of the composite sample SBR1, PAR1,
SBR2 and SBR-PAR was measured at 1098, 1089, 1126 and
1114 kg/m3. The polymer coatings on the lightweight aggregates
slightly enhance the density, leading to an enhancement in the density of
the composite samples [8].
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Fig. 4. Water cementi-

tious composites.

absorption of lightweight self-compacting

3.5. Water absorption

Among concrete’s many useful properties, water absorption is
crucial for long-term durability. An increase in concrete’s water

Materials Today Communications 31 (2022) 103496

absorption may allow toxic elements to penetrate the concrete’s struc-
ture [37]. WA of the cementitious systems is presented in Fig. 4. The WA
of composites lies between 8.25% and 13.16% after 48 h of water im-
mersion. Study results clearly show that the use of aerogel as a partial
repl of EGA enh the water absorption capacity by 59.5%.
This phenomenon might be associated with the enhancement in porosity
of the LWSCCC by the addition of aerogel. Similar phenomena were
noticed in previous studies [7,30]. However, polymer coatings on the
lightweight aggregates were observed to be effective in improving the
water absorption capacity of the cementitious composites. Single layer
coatings of polymer coatings on EGA were observed to be more effective
in improving the water absorption of the lightweight cementitious
composites. The study’s findings also indicate that paraffin-coated
expanded glass has a lower water absorption capacity than SBR-coated
EGA. Compared to A50, composite samples SBR1 and PAR1 show
22.6% and 26% improved water absorption after 48 h of water im-
mersion, respectively. However, the double layer of polymers on the
EGA doesn’t show improvement in water absorption. In contrast, com-
posite samples incorporating double-layer coated EGA show a slight
increase in water absorption over single-layer coated EGA. This phe-
nomenon might be associated with the increase in porosity.
Double-coated LWA might entrap some air bubbles and slightly enhance
the porosity, leading to an increase in WA.

Fig. 5. a) SEM image of non-coated EGA, b) microscopic surface texture of non-coated EGA, c) single layer SBR coated EGA, d) single layer Paraffin coated EGA, e)
double layer SBR coated EGA, f) combined SBR and Paraffin coated EGA (first layer of SBR and second layer of Paraffin), g) microscopic surface texture of Paraffin

coated EGA, h) microscopic surface texture of SBR coated EGA.
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Fig. 6. a) SEM image of non-coated aerogel, b) SBR coated aerogel, ) adhesion of SBR coated aerogel with cementitious materials.

3.6. Scanning electron microscopy

Scanning microscopy of EGA and polymers coated with EGA is pre-
sented in Fig. 5. Fig. 5a) and b) show that EGA has a rough surface
structure at the microscope level and some broken shell pores were
observed on the surface of EGA. Fig. 5¢), d), e), and f) depict EGA with
single layer SBR coating, single layer Paraffin coating, double layer SBR
coatings, and combined SBR and Paraffin (first layer of SBR and second
layer of Paraffin) coatings, respectively. Fig. 5(g) and h) show that the
polymer layer on the surface of EGA is well bonded and that the pores
are mostly filled with polymers. Fig. 6 shows the microscope image of
the aerogel and SBR coated aerogel. Fig. 6a) clearly shows the evident
fragile nature of aerogel. Multiple cracks on the surface of the aerogel at
microscope level are clearly visible. Similar cracks on the aerogel surface
and its fragile nature were observed in previous studies [7,20]. Fig. 6(b)
depicts the surface of an SBR-coated aerogel. Fig. 6¢) shows the ITZ of
aerogel and cementitious materials is moderately improved. The figures
suggest that aerogel particles were intact with cementitious materials,
but some crack surfaces of aerogel were also visible. The ITZ of
non-coated EGA is depicted in Fig. 7(a) and (b). that EGA particles were
nicely bonded in the cementitious system. Fig. 7¢), d), and e) show that
polymer coated EGA has an exceptionally uniform and denser micro-
structure at the ITZ between cementitious materials and polymer coated
EGA. Similarly, improved ITZ of polymer coated aggregates was re-
ported by Vahabi et al. [8]. According to the authors the thickness of
polymer-coated light weight aggregates improved by 50-150 pm.

4. Applicability and future prospect

Aerogel-based cementitious composites are gaining popularity due to
their unique properties and Shah et al. [38] reported that the number of
aerogel-based cement composite studies has significantly increased
since 2020. Recently published articles suggested the wider scope of
applicability of aerogel cementitious composites. Ghazi Wakili et al.
[39] used applied aerogel-based render to a building fagade. Similarly,
real-time applicability of aerogel-based render was studied by Ibrahim
etal. [40] and Stahl et al. [41]. Buratti etal. [42] and Ibrahim etal. [43]
reported on the effective thermal insulation properties of aerogel-based
mortar used in building envelope. An aerogel-based cement composite
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having adequate strength and thermal insulation characteristics might
also be a useful product. The developed cement composite in this study
might be used for flooring and casting walls. Self-compacting light-
weight cement composites might be used to improve thermal bridges. In
addition, self-compacting properties will enable us to reach the products
in congested areas where reaching vibration equipment is difficult. The
improved strength and water absorption characteristics of polymer
modified concrete will also increase the applicability of the product.
According to ACI-213R-03 (2003 and 2014) recommendations, the
compressive strength of lightweight concrete > 17 MPa can be used asa
structural application. In addition, improved water absorption proper-
ties of the composite will prevent moisture damage. Aerogel-based
cement products have been researched for the past few years. Howev-
er, most of the research is focused only on the development of
aerogel-based products. More studies are required to use such developed
materials in real-time building applications. The pre-treated aerogel and
lightweight aggregates were observed to be beneficial in improving the
characteristics of the cement composite. Unfortunately, there are only
limited methods of pre-treatment of aggregates studied, and further
detailed studies are required to identify the optimum efficiency products
at a low cost. Some studies are required to investigate the long-term
behavior of polymer-modified lightweight aggregate concrete.

5. Conclusion

The present study investigates the influence of polymer coatings of
EGA and aerogel on the fresh, microstructural, and mechanical prop-
erties of lightweight concrete. The fresh properties of the LWSCCC were
within the range of EFNARC recommendations. Single layer coatings of
polymers on the EGA show improved workability compared to double
layer coatings. Paraffin-coated lightweight aggregates possessed greater
workability than SBR. The use of polymer coated EGA slightly improves
the porosity of the lightweight cementitious composites. Use of single
layer SBR and paraffin coatings lowers the total porosity by 1.63% and
2.9%. The water absorption of lightweight cementitious composites is
significantly increased by the incorporation of aerogel. Using polymer
coated EGA and aerogel reduces water absorption by 22-26%. Paraffin-
coated EGA was observed to be more effective than SBR-coated EGA.
Microstructural analysis revealed that SBR coated aerogel possessed
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Fig. 7. a) Adhesion of non-coated EGA with cementitious materials, b) ITZ of non-coated EGA, ¢) adhesion of SBR coated EGA, d) adhesion of Paraffin coated EGA, e)

ITZ of polymer coated EGA.

improved adhesion with cementitious materials. On the other hand, SBR
and Paraffin coated EGA show uniformly denser ITZ. The compressive
strength of the LWSCCC was significantly decreased by the inclusion of
aerogel. The use of single layer polymer coated EGA in the aerogel based
cementitious composites was observed to be effective in improving the
compressive strength by 8.4-15.9%. Paraffin coated EGA possessed a
greater improvement in strength over SBR coated EGA.
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aerogel based lightweight concrete

Suman Kumar Adhikary'™, Zymantas RudZionis’, Simona Tu¢kuté? &
Deepankar Kumar Ashish>*

This study is aimed to investigate the effect of carbon nanotubes on the properties of lightweight
aggregate concrete containing expanded glass and silica aerogel. Combinations of expanded glass
(55%) and hydrophobic silica aerogel particles (45%) were used as lightweight aggregates. Carbon
nanotubes were sonicated in the water with polycarboxylate superplasticizer by ultrasonication
energy for 3 min.Study results show that incorporating multi-wall carbon nanotubes significantly
influences the compressive strength and microstructural performance of aerogel based lightweight
concrete.The addition of carbon nanotubes gained almost 41% improvement in compressive
strength. SEM image of lightweight concrete shows a homogeneous dispersal of carbon nanotubes
within the concrete structure. SEM image of the composite shows presence of C~S-H gel surrounding
the carbon nanotubes, which confirms the cites of nanotubes for the higher growth of C-S—H gel.
Besides, agglomeration of carbon nanotubes and the presence of ettringites was observed in the
transition zone between the silica aerogel and cementitious materials. Additionally, flowability,
water absorption, microscopy, X-ray powder diffraction, and semi-adiabatic calorimetry results were
analyzed in this study.

Nowadays, the use of carbon nanotubes in cementitious materials is getting attention for the improvement of
physical and mechanical characteristics. Carbon nanotubes (CNTs) are an allotrope of carbon composed of
coaxial hexagonal carbon rings, cylindrical in shape having around 132,000,000:1 length-diameter ratio. The
nanoscale diameters and smooth surfaces of CNT’s could affect the early age hydration of cementitious materials'.
Carbon nanotubes can be categorized into single-wall carbon nanotube (SWCNT) and multiwall carbon nano-
tube (MWCNT). Inclusion of small doses of MWCNT can effectively improve the mechanical properties of
cementitious composites improving early age and long-term durability’. The reinforcing efficiency of carbon
nanotubes can be influenced by several parameters such as type of CNTS’, the concentration of CNT*, dispersion
surfactants®, treatment of CNTs®’, dispersion technique®, the interaction with cementitious materials and bond
strength’, the water—cement ratio'”'" and geometry of CNTs'>*%. Zou et al.® and Collins et al.' reported that
ultrasonication energy and polycarboxylate-based superplasticizer could significantly influence the mechanical
and microstructural properties of CNT incorporated cementitious composites by optimally dispersing the CNTs
within a concrete structure®'”. Han et al.'* reported that polycarboxylate-based superplasticizer plays a double
dispersion mechanism to disperse the cement and CNTs within the composite. Without proper dispersion tech-
nique, agglomeration of CNTs can be noticed in the concrete structure due to the strong van der Waals forces
and can influence the mechanical and microstructural properties. The improvement in cementitious composites
were found different for cement mortar, cement paste, and concrete. The highest improvement in compressive
and flexural strength was observed 83.33%'* and 30%'® for cement paste; ~ 35%" and 28.04%'” for mortar; 38.62%
and 38.63% for concrete'?, respectively.

The strength development of cementitious composite also depends on the properties of aggregates and what
kind of pozzolanic materials were used. With the increase in the consumption of natural aggregates, researchers
are mainly focused on conserving the natural eco-system that leads to the use of lightweight aggregates such
as expanded glass aggregates, silica aerogel”. Silica aerogel is a lightweight thermal insulating material having
low density and high specific surface area, allowing its application in many areas*’. Expanded glass aggregates is
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Figure 1. Flowability of sonicated CNT-LWAC specimens.

also a thermal conducting material with porous structure?'. Lightweight aggregates are 25-35% lighter than the
conventionally used aggregates'®. However, the strength properties of lightweight aggregates are also much lower
than the conventional aggregates; due to this fact, cement composites utilizing lightweight aggregates generally
achieve lower mechanical properties and densities”. Mechanical properties of lightweight aggregate concrete
also depend on the desired density of the composite; decreasing the density reduces the mechanical properties
of composite?. Kurpiriska and Ferenc*** investigated the importance of grading of lightweight aggregates. They
reported that an optimal graduating of lightweight aggregates could reduce the porosity of lightweight aggregate
concrete and improve mechanical performance. Major studies have been presented on the use of lightweight
aggregate such as fly ash?*?’, expanded glass aggregate?®, silica aerogel®! in cement mortar. A study conducted by
Yousefi et al.*' reported a decrease in compressive strength of cement mortar containing expanded glass aggre-
gates, however inclusion of nano titanium dioxide as nanomaterials increased compressive strength by 39.029%.

Similarly, hydrophobic silica aerogel is also a very lightweight and brittle material, and its incorporation in
concrete results in a decrease in mechanical performance?**°. In addition, hydrophobic silica aerogel has lower
adhesive properties with water-rich cementitious materials. Several researchers observed the separation gaps
between the aerogel and cementitious materials in the transition zone***!. CNT is a well-known material for
improving mechanical performance and cracks bridging mechanism™. The incorporation of CNT not only
bridges the cracks and voids; it can also change the microstructure of hydration products™. Singh et al.** identi-
fied new compounds due to the chemical bonds between the hydrates and carbon nanotubes. Liew et al®, in
their study, suggested that CNTs also provide sites for the growth of C-S-H, and CNT can coat the calcium
silicate hydrate and provide a larger contact area between the hydration product and CNT. As a result, stronger
bonds are created between them, which significantly helps to improve the mechanical properties of cementi-
tious composites™.

In this study, several lightweight concrete samples were prepared with different doses of CNTs. Expanded
glass aggregates and hydrophobic silica aerogel were used as lightweight aggregates. Microscopy of the composite
was deeply analyzed, especially surrounding the hydrophobic aerogel particles. The main aim was to improve the
strength property of aerogel concrete by reducing the separation gaps between silica aerogel and cementitious
materials. This is the first study that presents the use of CNTs to enhance the compressive strength property of
lightweight concrete prepared with expanded glass aggregates and hydrophobic silica aerogel. The study also
investigates fluidity, water absorption, and microstructural analysis.

Results and discussion

Flowability test of CNT-LWAC.  The flowability of cementitious composites containing CNT depends on
several parameters like ultrasonication energy®, treatment of CNTs*, water-cement ratio”, the concentration
of CNTs*, and types of fine fillers*. Mostly studied literature!®**4! illustrates that the incorporation of CNTs
reduced the flowability of cementitious composites. While there are several studies that indicate the increase in
flowability of CNT incorporated cementitious composites*****2. Besides, the incorporation of silica aerogel also
reduces the flowability of cementitious composites®”. The results of the present study revealed that the flowability
of CNT-LWAC was influenced by the quantity of CNT. The flowability of CNT-LWAC decreases with the esca-
lating doses of CNTs. Almost a 17% reduction in flowability was measured for lightweight concrete specimen
prepared with 0.6 wt% CNT. The flowability of CNT-IWAC specimens is shown in Fig. 1. The possible reason
for the reduction in flowability can be the high surface area and the elongated shape of nanoparticles. Higher
doses of superplasticizer can adjust the flowability of the concrete, high specific gravity of CNTs also demands
for the large amount of superplasticizer to overcome the intermolecular forces. Besides, nanoparticles enhance
the packing density of concrete by filling up the micro and mesopores, significantly influencing the demand for
superplasticizer™.
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Figure 3. Compressive strength of sonicated CNT-LWAC specimens.

Semi-adiabatic calorimetry test of CNT-LWAC.  Figure 2 demonstrates the semi-adiabatic temperature
rise of CNT incorporated cement mortar. Study results revealed that the incorporation of silica aerogel slightly
retarded the setting time of the cement mortar and produced lower heat of hydration than the plain cement
mortar. Study results also confirm the reactivity of silica aerogel with cementitious materials. Similar phenom-
ena were noticed in the previous study”. The addition of CNTs to the cement paste having aerogel produced
slightly higher heat as indicated in samples SA-3 and SA-4 and shortened setting time compared to sample SA-2.
Besides, by increasing the concentration of CNTs, slightly high heat of the exothermic reaction was noticed.

Strength of CNT-LWAC. Figure 3 shows the compressive strength of CNT-LWAC specimens. The aver-
age compressive strength of the control sample was measured 5.4 MPa. Study results show that the addition
of CNTs to the lightweight concrete significantly influences the mechanical strength of concrete. An increase
in the concentration of CNTs showed a gradual increase in the compressive strength; however, the sonicated
LWAC specimens showed better improvement in compressive strength against the control concrete sample. The
compressive strength of the sonicated concrete specimens was increasing by the increasing doses of CNTs. The
highest improvement in compressive strength was measured at 41.48% for AS-6 containing 0.60 wt% CNT. As
aerogel is a lightweight, fragile material, the literature confirms the reduction in the mechanical performance
of aerogel incorporated cementitious composites**~**. However, the incorporation of small doses of CNTs to
the aerogel based lightweight concrete significantly increased the compressive strength. The increase in com-
pressive strength can be attributed to the nucleating effects and improvement in the microstructure of CNT-
LWAC. The C-S-H gel was identified surrounding the CNTs, moreover, hydration products and CNTs fill the
micro crack/gaps of the lightweight concrete to provide additional support and increase compressive strength.
Detailed discussion is given in section “Scanning electronic microscopy (SEM) of CNT-LWAC”. The literature
studies confirm that the incorporation of nanoparticles improves the microstructure and provides a denser con-
crete structure™. The confidence intervals for compressive strength are presented in Fig. 3 which shows the
example of the straight-line correlation until 0.6% of CNTs use from cement mass. X is the type of CNT-LWAC,
and mean compressive strength is given as Y variable values obtained on cubes.
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Figure 4. Water absorption of CNT-LWAC specimen.

Figure 5. (a) Cracks on the surface of native silica aerogel; (b) cracks aerogel in the hydrated concrete
specimen.

Water absorption. Figure 4illustrates the water absorption kinetics of the CNT-LWAC specimens contain-
ing up to 0.60 wt% CNTs. Water absorption rate of control sample was measured 14.98%, 22.74%, 32.33% and
34.33% at 15 min, 1 h, 24 h and 48 h that decreased to 13.20%, 16.31%, 28.86% and 30.42% respectively. Madhavi
et al.*’, and Leonavicius et al.*’ reported that at a lower concentration of CNT5, total pore volume was observed
reducing attributed to filling of voids that lead to a reduction in water absorption. According to Leonavi¢ius
et al¥ and Kordkheili et al.*® high concentration of CNTs in concrete results in a more porous structure and
reduces the mechanical performance of concrete*”*. In the present study, all nanocomposite concrete specimens
showed a marginal decrease in water absorption rate by an increase in the concentration of CNTs. The reduction
in water absorption can be attributed to the association of CN'Ts with the lightweight concrete that helped in
decreasing the micropores and produced the denser concrete structure. Besides, a comparatively higher water
absorption rate was observed than Leonavi¢ius et al.*” and Kordkheili et al.** due to the use of expanded glass
aggregates in the study. Expanded glass aggregates are porous in structure that can absorb water up to 20-25%,
attributed to an increase in water absorption.

Scanning electronic microscopy (SEM) of CNT-LWAC.  The plain image of hydrophobic silica aerogel
in Fig. 5a suggested that it is a very brittle material with cracks on the surface that can easily break into pieces
during the mixing process and lead to lower mechanical properties. Moreover, in Fig. 5b, the cracked surface of
aerogel particles in the hydrated concrete specimens can be clearly noticed. Literatures?****° also indicate the
brittleness of aerogel and a decrease in the mechanical performances with the incorporation of aerogel.

Due to the hydrophobic nature of silica aerogel, it do not develop chemical bonds with the hydrophilic cement
matrix. Figure 6a clearly shows the separation gaps between aerogel and surrounding cementitious material in the
transition zone of the control sample. This phenomenon indicates the lower adhesion properties of hydrophobic
silica aerogel. Similar separation gaps were identified by Gao et al.”' and Adhikary et al.**. While better adhesion
was observed for expanded glass aggregates with cementitious materials, as indicated in Fig. 6b. Through the
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Figure 6. (a) Separation gaps between aerogel and cementitious material in the transition zone, (b) good
adhesion of expanded glass aggregates with cementitious material.

Aerogel

Figure 7. Agglomeration of CNTs and presence of ettringite and honeycomb structure of C-S-H gel in the
transition zone of aerogel and cementitious material.

CNT Cluster

Figure 8. The well-dispersed concrete sample under high concentration of CNT at different magnification; the
presence of C-S-H gel surrounding to the CNTs.

separation gaps, air and/or water can easily transport and makes concrete weaker. Interestingly the separation
gaps were reduced by utilizing carbon nanotubes as indicated in Fig. 7. Separation gaps between hydrophobic
silica aerogel and surrounding cement-based materials were filled by hydration products and CN'Ts.

SEM image of CNT-LWAC, as shown in Fig. 8 indicates that the CN'Ts were almost dispersed uniformly within
the concrete structure. At the high concentration of CNTs, a network-like distribution within the composite
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Figure 9. CNTs filling the micropores of the lightweight concrete structure.
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Figure 10. X-ray diffraction pattern of expanded glass aggregates.

structure was noticed. Zou et al.?, Vesmawala et al.’, and Collins et al.'” also reported that CNTs could be effec-
tively dispersed within the concrete structure by ultrasonication energy and polycarboxylate superplasticizer,
may be due to this fact high agglomeration of CNTs was not noticed. Unlikely in the present study, the needle-
like structure of ettringite was observed along with the agglomeration of CN'Ts in the transition zone of aerogel,
as shown in Fig. 7. However, increasing the duration of ultrasonication and concentration of superplasticizer
can effectively help to improve the dispersion of CNTs without agglomeration. Moreover, CNTs were found to
reinforce the concrete structure’s micropores, as indicated in Fig. 9.

Zhu et al.* suggested that due to the hydration process of cementitious materials, aerogel particles can slightly
react with the pore solution and get partially dissolved in an alkaline environment to form C-S-H with a low Ca/
Si ratio. de Fatima Jalio et al.>! and Hai-li et al.>* reported that aerogel particles could promote hydration due to
high surface activity that leads to ASR, and Si-O-Si might form C-S-H. Incorporation of CNTs to the cement
composite also provides sites for the formation of calcium silicate hydrate (C-S-H) by acting as a nucleating
agent™**. The honeycomb structure of C-S-H gel and its presence near to the CNTs can easily be observed in
Figs. 7a and 8b, which illustrates the nucleating effects of CNTs.

X-ray diffraction analysis of CNT-LWAC. Figures 10, 11, and 12 show the X-ray diffraction analysis of
expanded glass aggregates, silica aerogel, and LWAC specimens (control, AS-1, AS-3, and AS-6), respectively.
X-ray diffraction pattern of silica aerogel reveals the amorphous nature of silica aerogel and expanded glass
aggregates. In Figs. 10 and 11, a hump was observed for the amorphous matrix of SiO, at around 26 =22 and
23 °C for silica aerogel and expanded glass aggregates, respectively. In Fig. 12, CNT-LWAC concrete specimen
illustrates that the intensity of portlandite near about 34° and 47° increases with the increasing concentration
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Figure 11. X-ray diffraction pattern of silica aerogel.
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Figure 12. X-ray diffraction pattern of sonicated CNT-LWAC specimens. A—alite Ca;,MgAl,Si;(Oy, (13-272);
E—ettringite Ca,Al,(SO,);(OH) ,-26H,0 (41-1451); L—Ca,SiO, belite (33-302); K—Ca, 55i O, 5-x H,O calcium
silicate hydrate (33-306), Cc—Ca(CO); calcite (24-27); P—Ca(OH), portlandite (1-837).

of CNT. The increasing peak of calcium silicate hydrate near 29°, 32°, and 50° explained the nucleation effects
of carbon nanotubes. Moreover, CNT-LWAC shows a slightly higher amount of calcite and ettringite than the
control specimen. However, a higher amount of hydration products was observed for CNT incorporated LWAC
specimens. A higher concentration of CNTs within the concrete structure leads to higher growth of hydration
products. A similar increasing peak of hydration products by incorporating CNT in the cementitious composite
was identified by E-Gamal et al.*.

Materials and methods

Materials used in CNT-LWAC. For the preparation of lightweight concrete specimens, ordinary Portland
cement (OPC) of grade CEM I 42.4R was used as binding materials according to EN 197-1:2011°° standard,
and 50 um size (average particle size) zeolite powder was used as a pozzolanic additive. A total of 500 kg/m’
binding materials was used to prepare lightweight concrete samples, where 90% volume consists of cement and
10% consists of zeolite. The chemical composition of cement and zeolite are shown in Table 1. The standard
EN 13055-1:2002/ AC:2004” was followed for the combinations of four different sizes of expanded glass aggre-
gates, and 1-2 mm size irregular shaped hydrophobic silica aerogel particles with bulk density 70 kg/m* hold-
ing the approval No. Z-3.212-1948 from the DIBt—German Institute of Construction Technology were used
as lightweight aggregates. The concrete specimens were prepared with 45% volume of total aggregates of silica
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Table 1. Chemical properties of OPC and zeolite.

Bulk density in kg/m’ EN 1097-3 400 340 270 230
Compressive strength (+15%) EN 13055-1, A annex 28 25 2.3 2
Thermal conductivity in W/(m-k) (+0.02) EN 12939:2002 0.0767 0.0767 0.0713 0.0663
WATER absorption % by mass (sbsorption %after | £\ 1097.6:2002, C annex | 25 25 20 20

24 h submerged in water)

Specific density 23 23 23 23
pH value 9-11

Softening point =700 °C/1300 °F

Color Cream white

Table 2. Physical properties of expanded glass aggregates.

MWCNT Black powder [>95wt% |3-5nm 8-15nm 3-12pym | >233mYg 0.15g/cm* | 2.1 g/em® 1412p0Om | CVD

Table 3. Properties of multiwalled carbon nanotubes (MWCNTS).

aerogel having 70 kg/m*® bulk density while the rest of 55% of aggregate contains a combination of 1-2 mm,
0.5-1 mm, 0.25-0.50 mm, and 0.1-0.3 mm size expanded glass aggregates. The physical properties of expanded
glass aggregates are shown in Table 2. Polycarboxylate ether polymer-based superplasticizer (1.8% of cement
mass) and stabilizer (0.3% of cement mass) were used as chemical admixtures. Powder-type MWCNT supplied
by Advanced 2D Materials Co. Ltd. was used in the study. The MWCNT was black in color with an inner diam-
eter of 3-5 nm and the outer diameter of 8-15 nm; and lengths of 3-12 pum. The specific surface area was higher
than 233 m?/g, and density was approximately 0.15 g/cm’. Resistivity was observed at 1412 pQm. MWCNT was
synthesized by the chemical vapor deposition (CVD) technique. Multiwall-carbon nanotubes (MWCNTS) were
used as nanofibers to enhance the mechanical performance of the lightweight aggregate concrete. The properties
of MWCNTs are shown in Table 3.

Dispersion of CNTs and specimen preparation. The dispersion of carbon nanotubes in the cement
matrix is more challenging than in the conventional concrete mixture. Due to the reliable van der Waals forces
between carbon nanotubes, it is necessary to maintain the separation of aggregated carbon nanotube bundles
to protect cement composites from defects. In this study, carbon nanotubes were sonicated separately in water
by ultrasonication energy (in 40% of total water content) with polycarboxylate based superplasticizer for 3 min.
Ultrasonic treatment was carried out by Bandelin Electronic ultrasonic converter UW 3400 of 200 W power and
20 kHz frequency. After mixing lightweight concrete composition with 60% total water, sonicated carbon nano-
tubes liquid was added to the concrete mixture and manually mixed for another 5 min. After the final mixing
process, the flowability test was carried out, and concrete samples were molded into 16 x 4x 4 cm size prisms and
kept at room temperature for 24 h for the hardening process. After the setting process, concrete samples were
demolded and kept immersed in water until the 28th day of the hydration process in the climatic chamber, hav-
ing more than 95% RH and 20 + 1 °C temperature. The mixing composition of the lightweight concrete samples
is shown in Table 4.

Methods. The flowability of the CNT-LWAC was performed by flow table test satisfying EN 12350-5:2009%
standard requirements. For each type of concrete specimen, three times a flow table test was performed, and the
mean value was taken as a result.

Compressive strength of CNT-LWAC was measured on the 28th day of the curing process, satisfying BS EN
196-1:2016* standard requirements. The mean value of three specimens was taken as a result of each type of
concrete sample.
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Control

4545

315

0 = 345+54+34+40 45.45 8.181 13635 325 =

AS-1

4545

315

0.04 0.1818 | 34.5+54+34+40 4545 8.181 13635 325

AS-2

454.5

315

0.10 04544 | 345+54+434+40 45.45 8.181 13635 325

AS-3

4545

315

0.15 0.6816 | 34.5+54+34+40 4545 8.181 13635 325

AS-4

4545

315

030 13632 | 34.5+54+34+40 4545 8.181 13635 325

AS-5

454.5

315

045 20453 | 345+54+34+40 45.45 8.181 13635 325

AS-6

4545

315

wlw|lwlwlw|w

0.60 27264 | 34.5+54+34+40 45.45 8.181 13635 325

Table 4. Mixing composition of lightweight concrete samples, materials for 1 m* of concrete.

SA-1 100 - 35
SA-2 100 = 35 315
SA-3 100 0.04 35 315
SA-4 100 0.15 35 315

Table 5. Mixing composition of CNT-cement paste for the semi-adiabatic calorimetry test.

Water absorption kinetics observation of the lightweight aggregate concrete specimens reveals the increase
in water absorption rate on the 28th day of hydration. LWAC specimens were oven-dried at 105 °C after the
28 days of hydration and immersed in water for 15 min, 1 h, 24 h, and 48 h to observe water absorption in the
LWAC specimens.

To perform a semi-adiabatic calorimetry test, several mortar samples were prepared with cement and aerogel
containing different concentrations of CNTs. CNTs were sonicated in water for 3 min before mixing with the
cement. Table 5 shows the mixing composition of cement paste.

Scanning electronic microscopy of CNT-LWAC was analyzed by a high-resolution electronic microscope
FEI Quanta 200 FEG with Schottky field emission gun (FEG), an energy-dispersive X-ray spectrometer (EDS)
with a silicon type drift droplet detector.

The X-ray diffraction analysis of the composite specimens was performed with X-ray diffractometer DRON-6
with Bragg-Brentano geometry using Ni-filtered Cu Ka radiation and graphite monochromator, operating with
the voltage of 30 kV and emission current of 20 mA. The step-scan was performed from the angular range 2°-70°
(26), and each step of 26 was 0.02°.

Conclusion

Study results analyses the viability of using MWCNTs to improve the compressive strength of lightweight aggre-
gate concrete prepared by silica aerogel and expanded glass aggregates. The following conclusions can be drawn
based on the obtained results.

® The flowability of CNTLWAC was decreased by increasing the concentration of CNTs. At 0.6 wt% of CNT
loading, an almost 17% reduction in flowability was measured for the lightweight concrete specimen.

e The utilization of CNTs significantly improved the compressive strength of the aerogel added lightweight
concrete. Almost 41% improvement in the strength of lightweight concrete was observed at 0.6 wt% CNTs
loading.

e The dispersion technique of CNTs by sonication with water and polycarboxylate based superplasticizer
worked almost effectively to disperse the CN'Ts within the concrete structure. However, some agglomerations
were identified in the transition zone of aerogel.

® CNTswere found to promote the growth of C-S-H, portlandite, and calcite. The study revealed the presence
of more hydration products surrounding the CN'Ts.

e Separation gaps were identified in the transition zone between the hydrophobic silica aerogel and cementi-
tious materials for the control specimen. The utilization of CNTs effectively helped to reduce the separation
gaps by filling the voids and gaps. Moreover, the nucleating effects of CN'Ts were noticed; separations gaps
and voids were not only filled by CNTs, but hydration products were also found in the gaps.
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ARTICLE INFO ABSTRACT

Keywords: The use of rials in cement composites isn't new in concrete research. Due to the refined
Graphene nanoplatelets microstructure and extraordinary mechanical characteristics, fabrication of graphene nano-
Microstructure platelets (GNP) is gaining popularity. However, the impact of the thickness of GNP on the
Water absorption characteristics of lightweight cement composite hasn’t been completely studied yet. In this
Cementitious composite

experimental study, 2 nm, 6-8 nm, and 11-15 nm GNP were incorporated into the aerogel and
expanded glass-based lightweight cementitious composite at a concentration of 0.025, 0.05,
0.1%, 0.25%, and 0.5%, respectively. Workability, semi-adiabatic calorimetry, compressive and
flexural strength, water absorption, microscopy, and XRD analysis of the cement composite were
carefully studied. Study results reveal that the thickness of GNP has a notable impact on cement
hydration. Incorporation of GNP almost improved the compressive and flexural strength by
43.8% and 41.8%, respectively. Water absorption and microstructure analysis suggest that GNP
improves the ITZ of aerogel and densifies the microstructure of the cement composite.

Aerogel
Lightweight cement composite

1. Introduction

Graphene is widely considered to be the strongest material yet discovered by humans. The unique properties of graphene may be
harnessed by integrating it into composite materials [1,2]. For future references, the fabrication of graphene into concrete might
enable the higher toughness, mechanical performance, and durability of the material. The nanomodification of cement composites will
undoubtedly have a major impact on construction materials and the construction field. Recently published, several articles demon-
strate the promising benefits of graphene-incorporated cementitious composites [2-6]. However, research into graphene nanoplatelet
reinforced cementitious composites is just getting started.

Graphene is a new generation of functional fillers for cement-based systems, which is a single-layer hexagonal plane carbon. Du and
co-workers [3,7] introduced GNP in cement mortar and reported improved chloride ingress and water absorption characteristics.
Wang et al. [3] observed that inclusion of 0.5% GNP in a cement composite might enhance the compressive (Cs) and flexural strength
(Fs) by 24% and 8%, respectively. Similarly, Ranjbar et al. [9] reported that incorporation of GNP in geopolymer concrete mightenable
improvement of the Cs and Fs by 1.44 and 2.16 times, respectively. A study by Peyvandi et al. [10] stated that GNP has greater
chemical interactions with the cementitious system and has the ability to transfer the stress. Similarly, Jiangetal. [11] used graphene
in cement composites and reported that composites containing more than 5% GNP exhibited improved piezoresistive behaviour.
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Table 1

Physical properties of EGA.
EGA Size, Bulk density, kg/  Compressive strength, Water absorption, Thermal conductivity, W/ pH Softening Colour
mm m® MPa % (m-K) value point
0.1-0.3 400 4 18 - 9-11 Approx. Cream
0.25-0.5 340 25 20 0.0767 700°C white
0.5-1 270 1.7 18 0.0713
1-2 230 2.0 18 0.0663
2-4 200 1.4 15 0.0639
4-8 190 1.2 10 0.0661

The literature studies suggest that GNP is a promising material and has several beneficial aspects. However, the impact of the
thickness of GNP on the cementitious system isn't completely understood yet. Besides, the impacts of GNP in lightweight cement
composites haven't been fully investigated either. Aerogel is also a widely used material in the construction industry, having lower
mechanical performance and adhesion with cementitious systems [12]. Aerogel is a lightweight thermal insulating fire resistance
material and, due to the impressive characteristics of aerogel, it is used in the construction sector for various purposes like 3D printable
thermal insulation concrete [13], thermal insulation rendering [14-16], thermal insulation plaster [17,18], thermal insulation con-
crete [19], aerogel based wall panels [20], fire safety mortars [21], and fire resistance concrete [22]. Adhikary et al. [23,24] reported
that cementitious composites incorporating aerogel possessed lower mechanical performance and lower ITZ of aerogel. In addition,
due to the entrapped air, aerogel-based cementitious composites might have higher porosity [24]. Previous research has suggested that
GNP has reinforcing and crack-filling properties [25]. In addition, GNP is also provide nucleation effects for the growth of hydration
products [26]. The inclusion of GNP might enable the improvement in mechanical properties, microstructure, and ITZ of the aerogel
cement composite. There was no detailed study published in the past studying the impacts of GNP on aerogel-based cementitious
composites. Moreover, the impacts of the thickness of GNP on lightweight cement composites also need to be investigated. For those
reasons, the study of GNP reinforced lightweight cementitious composite could be worthwhile for future references.

In this study, 2 nm, 6-8 nm, and 11-15 nm GNP were incorporated into lightweight cement composites at a concentration of
0.025%, 0.05%, 0.1%, 0.25%, and 0.5%, respectively. Ultrasonication energy and a polycarboxylate-based superplasticiser were used
to uniformly disperse the nano particles. Except the GNP, other mixing compositions remained constant for all lightweight cemen-
titious composite samples. Workability, semi-adiabatic calorimetry, microstructure, water absorption, mechanical properties, and XRD
analysis were investigated. The findings of the study enable the detailed analysis of the impact of GNP diameter and its concentrations
on the aerogel-based lightweight cementitious composites, which might open the gate for future smart cementitious composites.

2. Materials and methods

2.1. Materials

The mineral admixtures utilized in this experiment were OPC grade OPC grade 42.5 R R and an average 50-m thickness zeolite
powder. Different grades of EGA and silica aerogel were used as LWA in these experimental studies. The physical characteristics of the
EGA and chemical characteristics of the EGA, zeolite and OPC are presented in Table 1 and Table 2. Three different thickness ranges of
graphene platelets were used as nano reinforcement of the cementitious composites. The GNP was purchased from ‘io-li-tech’. The
properties of GNP are presented in Table 3. A MasterGlenium SKY 8700 superplasticiser was used as a chemical admixture to disperse
the nanomaterials and maintain the workability of the composites.

2.2. Sample preparations and dispersion of nano materials

The mixing and trial methods were used to prepare the nano-reinforced cementitious composite samples. All the composite samples
contained similar volumes of 4-8 mm, 2-4 mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm, and 0.1-0.3 mm of EGA and 0.5-2 mm of silica
aerogel as aggregates. The first sample, termed the “control sample,” was prepared without any nano reinforcement. The rest of the
samples were prepared with three different sizes (2 nm, 6-8 nm, and 11-15 nm) of graphene platelets at doses of 0.025%, 0.05%, 0.1%,
0.25%, and 0.50% of cement mass. The water/binder ratio of all the composite samples was kept constant at 0.48. The mixing
composition of all nano-reinforced cementitious composites is presented in Table 4. In the first stage of the experiments, nanomaterials
were ultrasonically dispersed. As compared to a normal concrete mixture, dispersing nanomaterials into the cementitious composite is
more challenging. In order to prevent the defects of cement composites, it is necessary to keep the bundles of graphene nanoplatelets
apart from one another due to the strong van der Waals interactions between nanomaterials. The GNP was separated using ultra-
sonication energy in the aqueous solution of a polycarboxylate-based superplasticiser. The total amount of water of each type of
cementitious composite mixture was mixed with 1.66% of superplasticiser. Afterwards, GNP was added to the solution and sonicated
for 3 min. The ultrasonically dispersed GNP solution is shown in Fig. 1. To prepare the fresh composites, OPC, zeolite and EGA were
manually mixed at the dry stage for 2 min. Subsequently, the dispersed GNP solution was mixed into the cement mixture and gently
mixed for another 2 min. At the last stage of the mixture, aerogel was incorporated to prevent the maximum crushing of aerogel and
mixed for another 1 min. Prepared fresh nano-reinforced samples were sent for the workability test, and afterwards, the samples were
moulded into 16.0 x 4.0 x 4.0 cm size prisms for the different property evolutions. Freshly moulded samples were kept at room
temperature for 24 h for the hardening process. After that, hardened samples were demoulded and kept water-immersed for 28 days.
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Table 3

Physical properties of GNP.
Thickness, nm SSA, m2/g Purity
~2 750 99.5%
6-8 120-150 99.5%
11-15 50-80 99.5%

Table 4

Mixing p of nano reinforced lightweigh p als for 1 m® of
Mix Cement  Aggregate (4/8 + 2/4 + 1/2 + 1/0.5 + 0.5/  Aerogel, kg/ Zeolite  Graphene Super Water

0.25 + 0.01/0.3) m® plasticiser
% Kg/ % Kg/ Kg/ w/b
m® m® m®
Control 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0 0 1.658 8.7 279.2 0.48
2nm0.025 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.025 0.131 1.658 87 279.2 0.48
2nm0.050 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.05 0.262 1.658 8.7 279.2 0.48
2nm0.1 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.1 0.524 1.658 8.7 279.2 0.48
20m0.25 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.25 1.311 1.658 87 279.2 0.48
2nm0.50 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.5 2.623 1.658 87 279.2 0.48
6-8nm0.025 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.025 0.131 1.658 87 279.2 0.48
6-8nm0.050 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.05 0.262 1.658 87 279.2 0.48
6-8nm0.1 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.1 0.524 1.658 8.7 279.2 0.48
6-8nm0.25 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.25 1.311 1.658 87 279.2 0.48
6-8nm0.50 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.5 2,623 1.658 8.7 279.2 0.48
11-15nm0.025  524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.025 0.131 1.658 87 279.2 0.48
11-15nm0.050 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.05 0.262 1.658 87 279.2 0.48
11-15nm0.1 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.1 0.524 1.658 87 279.2 0.48
11-150m0.25 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.25 1.311 1.658 8.7 279.2 0.48
11-15nm0.50 524.7 11.82 + 13.2+16.70 + 22.9+46.6 + 155.2 10.92 58.3 0.5 2623 1.658 8.7 279.2 0.48
Fig. 1. Ultrasonically dispersed GNP.
3. Methods

The workability of the nano-reinforced cementitious materials was tested using a flow table in accordance with EN 12350-5:2009

standard requirements. The mean value of three times the permed flow table spread was recorded as the final result.

To perform the semi-adiabatic calorimetry test, mortar samples were prepared using similar concentrations of GNP, maintaining a
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Table 5

Mixing position of the inforced cement paste for the semi-adiabatic calorimetry test.
Mix Cement, g GNP, g Superplasticiser, g Water, g
Control 100 [ 1.658 40
2nm0.025 100 0.025 1.658 40
2nm0.050 100 0.05 1.658 40
2nm0.1 100 0.1 1.658 40
2nm0.25 100 0.25 1.658 40
2nm0.50 100 0.5 1.658 40
6-8nm0.025 100 0.025 1.658 40
6-8nm0.050 100 0.05 1.658 40
6-8nm0.1 100 0.1 1.658 40
6-8nm0.25 100 0.25 1.658 40
6-8nm0.50 100 0.5 1.658 40
11-15nm0.025 100 0.025 1.658 40
11-15nm0.050 100 0.05 1.658 40
11-15nm0.1 100 0.1 1.658 40
11-15n0m0.25 100 0.25 1.658 40
11-15nm0.50 100 0.5 1.658 40
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Fig. 2. kability of GNP reinforced lightweigk itious ¢

0.40 water-cement ratio. The GNP was ultrasonically dispersed for 3 min with water containing 1.66% superplasticiser. The mixing
composition of the cement mortars for the semi-adiabatic calorimetry test is presented in Table 5.

After the 28 days of curing, water-immerged GNP reinforced cement samples were taken out and dried in the open air for 24 h
before proceeding to the mechanical strength test. The Cs and Fs of the composite samples were performed in accordance with EN
196-1:2016 standards.

After the 28-day hydration, GNP reinforced cementitious composites were oven dried at 105 °C for 24 h. In order to calculate the
water absorption of cementitious composites, oven-dried cement composites were immerged in water for 24 and 48 h. The mean value
of three specimens was recorded as a result.

For SEM of GNP reinforced cementitious composites, the FEI Quanta 200 FEG with Schottky emission gun (FEG) and an energy-
dispersive X-ray spectrometer (EDS) with silicon type drift droplet detector were used for SEM.

A DRON-6 X-ray diffractometer with Bragg-Brentano geometry, Ni-filtered Cu K radiation, and a graphite monochromator
operating at 30 kV and a 20 mA emission current analyzed X-ray diffraction of used materials and GNP reinforced cementitious
composites. In the 2°~70° (2) angular range, the step-scan was carried out in steps of 0.02°.

4. Results

4.1. Workability

The workability of any cementitious system is critical to its ease of placement and compacting. Lightweight aggregates having
porous structures such as expanded glass and expanded clay absorb some water during the mixing process, leading to a higher demand
for water to maintain the desired flowability [27,28]. However, in this contest, prewetting of such aggregates might be beneficial. GNP

152



S.K. Adhikary et al. Journal of Building Engineering 57 (2022) 104870

A= 45 -
S — ool 2 —C O01r0)
w—2 rem GNP-0.025% w—8-8 nm GNP-0.025%
—2 ren GNP-0.050% w—C-8 1 GNP-0 050%
—ca GEIN =66 rm GNP-0.1%
40 o w2 e GNP-0.5% 40 4 ::: ﬁ gn:ﬁ :::'
[¢] [&]
S &
o 35 o 36
2 2
c o
2 g8
£ 30 £ 304
) ()
= =
25 25
20 T r T r T 20 T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time, minute Time, minute
45
—Coniil
—11-15 1 GNP-0.025%
w—11-15 nm GNP-0.050%
= 11-15 nm GNP-0.1%
40 | w1115 nm GNP-0.26%

11-15 nm GNP-0.5%

Temperature, °C

T T T T
0 500 1000 1500 2000 2500
Time, minute

Fig. 3. Hydration of nano reinforced cement paste.

has a higher surface area that enhances the required water demand; a higher amount of water is required to cover the GNP particle,
leading to a decline in free water content [29]. In addition, adding GNP might increase the frictional forces between GNP and
cementitious particles, leading to a decline in workability [30,31]. In this study, EGA was used at large concentrations and GNP was
used as reinforcement. Workability of the prepared samples is shown in Fig. 2. Study results indicated that the thickness of GNP has a
notable impact on the workability of lightweight cementitious composites. Composite samples incorporating different thickness of
GNP show inconsistent workability behaviour. Composite samples incorporating 2 nm GNP show adverse effects up to 0.05% con-
centrations and show a 22.4% reduction in workability. While afterwards, workability is enhanced with a rise in GNP concentrations.
At 0.5% GNP reinforcement, the composite sample shows a 2% increase in flow. While the 6-8 nm GNP reinforced cementitious
composite samples show completely different behaviours, the workability of the composite samples wasn’t much impacted until 0.1%
GNP reinforcement. A 3% increase in workability of a 0.05% GNP reinforced cement composite was measured, and afterwards,
workability decreased with the rise in GNP content. At 0.25% and 0.5%, 6-8 nm, GNP reinforcement composite samples show a 12.2%
and 20.4% decline in workability over control samples. On the other hand, the 11-15 nm GNP reinforced cementitious composite
shows an 8.1% increase in workability at 0.025% GNP reinforcement and subsequently workability decreases till 0.25% GNP con-
centration. A 9.2% decline in workability was measured, incorporating 0.25% of GNP. Interestingly, the composite sample at 0.5%
reinforcement shows a notable increase in flow and a 10.2% enhancement in flow over the control sample was measured. The flow
table spread of some GNP-reinforced cementitious composites is shown in Fig. 3. Guo et al. [26] used GNP in their study and reported a
20.6% reduction in workability incorporating 0.1% GNP. However, the authors observed a slight enhancement in the workability of
silane-treated GNP concrete compared to the concrete samples containing non-treated GNP. Similarly, Ahmad et al. [32] reported a
22.58% decline in the workability of concrete reinforced with 5% GNP. composites in greater depth. GNP concentrations up to 0.050%,
the composite sample prepared with a 2 nm thickness of GNP loses its workability the most. Up to 0.25% GNP concentration, 6-8 nm
GNP reinforced cement composite shows slightly lower workability than 11-15 nm of GNP reinforcement. It can be observed that at
optimum doses of GNP, the thinner the GNP shows a greater rate of decline in workability. The inconsistence behaviour in workability
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Fig. 4. Cs and Fs of GNP-reinforced lightweight cement composites.

of varied thicknesses of GNP could be associated with the surface area of GNP. The GNP with a smaller thickness has a larger surface
area that might enhance the requirement for water, leading to a higher rate of decline in workability. However, the reduced work-
ability of 2 nm and 11-15 nm GNP reinforced cement composite was observed up to certain doses; afterwards, it was increasing. The
sudden improvement in workability at high doses of GNP might be associated with the agglomerations of nano particles.

4.2. Semi-adiabatic calorimetry analysis

The semi-adiabatic temperature of different thickness GNP reinforced cementitious systems is presented in Fig. 3, and it clearly
demonstrates that the hydration of the cement composite is notably impacted by the thickness of GNP. Cementitious composites
incorporating 2 nm GNP effectively retard the hydration of cement paste. However, there were no stable relationships observed be-
tween the retardation of cement hydration and GNP concentration. Cement paste samples reinforced with 0.025% GNP show slight
retardation in hydration and show comparatively higher exothermic heat than the control samples. Other composite samples gain less
exothermic heat than control samples. Sample containing 0.25% nm GNP shows the highest level of retardation in cement hydration.
While the 0.5% GNP reinforced cement composite shows significant accelerated heat of hydration and produced heat over the 0.25%
GNP reinforced cement paste, On the other hand, all the composite samples reinforcing 6-8 nm GNP show lower production of
exothermic heat than the control sample. The cement hydration of the cement paste was retarded up to 0.1% GNP reinforcement, and
afterwards, cement hydration was accelerated by the rise in GNP concentrations. Cement paste containing 0.025% 11-15 nm GNP
gains more produced heat than the control sample, and the rest of the samples gain comparatively lower exothermic heat. Interest-
ingly, the cement hydration incorporating 11-15 nm GNP accelerated the cement hydration. In the experimental study, it was observed
that the thickness of GNP plays an important role in the hydration of the cementitious system. The larger the thickness of the GNP
reinforced cementitious system, the better the cement hydration. The delay in cement hydration might be attributed to the surface
anionic charge density of GNP. Higher anionic charge density might also delay the transformation of C-S-H [33,34]. Schonlein and
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Fig. 5. W, strength of GNP-reinforced lightweight cement

Plank reported that the surface area of nanomaterials might initially hold back the growth of C-S-H [33]. The growth of hydration
products and nucleation effects are primarily influenced by the early age of the hydration cementitious system. It is probably that
higher-thickness GNP initially accelerated the formation of hydration products, leading to an acceleration in hydration. The heat of
hydration was tested for cement paste containing various doses of GNP to understand the impact of GNP on cement hydration.
However, the impact of GNP combining with lightweight aggregates such as aerogel might be slightly impacted. Adhikary et al. [23]
observed that aerogel might slightly lower the produced exothermic heat and slightly retard the hydration time of cement paste.

4.3. Compressive and flexural strength
In Fig. 4, the Cs and Fs of the lightweight GNP reinforcement cementitious composite at different thickness and concentrations are

presented in Fig. 5. Itis clearly observed that the thickness of GNP has an important role in the mechanical strength of the grain of the
GNP reinforced cementitious system. The Cs of the cementitious composite was increased up to a 0.25% concentration, but afterwards
it decreased. All of the composite samples, however, gain greater Cs than the control sample. The optimum Cs gain was observed at a
0.25% concentration of different thickness of GNP. The Cs of the control sample, 2 nm, 6-8 nm, and 11-15 nm GNP reinforced cement
composites at 0.25% concentration was measured at 11.32 MPa, 15.88 MPa, 15.52 MPa, and 14.92 MPa, respectively. Similarly, the Fs
of the GNP reinforced cement composite was increased up to a certain concentration, but subsequently started decreasing. However,
all of the nano-reinforced cement composites outperform the control sample in terms of Fs. The optimum Fs gain of the 2 nm and 6-8
nm GNP reinforced cement composites was measured at 0.25%. While 11-15 nm GNP reinforced cement composite gains optimum
flexural strength at 0.1% concentration, the flexural strength of the control sample, 2 nm, 6-8 nm, and 11-15 nm GNP reinforced
cement composites at 0.25% concentration was measured at 2.32 MPa, 2.96 MPa, 3.29 MPa, and 2.85 MPa, respectively. This
experimental investigation showed that the mechanical performance of the cementitious system was remarkably improved by
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Fig. 7. a) ITZ of EGA without GNP reinforcements, b), ¢) and d) ITZ of EGA with GNP reinforcements.

incorporating GNP. 11-15 nm thickness GNP reinforced cement composite gains greater compressive strength at its optimum level
(43% increased Cs at 0.25% GNP reinforcement). While 6-8 nm in thickness, GNP reinforced cement composites gain greater flexural
strength at their optimum level (41.8% increased Fs at 0.25% GNP reinforcement). Similar improved mechanical performances of GNP
reinforced cementitious systems have been reported in the literature [35-37]. The GNP might provide pore filing and nucleation
effects, leading to improvement in microstructure and mechanical performance [3,33,39]. In addition, GNP also has a reinforcement
capability [25]. It is probably due to those reasons that the mechanical performance of the GNP reinforced cement composite was
improved. However, after certain doses, a drop in mechanical performance is also noticed. Previously published literature suggested

that the drop in mechanical performance after certain doses of nano materials might be attributed to the hydrophilic behaviour of nano
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Fig. 8. a) ITZ of aerogel without GNP reinforcements, b), ¢) and d) ITZ of aerogel with GNP reinforcements.

materials [37]. The hydrophilic behaviour of GNP might prevent cement hydration by absorbing water on the cement surface [36,40,
41]. The higher doses of GNP might enhance the required water and disrupt the homogeneous distribution of GNP in the cementitious
composite [39]. This phenomenon might lower the mechanical performance of the GNP reinforced cementitious system [40]. Jiang
et al. [42] also reported a drop in the mechanical performance of GNP-reinforced concrete after certain doses. The authors state that at
large concentrations, GNP may agglomerate and reduce the nucleation sites accessible for hydration, resulting in a reduction in the
weak zone inside concrete, leading to a decline in strength. Gao et al. [45] used different diameters of carbon-based nanomaterials and
reported that the smaller diameter of nanomaterials provides better pore felling effects while larger diameter nanomaterials provide
better dispersions. The effectiveness of GNP for the improvement in mechanical strength after 28 days of curing of different thicknesses
of GNP might be associated with its surface area and its impacts on cement hydration and pore felling effects.

4.4. Water absorption

The WA of the GNP reinforced cementitious composite is presented in Fig. 5. WA of the lightweight cement composite was
measured after 24 and 48 h of water immersion. Study results showed that the water absorption of the composite decreased with the
rise in GNP reinforcement concentrations. The lowest water absorption after 48 h was measured for the cement composite incorpo-
rating 2 nm GNP. After 48 h of water immersion, the water absorption of the control sample, 2 nm GNP, 6-8 nm GNP, and 11-15 nm
GNP reinforced cement composite at 0.5% concentration was measured at 11.4%, 8.04%, 9.24%, and 8.62%, respectively. The rate of
improvement in water absorption after 24 and 48 h at 0.5% concentration was measured at 72.4%, 56.7%, and 64.4%, and 29.45%,
18.85%, and 24.32% for the 2 nm GNP, 6-8 nm GNP, and 11-15 nm GNP reinforced cement composite samples, respectively. This
experimental study also showed that the thickness of GNP also has an impact on the WA of the cementitious system. The incorporation
of GNP and other nano particles fills the pores and voids of the cementitious composite and provides nucleation effects for the growth
of hydration products [3,38,39]. This improvement in microstructure led to an improvement in water absorption of cement composite.
A similar improvement in water absorption of graphene reinforced cementitious systems was observed by several authors [32,43]. A
study [44] reported that incorporation of graphene in cementitious composites provides nanoscale reinforcement and reduces the
porosity and densifies the composite matrix, leading to an improvement in water absorption. The effectiveness of carbon based nano
materials for the improvement in water absorption of the cement composite might be associated with the impacts of pore filling effects,
improvement in porosity, and degree of dispersion [45].
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Fig. 10. Pore filling effects of GNP.

4.4.1. Scanning electron microscopy

The SEM image in Fig. 6 shows that GNP particles were almost homogeneously distributed in the cementitious composites. These
phenomena suggest the effectiveness of ultrasonication to successfully disperse nanoparticles. SEM image depicted in Fig. 7shows the
ITZ of EGA with and without GNP reinforcement. In this SEM image, it is clearly evident that EGA has greater adhesion with
cementitious composites. GNP particles can clearly observed in the ITZ of EGA. A separation gap between aerogel and cementitious
materials is clearly visible in Fig. 8 a) for the composite without GNP reinforcement. While the GNP reinforced cement composite
sample shows comparatively improved ITZ, as shown in Fig. 8 b), ¢) and d) d). Adhikary et al. [12,23,24] and Gao et al. [46] reported
that aerogel has lower adhesion with the cementitious materials, leading to weaker ITZ. The presence of GNP was also observed in the
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Fig. 11. XRD pattern of GNP reinforced lightweight cement p

ITZ of aerogel and EGA, as shown in Fig. 8.Adhikary et al. [47] observed a similar improved ITZ of aerogel incorporating carbon
nanotubes. Air and/or water may easily penetrate through the gaps, weakening the cementitious system. The presence of hydration
products surrounding the GNP particles, shown in Fig. 9 is evidential of the nucleation effect of GNP. The presence of hydration
products can be clearly observed in the GNP reinforced cementitious system. Guo et al. [26] observed similar growth of hydration
products surrounding graphene. While the pore filling effects of GNP can be observed in Fig. 10, which may lead to an improvement in
the mechanical performance of cementitious composites [48,49].

4.5. XRD analysis

In Fig. 11, the XRD patterns of the GNP reinforced cement composites are presented. XRD analysis of the cement composite
revealed that all the composite specimens had similar peaks and didn’t have any additional peaks, adding GNP. The intensity of the
pecks varied depending upon the concentrations of the GNP. That suggests that almost similar hydration products were grown and the
crystalline of the hydration products were impacted by incorporating GNP. A similar observation was reported by Wang and Pang [50].
XRD analysis suggests that calcite, portlandite, ettringite, calcium silicate hydrate, lawsonite, and brownmillerite are the primary
hydration products of the cement composites. It was observed that the intensity of ettringite at 8° and 19” was slightly enhanced by the
rise in GNP concentrations. All the peaks of portlandite near 18° and 34° were noticed for all the cementitious composites. However,
the intensity of portlandite varied depending upon the concentration of GNP. The peak of portlandite near 18° contained 0.025% and
0.1% GNP. While the composite sample containing 0.5% GNP had a higher intensity of portlandite near 34°. The higher peaks of the
portlandite of the GNP reinforcement cementitious system might be due to the acceleration in pozzolanic activity. Due to the accel-
eration in pozzolanic activity, the intensity of ettringite and calcium aluminate silicate hydrate was also increased. This phenomenon
suggests that probably at higher GNP concentrations, pozzolanic activity increased and the aerogel partially dissolved and reacted with
cement.
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5. Conclusions

In this experimental study, various concentrations of different thickness of GNP were incorporated into a lightweight cementitious
composite. GNP and its thickness were studied for their effects on fresh, mechanical, water absorption, and microstructural properties.
The ultrasonic dispersion of GNP in polycarboxylate superplasticiser was observed to be effective in dispersing the GNP uniformly. The
flowability of the GNP reinforced cement composite was significantly impacted by the thickness of the GNP. The workability of the
GNP reinforced cement composite was reduced compared to the control sample. Cs and Fs of the lightweight cement composite were
increased up to a certain concentration of GNP and subsequently decreased by the rise in GNP concentrations. At optimum concen-
trations, an almost similar rate of enhancement in compressive strength was observed incorporating different thickness of GNP, while
at low concentrations of GNP, a significant difference in Cs was observed. The impact of the thickness of GNP on the rate of
improvement in Fs was more significant than that of Cs. The water absorption properties of the GNP reinforced cement composite were
significantly improved, and 2 nm GNP was observed to be more effective at lowering the water absorption. GNP was observed to
promote the growth of hydration products such as C-S-H and portlandite. Incorporation of GNP improves the microstructure by filling
the voids/pores.
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