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Kajian Kelakuan Mekanikal dan Terma Konkrit Geopolimer Agregat Ringan
(LWAGC) Menggunakan Abu Terbang

ABSTRAK

Geopolimer adalah sebahagian daripada sains polimer, kimia dan teknologi yang
membentuk salah satu bidang utama sains bahan dalam menghasilkan bahan baru hijau
yang boleh dijadikan alternatif bahan simen kepada Portland simen biasa (OPC) kerana
sifatnya yang mesra alam. Kajian tentang struktur konkrit agregat ringan telah ditemui
di dalam kajian sedia ada. Tesis ini membentangkan prosedut/proses sintesis daripada
konkrit geopolimer agregat Ringan (LWAGC) berdasarkan American Concrete Institute
(ACI) Piawaian Jawatankuasa 211(ACI 211,2). LWAGC telah disediakan dengan
menggunakan pengaktif alkali daripada Abu Terbang (FA) yang mengandungi natrium
silikat ( Na,SiO; ) dan larutan natrium hidroksida (NaOH). Pengikat geopolimer ini
telah digunakan untuk mengikat campuran agregat semulajadi dan agregat ringan tanah
liat berkembang (LECA). Ciri-ciri fizikal, mekanikal , mikrostruktur dan terma yang
dihasilkan LWAGC sebelum dan selepasterdedah kepada suhu tinggi diantara 100 -
800 °C telah dikaji dengan terperinci melalui kajian ini. Keputusan fizikal dan
mekanikal LWAGC yang tidak terdedah kepada suhu pemanasan 100° C hingga 800 °C
menunjukkan ia menepati Piawaian ACI 211,2 untuk mereka bentuk LWAGC struktur
berasaskan teknologi pengeopolimeran. Campuran LWAGC yang segar telah
mencatatkan nilai penurunan iaitu 95 mm , manakala LWAGC keras memiliki kekuatan
mampatan sebanyak 18:86 MPa dengan isipadu 1438.70 kg/m3, pada hari ke 28. Ini
membenarkan ia diklasifikasikan sebagai LWAGC struktur yang boleh digunakan
sebagai bahan- binaan. LWAGC yang tidak terdedah juga menunjukkan kekuatan
mampatan meningkat secara berterusan apabila penuaan dibuat sehingga 1 tahun.
Kajian nisbah optimum Activator/FA digunakan diantara 0.3-0.7 menunjukkan bahawa
nisbah ‘Aectivator/FA yang dicadangkan oleh Piawaian ACI 211,2 iaitu 0.59 adalah
kandungan pengaktif paling optimum. Ini adalah kerana ia menyediakan kebolehkerjaan
yang ‘dikehendaki dan mempunyai kekuatan mampatan yang paling tinggi berbanding
dengan nisbah ujian lain. Keputusan mekanikal, fizikal dan mikrostruktur menunjukkan
agregat (pasir/pasir + LWA) meningkatkan ketahanan api mortar geopolimer FA dan
LWAGC. Kekuatan LWAGC meningkat selepas terdedah kepada suhu diantara 100 °C
sehingga 300° C. Bahan-bahan ini adalah sangat sesuai untuk aplikasi pada suhu
sehingga 300 °C.
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Study on Mechanical and Thermal Behavior of the Lightweight Aggregate
Geopolymer Concrete (LWAGC) Using Fly Ash

ABSTRACT

Geopolymers are part of polymer science, chemistry and technology that forms one of
the major areas of materials science as well as in producing of new green materials that
can alternative cementitious material to ordinary Portland cement (OPC) due to their
brilliant environmentally-friendly benefits. Structural lightweight aggregate concrete
LWAC has been found in the available literature. This thesis presents the synthesis
process procedures of a structural lightweight aggregate geopolymer concrete
(LWAGC) system based on the American ConcreteInstitute (ACI) committee 211-
standard (ACI 211.2). The LWAGC was prepared-wby alkali activation of a Fly Ash
(FA) consist of sodium silicate (Na;SiO3) and s6dium hydroxide solution (NaOH). The
geopolymer paste binder was used to bind. a mixture of natural aggregates and
lightweight expanded clay aggregate."(LECA). The physical, mechanical,
microstructural and thermal properties 0f) the prepared LWAGC before and after being
exposed to elevated temperatures_ranged of 100-800 °C were extensively investigated
through this work. The physical.and mechanical results of the unexposed LWAGC to
heating temperatures of 100 °C:to’800 °C showed that it comply the ACI 211.2 standard
for designing a structural EWAGC based on the geopolymerization technology. The
fresh LWAGC mixture was recorded a slump value of 95 mm, while the hardened
LWAGC possessed a(compressive strength and volume of 18.86 MPa and 1438.70
kg/m3 , respectivelyat*28 days. These classify it as a structural LWAGC which can be
used as a construction material. The unexposed LWAGCs were also showed a
continuous strength gaining versus aging times up to 1 year. The optimizing of
Activator/FA-mass ratio used in the LWAGC preparation has been also investigated at a
range 0f.0.3-0.7, which revealed that the Activator/FA mass ratio proposed by the ACI
2112%standard of 0. 59 was the optimum activator content as it provide the desired
workability and the highest compressive strength than other tested ratios. The
microstructural and physical analysis showed that, the thermal properties of LWAGC
improved significantly after been exposed to elevated temperature of 400 °C, 600 °C
and 800 °C. The mechanical, physical and microstructural results showed the aggregates
(sand/sand + LWA) significantly improved the fire resistance of FA geopolymer mortar
and LWAGC. The strength of the LWAGC increased after exposed to 100 °C to 300 °C.
These materials are excellent for the applications up to 300 °C.
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CHAPTER 1

INTRODUCTION

1.1 Background

The developing of lightweight building materials has;go6d mechanical properties
become a constant request. It is known that the lightweight materials can reduce the
deadweight of structure, provide better thermal insulation for buildings and cost less to
transport or erect when pre-fabricated structural components are made in factory (Wu &
Sun, 2007). According to Chandra\& Berntsson (2002) there are three types of
lightweight concretes (LWCs)>used for different applications as lightweight building
materials, which are:

1. The non-load bearing concrete which used in heat insulation purposes, prepared
by introducing large voids within the concrete mass and is known as aerated,
foamed or gas concrete.

2. Low-density concrete formed by omitting the fine aggregate causing a large
number of interstitial voids and is known as no-fines concrete. Generally, coarse
aggregate of normal density is used, but lightweight aggregate (LWA) gives
considerably reduced weight and better heat-insulation properties.

3. The Lightweight aggregate concrete (LWAC) with monolithic structure in
which the coarse lightweight aggregates is used instead of normal weight
aggregate. The normal weight fine aggregate is mostly used in the preparation

of LWAC which is therefore also called the sand lightweight concrete.



The LWAC has its obvious advantages of high strength to weight ratio, good tensile
strength, low coefficient of thermal expansion, and superior heat and sound insulation
characteristics due to air voids in LWA (Mouli & Khelafi, 2008). The utilized LWA in
preparation of the LWAC could be from natural origin like pumice, scoria, volcanic
cinders, tuff, and diatomite or artificial LWA produced by heating like expanded clay,
shale, slate, diatomaceous shale, expanded perlite, obsidian, and vermiculite (Hu et al.
2009). Also, the industrial cinders and blast-furnace slag that'has been specially cooled
can be used as LWA (Arellano-Aguilar et al. 2010),~Fuarthermore, the LWAC can be
used as a structural concrete which is similar 0. the normal weight concrete (NWC)
except it has low density. According to‘th® American Concrete institute committee
213R (ACI 213R-87), the structural \LWAC has a 28 days compressive strength in
excess of 17 MPa (2500 psi) and a 28 days air dried unit weight not exceeding 1850
kg/m3 (115 Tb/ft’). The,structural LWACs are commonly used in the construction of
buildings, bridge «deck pavements, and in more limited role, for entire bridge
superstructures, (Swamy & Lambert, 1981; Swamy & Lambert, 1983; Swamy & Jiang,
1993). The LWA used for production the structural LWAC known as the structural
LWA' which are meeting the requirements of the American Society for Testing and
Materials committee 330 (ASTM C 330) include:

1. Rotary kiln expanded clays (Figure 1.1), shales, and slates.

2. Sintering grate expanded shales and slates.

3. Pelletized or extruded fly ash.

4. Expanded slags.



Figure 1.1; Expanded clay LWA.

Furthermore, other structural’ LWAs can also be produce by processing other
materials like the naturally occurring pumice and scoria. The structural LWAs have
densities significantly‘lower than normal-weight aggregates, ranging from 560 kg/m3 to
1120 kg/m® (35 pef to 70 pef), compared to 1200 kg/m® to 1760 kg/m® (75 pef to 110
pcf) for nermal-weight aggregates (Mehta & Monteiro, 2006).

On the other hand, the concrete usage around the world is second only to water
(Malhotra, 2002). The Ordinary Portland cement (OPC) is conventionally used as the
primary binder to produce concrete. However, the environmental issues associated with
the production of the OPC are well known and can be addressed in term of the carbon
dioxide CO; released during the manufacturing of the OPC. Hardjito & Rangan (2005)
reported that the production of one tone of the OPC releasing approximately one tone of
CO, to the atmosphere due to the calcination of the limestone (the raw material of the
OPC) and combustion of fossil fuel. Accordingly, the amount of greenhouse gas (GHS)

emitted from the worldwide production of OPC corresponding 7% of the total GHS



emission released into the Earth’s atmosphere (Malhotra, 2002). In addition, the extent
of energy required to produce OPC is only next to steel and aluminum (Davidovits,
1988). Therefore, many researchers in the concrete industry have investigated diverse
approaches of minimizing the use of OPC in the last two decades as a global efforts to
reduce GHS emissions. These efforts can be summarized as, firstly, using additives by-
product materials such as fly ash (FA) or ground granulated blast-furnace slag (GGBS),
which are partially replaced the OPC to reduce its amount/used in the making of
concrete.

Secondly, develop novel materials that capable of replacing the traditional OPC.
Many studies have been carried out since‘the’ 1960s on the development of GGBS-or-
FA-based alkali-activated (AA) mortar and concrete. Correspondingly, as early as the
1980s, Davidovits rediscovered~after intensive research a new family of mineral
polymers, which they called alkali-activated aluminosilicate geopolymers or simply
geopolymers. The(mname was chosen because of the similarities with organic
condensationpolymers regarding to their hydrothermal synthesized conditions
(Davidovits, 1982; Davidovits & Sawyer, 1985). Geopolymers are defining as members
of the family of inorganic polymers, their chemical composition is similar to the natural
zeolitic materials, but their microstructure is amorphous (Davidovits, 1982). Davidovits
(1988, 1994) revealed that the geopolymer material can be prepared by the alkali
activation of a source material which is rich in silicon (Si) and aluminum (Al) of
geological origin or by-product materials by alkaline activator liquid like sodium or
potassium hydroxide (NaOH, KOH) mixed with sodium silicate (nSiO,Na,O) or
potassium silicate (nSi0,K,0). The resultant geopolymer material can be used as a
binder instead of the OPC binder to bind different types of aggregates to produce

geopolymer mortars and concretes. The geopolymer materials reported to be capable of



reducing the CO; emission by 80% to 90% comparing to the OPC (Davidovits, 1999).
Other studies reported that the geopolymers have early strength, low permeability,
excellent resistance to chemical attacks, good freezing thawing cycles and a tendency to
immobilize the heavy metal ions in their structure (Hardjito & Rangan, 2005; Wallah &
Rangan, 2006; Li et al., 2004; Gourly & Johnson, 2005).

The typical source materials used for making geopolymers are metakaolin (MK) or
industrial by-products like Fly ash (FA), slag and rise husk.ash (Duxson et al. 2007a;
Detphan & Chindaprasirt, 2009). However, geopolymer materials synthesized by
treating by-products like FA will enhance the enyironmental and economic credentials
of the end product (Rickard et al, 2012). Furthermore, the usage of the FA as a source
material in preparing of the geopolymers will decrease the preparation cost as there is
no calcination or further preparation processes required for the source material like the
metakaolin which required pre-heating at 750 °C prior to usage. FA geopolymer cement
and concrete have(been investigated by many researchers who concluded that these
materials are(superior to the traditional OPC cement and concrete due to their higher
mechanical and thermal properties (Hardjito & Rangan, 2005; Kong & Sanjayan, 2010)
and\better chemically attack resistance (Guo et al. 2010; Wallah et al. 2005; Song, et al.

2005).

1.2 Problem Statement

As mentioned in section 1.1, the geopolymer materials have been recently presented
as a pioneer technology of producing environmental-friendly and low cost cement-less
materials that could replaces the traditional OPC. At the same time, the utilization of the

geopolymerization technology in production of green lightweight aggregate geopolymer



concrete (LWAGQC) has its obvious commercial advantages of integrating the energy
saving with production of new green building materials possess excellent mechanical,
thermal and chemical resistance properties. Nevertheless, paucity in the published
studies and researches regarded to the utilization of the geopolymerization and LW As in
production of LWAGC has been reported in the available literature (Hu et al. 2009; Wu
& Sun, 2007; Zuda et. al. 2010; Yang et. al. 2010, Ng & Foster, 2011; Nazari et al.
2012). The concretes of these researches were prepared by the usage of GGBS or a
combination of FA and metakaolinite (MK) or allcas<source materials activated by
different types of alkaline activators in order/t0 preparing the geopolymer binder
(geopolymer paste). Furthermore, the coneretes reported in these researches were from
the no-fines LWC types which therefore not considered as a structural LWAC (Chandra
& Berntsson, 2002), except the EWAC reported by Yang et al. (2010). The details of
these LWCs are presented in Chapter 2, section 2.10. Additionally, base on our
knowledge there is'no published work yet has been utilized the FA individually as a
source material and normal weight sand as a fine aggregate in production of structural
LWAGC, despite the high attention paid to the advantages of FA geopolymeric cement
and . NWC materials as mentioned in section 1.1. Moreover, the designing bases of the
structural LWAGC are yet unrevealed by any published standard document.

From the above, part of the this work was therefore dedicated to study and
investigate the designing and preparation procedures of a structural LWAGC prepared
by the usage of FA as only source material of making geopolymer binder.
Consequently, the designing and preparation procedures of structural LWAGC were
then included the optimization of the all preparation parameters which control the
geopolymerization and design processes that leads to produce LWAGC with desired

slump and compressive strength values.



Moreover, the thermal performance of the structural LWAGC system at high
temperature environments is unavailable in the literature especially when they exposed
to variable elevated temperatures. The previous studies were carried out to investigate
the thermal properties of the FA geopolymers paste and NWC have been reported low
thermal shrinkage and good strength maintenance after exposed to high elevated
temperatures (Bekharev, 2006; Kong & Sanjayan, 2008; Kong & Sanjayan, 2010;
Richard et al. 2010). The FA geopolymers in these papers\were directly heated from
room temperatures up to elevated temperatures of 800<°C or further up to 1200 °C,
without consider the significance changes in/jthe geopolymer phase composition
occurred at temperatures ranged from  about 600 to 800 °C which are recently
highlighted by Provis et al. (2009) and Rickard et al. (2012). Therefore, the second part
of this work was dedicated to-study and investigate the thermal performance and
significance changes in.the geopolymeric phase composition of exposed LWAGC to
different elevated temperatures up to 800 °C. In addition, the effect of the LWAs
inclusion on the thermal performance of the exposed LWAGC to elevated temperatures
was alse_explored by comparing it with the thermal performance of the exposed FA

geopolymer pastes and mortars to elevated temperatures.

1.3 Research Scope

The main scope of this research is experimentally studying the designing and
preparation procedures utilized in producing a low density (less than 1850 kg/m’)
LWAGC based on the alkali-activation of FA as the only source material without any
other additives materials. The alkaline activator used in the FA activation process is a

mixture of liquid sodium silicate (Na,SiO;) and 12M sodium hydroxide (NaOH)



solution. The aggregate used in the LWAGC preparation was a mixture of aggregates
consisting of lightweight expanded clay aggregate (LECA) and normal weight sand.

In addition, the designing process based on the American Concrete Institute (ACI)
committee 211-standard (ACI 211.2) as there is no standardized documents yet deals
with the geopolymers as a cementitious material. This standard is the only available
online standardized document that described in details the designing and proportioning
processes of a lightweight aggregate structural concrete“for OPC system. This is
followed by performs an actual design to the preparation parameters that the initial
LWAGC mix proportioning (resulted from th¢ACI 211.2 standard) did not specify
them. These preparation parameters affects significantly on the geopolymerization rate
and the LWAGC final compressive-strength. These parameters comprise the NaOH
solution concentration, mass mixing ratio of Na,SiO3/NaOH, curing temperature, curing
period. The actual designd¢was performed on the geopolymer paste then the optimum
parameters values were applied during the LWAGC preparation.

Another scope of this work is investigate and address the significance changes in the
geopolymeric phase composition of the exposed LWAGC to elevated temperatures of
400.°C, 600 °C and 800 °C . This is achieved by comparing the thermal behavior of the
exposed LWAGC to elevated temperatures (400 °C, 600 °C and 800 °C ) with other
geopolymeric binders (FA geopolymer paste and mortar) mechanical, thermo-physical
and microstructure characteristics. Moreover, the effect of elevated temperatures ranged
from 100 °C to 800 °C on the residual strength of the prepared LWAGC is also
statistically analyzed. Finally, the effect of variable LWAs size and grading on the

mechanical and thermal properties of the LWAGC is also extensively studied.



1.4 Research Objectives

1.

Designing and preparation of a structural LWAGC possesses the requirements
density and mechanical strength using FA as the only source material for making the
geopolymer binder without any additives materials.

To investigate the mechanical strength and physical properties of the prepared
LWAGC at normal temperature and comparing these properties with its constituents
of FA geopolymer paste and mortar materials.

To investigate the thermal behavior and gradual changes in the geopolymeric phase
composition of the LWAGC and its. constituents (FA paste and mortar) after
exposed to elevated temperatures, of 400 °C, 600 °C and 800 °C. In addition,
evaluating the fire resistance of the LWAGC after exposed to elevated temperatures
ranged from 100-800 °C.

To investigate the effect of the different aggregate particle size and grading LWA on
the compressive strength and physical properties of the concrete at normal and

elevated temperature of 800 °C.

1.5 Contribution of Research

The contribution of the current research can be summarized as:

i.  Designing and preparation of a new green structural LWAC can be used in
construction applications as a structural concrete with excellent mechanical
strength, low-density as well as totally environmentally-friendly properties.

i.  Investigating the thermal durability and behavior of the LWAGC at high

temperature environment up to 800 °C by mechanical, thermo-physical and



microstructural experimental studies. However, this investigation conducted to
the LWAC prepared by the geopolymerization technology is not available in the

literature.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents a background on the concrete manufacturing technology, its
types and some of the famous concrete buildings in,past and modern history. This
chapter is also presents a background of the lightweight aggregate concrete (LWC), its
historical usage, advantages as well as a-deseription of its types and application. The
environmental issues attendant to the-utilization of the Ordinary Portland Cement (OPC)
in the concrete technology as>well as the recent suggestions of reducing the OPC
quantities that involved.indthe making of concrete are also addressed in Chapter 2. One
of these suggestions was developing new supplementary materials that could partially or
totally replacing the OPC, and the geopolymer material is one theses materials.
Thereforey-the geopolymers, in particularly, the fly ash (FA) based geopolymer is the
backbone of this chapter. The FA based geopolymer advantages, types,
macro/microstructure, methods of production and factors that significantly influenced
their properties are also discussed. Finally, this chapter reports the past researches that
involved in usage of the geopolymerization technology in the production of lightweight

geopolymeric concrete in all of its types and the significant results of these reports.
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2.2 Concrete

Concrete is a composite construction material made primarily with aggregate, OPC,
and water. The word concrete comes from the Latin word "concretus” which is meaning
compact or condensed (Mehta & Monteiro, 2006). The concrete technology was known
by the ancient Romans and was widely utilized in making of large structural buildings
like the Colosseum. However, after the Romans Empirepassed, the use of concrete
became scarce until the technology was re-pion€ered in the mid-18th century.
Nowadays, it is estimated that there are nearly 3‘tons of concrete produced each year for
every human on the planet, which making the_concrete the most used man-made product
in the world (Chandra & Berntsson;»2002). The concrete is widely used for making
architectural structures, foundations, brick/block walls, pavements, bridges/overpasses,
motorways/roads, runaways, parking structures, dams, pools/reservoirs, pipes, footings
for gates, fences and'poles and even boats. The famous concrete structures include
the Burj Khalifa (world's tallest building), Hoover Dam, the Panama Canal, the

Roman Pantheon.

Mehta & Monteiro, (2006) reported the reasons behind the widely usage of the
concrete in the construction as firstly, the concrete possesses excellent resistance to
water unlike the wood and ordinary steel. The ability of concrete to withstand the action
of water without serious deterioration makes it an ideal material for building structures
to control, store and transport water. The second reason of the widespread use of
concrete is ease with which structural concrete elements can be formed into a variety of
shapes and sizes. Finally, the third reason is the low cost and availably of the concrete’s

raw materials.

12



2.3 Types of Concrete

Generally, it is not possible here to list all concrete types due to numerous modified
concretes and different methods of classification which are depended to the concrete
properties and application. Although, most commonly concrete classification methods
are based on the compressive strength and unit weight of the hardened concrete.
Accordingly, concrete can be classified based on its compressive strength value in a
method known as strength grading (Mehta & Monteiro,<2006). The strength grading of
the concrete is prevalent in Europe and many other countries in which the concrete can

be divided into three general categories based’on compressive strength as:

®  Low-strength concrete:cless than 20 MPa.
®  Moderate-strength<concrete: 20 to 40 MPa.

®  High-strength concrete: more than 40 MPa.

Moreever, the concrete can be also classified based on the unit weight into three
broad categories (Mehta & Monteiro, 2006). The concrete containing natural sand and
gravel or crashed-rock aggregates, generally weighting about 2400 kg/m3 , is called
normal-weight concrete (NWC), which it is the most commonly used concrete for
structural purposes. When the concrete used for radiation shielding applications, the
concrete is produced by using high-density aggregate and the resulted concrete is called
the Heavy-Weight Concrete (HWC) which is usually having a unit weight more than
3200 kg/m’.

Furthermore, when higher strength-to-weight ratio is desire, it is possible to reduce

the bulk density of the concrete by using natural or artificial aggregates with lower
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density. The term lightweight concrete (LWC) is used for the concrete that weights less
than 1800 kg/m’. As described earlier in Chapter 1, the LWC can be classified into three
types which are: the non-load concrete, no-fines concrete and lightweight aggregate
concrete (LWAC) which is used as a structural material since the Sumerians days.
Nowadays, the LWAC are well-desired in the constructions as with the usage of lighter
concrete the framework supports less pressure than would be incthe case with ordinary
concrete and also the total weight of materials to be tandled is reduced with a
consequent increase in productivity (Mouli & Khelafi;2008). As a result, the reduction
in dead-weight of the construction by the use off LWAC could result in decreasing the
cross sections of columns, beams, plates anddfoundations with resultant reduction in the

construction costs.

2.4 Structural Lightweight Aggregate Concrete (LWAC)

The structural lightweight aggregate concrete (LWAC) is a structural concrete in
every réspect, except that the concrete is made with a cellular LWA so that its density is
almost two-third of the density of concrete made with NWA. As mentioned in Chapter
1, the required 28 days compressive strength for the structural LWAC is more than 17
MPa, with a unit weight (density) at 28 days not more than 1850 kg/m3 (ACI 213R-87).
The LWAC may prepared by utilization of LWA fine and coarse or a combination of
LWA and normal-weight aggregate. However, due to the requirement of good
workability for the LWAC, a combination of normal-weight sand as a fine aggregate
and coarse LWA with maximum size of 19 mm are usually used preparation of LWAC

(Mehta & Monteiro, 2006).
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2.4.1 Historical Background of LWAC

LWAC is not a new innovation in the concrete technology, it has actually been
known since the ancient times (Chandra & Berntsson, 2002). Therefore, it is possible to
find many examples for the usage of the LWAC which were made by using of natural
aggregate of volcanic origin such as pumice, scoria, etc. The Sumerians used the LWAC
in building of Babylon in the 3" millennium B.C as illustratés i Figure 2.1.

The Greeks and the Romans used pumice in building construction. One of these
magnificent ancient structures is the Hagia Sofi&}in Istanbul, Turkey which built in 4™
centaury A.D shown in Figure 2.2. Alsothe Roman temple, Pantheon which was
erected in the years 118 to 128 A,D,\and the great Roman amphitheatre, Colosseum,
built between 70 and 82 A.D shown in Figure 2.3. In addition to building constructions,
the Romans used natural lightweight aggregates and hollow clay vases for their “Opus
Caementitium”, in order to reduce the structure weight. These famous ancient buildings
and many others are signifies the advantages of the LWACs which were known by the

ancient'eivalization.

15



-

Figure 2.1: Babylon, Iraq b@ by Sumerians in the 3™ millennium B.C. (Chandra &
(@) Berntsson, 2002).
x <

Figure 2.2: Hagia Sofia, in Istanbul, Turkey built in 4 century A. D.
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Figure 2.3: Great Roman amphitheatre, Colosseum, built between 70 and 82 A.D.

2.4.2 Lightweight Aggregate (LWA)

According to Mehta & Monteiro, (2006) the aggregates that weight less than 1120
kg/m3 are generally considered lightweight, and find application in the production of
various types of LWACs. The light weight of the aggregate is due to the cellular or
highly porous microstructure. The LWAs can be classified into two main categories
which are the natural LWA, and the synthesized LWA. The major resources of the
natural LWA are the volcano material (Chandra & Berntsson, 2002). For the volcano
original LWA, the volcanic rocks are crushed to the desired particle size and the
resulted LWA is usually the pumice, scoria or tuff depending on the original volcanic

rock (Mehta & Monteiro, 2006).
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Moreover, the synthesized LWAs are manufactured by thermal treatment of a variety

of materials. These materials can be divided into three groups:

e Natural materials, like pearlite, vermiculite clays, shale, slate.
¢ Industrial products, such as glass.

e Industrial by-products, such as fly ash (FA), blast-furnaces slag, and bed ash.

Actually, there is a whole spectrum of LWAs weighting from 80 kg/m3 to 900
kg/m3 , as shown in Figure 2.4 (Chandra & Bemtsson, 2002). The high porous LWA at
the lighter end of the spectrum are generally weak and therefore utilized for making
nonstructural insulating concrete. While at the other end of the spectrum the LWA are
relatively less porous and if the pore structure is consist of uniformly distributed fine
pores, the aggregate arestrong enough to be used in the producing of structural

concretes (Mehta & Monteiro, 2006).
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Figure 2.4: ItWA spectrum (Chandra & Berntsson, 2002).

2.5 Concrete-and Environment

As mentioned in section 2.2, the demand of the concrete is significantly increasing

with increasing the human being population and the needs of new infrastructures. This

demand have made the concrete consuming just second only to the water. The OPC is

the conventional primary binder used in the concrete production. MacCaffrey (2002)

reported that the global production of the OPC is increasing about 3 % annually.

Basically, the production process of the OPC involving the calcination of the OPC’s

raw material which is the limestone that composed mainly from calcium carbonate

(CaCOs) at high temperature of 1450 °C in a kiln as indicated in the following formula

(Mehta & Monteiro, 2006):
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CaCO; —49°C 1040, @2.1)

Thus, the amount of the liberated carbon dioxide (CO,) from the calcination process
as well as from the fuel combustion (which is usually fossil fuel) is estimated to be as
one tone of each resulted one tone of OPC (Hardjito & Rangan, 2005). In year 2000, the
amount of CO, resulted from the worldwide production of the OPC is estimated to be of
1.35 billion tones contributed about 7 % of the total greenhouse gasses (GHS) emission
released into the earth’s atmosphere (Malhotra, 2002). These GHS significantly
contributes the global worming and climate change that the Earth experience recently.
In addition, the extent of energy required in.the OPC production is only next to steel and
aluminum production (Davidovits, 1988). Furthermore, it has been reported that the
durability of ordinary OPC cencrete especially those built in corrosive environments,
start to deteriorate after,20 to 30 years, even though they have been designed for more
than 50 years of senvice life (Mehta & Burrows, 2001).

The concrete industry has recognized these issues; therefore, extensive efforts were
progressed in the last three decades to minimize the use of OPC in the concrete in order
to reduce the GHS emissions. In brief, these efforts were included the usage of additives
by-product materials like FA or GGBS which were partially replaced the OPC and
reduced its amount in the concrete. In addition, other efforts were specialized in
developing of novel materials able to replacing the traditionally OPC.

As early as 1980s professor Joseph Davidovits proposed a controversial theory that
some of the Egyptian pyramids were not build by mining limestone blocks and
transformed them into their place, but were cast in their place and allowed to set,
creating an artificial zeolitic rocks. This theory which gained acceptance culminated in a

book “The Pyramids An Enigma Solved’ written together with Magie Morris and
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published in 1988. Intensive research initiated by Davidovits and co-workers to prove
this theory has resulted in the rediscovery of a new family of mineral polymers called
alkali-activated aluminosilicate geopolymer or simply geopolymer. The geopolymer
material which can be synthesized by relatively simple alkali activation of a raw
material rich in silicon (Si) and aluminum (Al) whether it from geological origin or by-
product, can be used as a binder instead of the OPC binder in making geopolymer
mortars and concrete (Davidovits, 1991). The geopolymer,materials are able to reduce
the CO, emission dramatically compared to the QRE, as well as having superior
mechanical, chemical, and thermal properties than the OPC (Hardjito & Rangan, 2005;
Wallah & Rangan, 2006; Li et al. 2004; Duxson et al. 2007a; Gourly & Johnson, 2005;
Arellano-Aguilar et al. 2010; Wu &-Sun, 2007; Kong & Sanjayan, 2010; Rickard et al.

2012).

2.6 Introduction of Geopolymers

Davidovits (1979) described a new family of materials named geopolymer whose
matrix is based on a poly (sialate) Si-O-Al-O framework structure with alternating SiO4
and AlQ; tetrahedra joined together in three dimensions by sharing all oxygen atoms.

1+3

The replacement of AI™( four-fold coordination) of Si** causes a negative charge,

which needs alkalis to balance, like ( Na*, K*, Ca** or Mg*"). Davidovits (1988)

suggested the geopolymeric empirical formula as:

Mn{~(Si0») z-Al0,}n,wH,O (2.2)

where, M is the alkaline element or cation such as potassium, sodium or calcium;
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symbol (-) indicates the presence of a bond;
n is the degree of polycondensation or polymerization;

zis 1, 2, 3, or higher, up to 32.

The schematic formation of the geopolymeric materials can be presented as
described by equations (2.3) and (2.4) (van Jaarsveld et al. 1997; Davidovits, 1999).
Furthermore, the geopolymers can be prepared into three“different unites of sialate,

depending on the atomic ratio of Si:Al:

e Poly-sialate: M* (-Si—-O-Al~02) (PS)
e Poly-sialate siloxo: M*(-Si—-O-Al-O-Si—O-) (PSS).
e Poly-sialate-disiloxo ~ M*(-Si-O-Al-O-Si-O-Si-O-)  (PSDS) as

indicateddn‘Figure (2.5).

n(Sir0s;AlO2)+2nSi0,+4nH,0+NaOH or KOH = Na™, K™ + n(OH):-Si-O-Al-0-8i-(OH)3
(Si-A¥ materials) I_J
(OH),

(Geopolymer precursor)

(2.3)

n(OH);-Si-0O-Al'-0-Si-(OH); + NaOH or KOH = (Na+,K+)-(-Si-O-Al'-0-Si-0-) + 4nH,0

(OH)» O O O
I
(Geopolymer backbone)

2.4)
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Figure 2.5: Poly (sialates) structures according to Davidovits (2005).

The geopolymer is alsosknown in other names such as low temperature
aluminosilicate glass (Rahier et al. 1996), alkali-activated material (Malek & Roy,
1997; Palomo et .aly*1999; Roy, 1999; Xie & Xi, 2001; Yang et al. 2010) and

Geocement (Krivenko, 1997).

2.7 Constituents of Geopolymers

The geopolymeric material is consisting of two major constituents which are the

source material and the alkaline activator.

2.7.1 Source Materials

Hardjito & Rangan (2005) reported that any material contains mostly Si and Al in

amorphous form is possible source material for the manufacture of geopolymers.
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Accordingly, several minerals and industrial by-product materials have been reported in
the literature in the past decade like metakaolinite (MK) or calcined Kaolin (Davidovits
1999; Palomo et al. 1999; Barbosa et al. 2000; Teixeira-Pinto et al. 2002; Duxson et al.
2007b; Hu et al. 2009), FA (Swanepoel & Strydom, 2002; Bakharev, 2006; Kong &
Sanjayan, 2008, 2010; Rickard et al. 2010; Provis, et al. 2009; Rickard et al. 2012),
natural Al-Si minerals (Xu & van Deventer, 2000), combinationof calcined mineral and
non-calcined material (Xu & van Deventer, 2002), combination of FA and MK
(Swanepoel & Strydom, 2002; van Jaarsveld et al. 20035xWu & Sun, 2005; Zuhua et al.
2009; Arellano-Aguilar et al. 2010), and combination of ground granulated blast furnace
slag (GGBS) and MK (Cheng & Chiu 2003)"have been studied as source materials.

MK is preferred by the niche geopolymer product developers due to its high rate of
dissolution in the reactant solution, easier control on the Si/Al ratio and its white color
(Gourley 2003). However; geopolymer materials synthesized by treating the by-
products like FA will,enhance the environmental and economic of credentials of the end
product (Rickard et al. 2012). In addition, it was stated that the calcined source
materials,such as FA, slag, MK demonstrated a higher final compressive strength when
compared to those made using non-calcined materials, for instance kaolinite clay, mine
tailings, and naturally occurring materials (Barbosa et. al., 2000). However, Xu & van
Deventer (2002) found that the using of a combination of calcined (e.g. FA) and non-
calcined material (e.g. kaolinite or kaolin clay and albite) resulted in significant
improvement in compressive strength and reduction in reaction time.

For the FA geopolymers, the type of the FA source which is depended on its calcium
oxide (CaQ) content (more discussion on FA source classification is presented in
section 2.7.1.1) has also significant affect on the geopolymerization reaction. Gourley

(2003) reported that the Low-calcium (Class F) FA is preferred as a source material than
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high-calcium (Class C) FA as the presence of calcium in high amount may interfere
with the polymerization process and alter the microstructure. This statement was argued
later by Ng & Foster (2010) who found that the (Class C) FA favorite the
geopolymerization reaction and produced higher strength, especially when the use of
(Class C) FA is reported to lead to fast setting geopolymer as well as an increase in rate
of strength development (van Jaarsveld et al. 2003; Xu & vam Deventer, 2002). In
accordance, van Jaarsveld, et al. (2003) found that the FA with higher amount of CaO
produced higher compressive strength, due to theformation of calcium-aluminate-
hydrate and other calcium compounds, especidlly in the early ages. The other
characteristics that influenced the suitability of the FA to be source material for
geopolymers are the particle size, amorphous content, as well as morphology and the
origin of FA (Hardjito & Rangan-2005).

Natural Al-Si minerals have shown the potential to be the source materials for
geopolymerization,(although quantitative prediction on the suitability of the specific
mineral as thesource material is still not available, due to the complexity of the reaction
mechanisms involved (Xu & van Deventer 2000). Among the by-product materials,
only ‘FA and slag have been proved to be potential source materials for making
geopolymers. FA is considered to be advantageous due to high reactivity that comes
from its finer particle size than slag. Moreover, FA is more desirable than slag for

geopolymer feedstock material.

2.7.1.1 Fly Ash (FA)

The American Concrete Institute Committee 116R (ACI Committee 232, 2004),

defining the Fly ash (FA) as ‘the finely divided that results from the combustion of
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ground or powdered coal and that is transported by flue gasses from the combustion
zone to the particle removal system’. FA is removed from the combustion gases by the
dust collection system, either mechanically or by using electrostatic precipitators, before
they are discharged to the atmosphere. FA particles are typically spherical, finer than
Portland cement and lime, ranging in diameter from less than 1 pm to no more than 150
um (Hardjito & Rangan, 2005). Figure 2.6 shows the SEM micrograph of FA reported
by Bakharev (2006).

The types and relative amounts of incombustible matter in the coal determined the
chemical composition of FA. The chemical compesition of the FA is mostly composed
of the oxides of silicon (Si0;), aluminum. (Al,O3), iron (Fe,O3), and calcium (Ca0),
whereas magnesium, potassium, sodium, titanium, and sulphur are also present in a
lesser amount. The major influence on the FA chemical composition comes from the
type of original coal. The combustion of sub-bituminous coal contains more calcium
and less iron than FA"from bituminous coal (Hardjito & Rangan, 2005). Furthermore,
the physical and chemical characteristics depend on the combustion methods, coal
source ‘and particle shape. The chemical compositions of various FAs show a wide
range, indicating that there is a wide variation in coal used in power plants all over the
world (Malhotra & Ramezanianpour, 1994).

FA that results from burning sub-bituminous coals is referred as ASTM (Class C) FA
or high-calcium FA, as it typically contains more than 10 percent CaO, while FA from
the bituminous and anthracite coals is referred as ASTM (Class F) FA or low-calcium
FA (ASTM C618-08a). The color of FA can be tan to dark grey, depending upon the
chemical and mineral constituents (Malhotra & Ramezanianpour, 1994; ACAA, 2004).
Aside from the chemical composition, the other characteristics of FA that generally

considered are loss on ignition (LOI), fineness of FA mostly depend on the operating
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conditions of coal crushers and grinding process of the coal itself. Finer gradation

generally results in a more reactive ash and contains less carbon.

Figure 2.6: SEM micrograph of the FA (Bakharev, 2006).

Worldwide; the estimated annual production of coal ash in 1998 was more than 390
milliohytons mainly produced in China and India, and only about 14 % of this FA was
utilized, while the rest was disposed in landfills (Malhotra, 1999). In 2010, the annually
increasing in FA production worldwide was estimated to be about 780 million tons
(Malhotra, 2002). The utilization of FA especially in concrete production, has
significant environmental benefits via improved concrete durability, reduced use of
energy, diminished greenhouse gas production, reduced amount of FA that must be
disposed in landfills, and saving of the other natural resources and materials ( ACAA
2004).

The typical FA produced from the Malaysian power stations is light to mid-grey in

color, similar to the color of the cement powder. In Malaysia, the production of the FA
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is generally comes from the power stations (electrical generated power plants) which
most of them using coal as source of power. Reshi (2011) estimated that the production
of FA in Malaysia is over 2 million tons annually, and it is expected to double in 2013
as the demand of power is growing rapidly. The application of the Malaysian FA till
now is limited in the Stone Mastic Asphalts (SMA) as a filler/modifier. Even though,
the usage of the FA in the SMA industry is not popular enough (Reshi, 2011). Thus, the
disposed of the local produced FA in landfills is expected“‘to“be a serious problem in

Malaysia in the nearest future due to abounded production.

2.7.2 Alkaline Activator

Generally, the using of alkaline activator in the preparation of the geopolymers is a
constant demand regardless the type of the source material. This is due to the nature of
geopolymerization.feaction which is based in the first place on the dissolution of the
source materials which are mostly consisting from acidic compounds like SiO,, Al,O3
and Fe;O3-and then required a high alkali environment in order to dissolve. Therefore,
the'.usage of water is insufficient and does not consider as a reactor in the
geopolymerization reaction.

The most common alkaline activator used in geopolymerization of different source
materials is a liquid combination of sodium hydroxide (NaOH) or potassium hydroxide
(KOH) and sodium silicate (Na,SiOs3) or potassium (K,SiOs) silicate (Davidovits, 1999;
Xu & van Deventer, 2002; Bakharev, 2005; Duxson et al. 2006; Kong & Sanjayang,
2008, 2010; Rukzon et al. 2009; Zhang et al. 2011; Nazari, 2012; Rickard et al. 2012).
The use of single alkaline activator has been also reported (Teixeira-Pinto et al. 2002;

Provis, et al. 2009; Zuda et al. 2010; Hanjistuwan et al. 2011; Rashad & Zeedan, 2011).
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Furthermore, the usage of single powdered activator (powder Na,;SiOsz) has been
reported by Yang et al. (2010).

Palomo et al. (1999b) concluded that the type of alkaline activator liquid plays an
important role in the polymerization process, and the reactions occur at a high rate when
the alkaline activator liquid contains soluble silicate, either sodium or potassium
silicate, compared to the use of only alkaline hydroxide. That statement is also shared
by Criado et al. (2005). Furthermore, Xu & van Deventer;»(2000) confirmed that the
addition of sodium silicate solution to the sodium chydroxide enhanced the reaction
between the source material and the solution. Although, after a study of the
geopolymerization of sixteen natural Al-Sivminerals, they found that the NaOH solution

caused a higher extent of dissolution-ef minerals than the KOH solution.

2.8 The Mechanism of the Geopolymerization Reaction

Basically, rthe exact reaction mechanism which explains the setting and the
hardening-of geopolymers is not yet quite understood, although it is thought to be
depended on the prime material as well as on the alkaline activator type. According to
Glukhovsky et al. (1981), the mechanism of alkali-activation is composed of conjoined
reactions of destruction-condensation, that include the destruction of the prime material
into low stable structural units, their interaction with coagulation structures and creation
of condensation structures. The first steps consisting of breakdown of covalent bounds
of Si-O-Si and AI-O-Si, which happened when the pH of the alkali solution rises, so
those groups are transformed to a colloid phase. Then an accumulation of the destroyed
products occurs, which interacts among them to form a coagulated structure, leading in

a third phase to the generation of a condensed structure.
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Alvarez-Ayuso et al. (2008) reported that the geopolymerization reaction occurs in
the alkaline solutions with aluminosilicate oxides and silicates (either solid or liquid) as
reactants. In addition, the mechanism involving the dissolution of the aluminum and
silicon species from the surface of the source material as well as the surface hydration
of undisclosed particles. Afterward, the polymerization of active surface groups and
soluble species take place to form a gel, generating subsequentlysa hardened structure.

Thakur & Ghosh, (2009) reported a description for thé.geopolymerization of FA
geopolymers, as the main reaction product in the alkali-activated FA is an alkaline
silico-aluminate gel and the OH™ ions acts as a’reaction catalyst during the activation
process, while the alkaline metal (Na')\acts as a structure-forming element. The
structure of the pre-zeolite gel chains\Si and Al tetrahedral randomly distributed along
the polymeric chains that are eross-linked so as to provide cavities of sufficient size to
accommodate the chargeé<balancing hydrated sodium ions (Xu & Deventer, 2000).
Furthermore, the development of the compressive strength of the hardened FA
geopolymers ds, attributed to the resulted aluminosilicate gel phase in the geopolymer
matrices.

Moreover, Zuhua et al. (2009) reported that the role of the water content in the
geopolymerization process, as the reaction occurred approximately into two periods: the
dissolution-hydrolysis period and the hydrolysis-polycondensation period. These two
steps probably occur simultaneously once the solid material mixed with the alkaline
activator (Wang et al. 2003). Zuhua et al. (2009) proposed that the exact separation of
these two steps is hard and the partition here is only from the point of view of
thermodynamics, the period (I) including the dissolution of the SiO, and Al,O3 species

and hydrolyses it, as indicated in the equations (2.5) to (2.7). It can be seen that the
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water and the (OH ) is the reactant in this period, if the concentration of the (OH ) is

high enough; more water will accelerate the dissolution and hydrolysis period

OH
-Si—-0-Si—-+H,0 —» 2-Si- OH (2.5)
OH
-Al-0O-Al- +H,0 —» 2-Al-OH (2.6)
OH
~Si- 0O -Al—- + H,O — —Si~OH +-Al -OH (2.7)

On the other hand, the water plays as product in the period (II), as indicated in
equations (2.8) to (2y10). Therefore, when the water content is too much, it will hinder

the geopolymerization kinetically (Zuhua et al. 2009).

OH OH
OH / /
~Si—-OH + —Al-OH — HO-Si—- O-Al-OH + H,O (2.8)
/ /
OH OH
NaOH / /
n (OH);—Si—-O-AI(OH); — y Na"....(Si— O - Al -O)n +3n H,O (2.9)
/ /
OH OH
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/ / / /
. _ NaOH _ ., : .
n(OH);— Si— O —Al-O-Si— (OH); —— »Na*..(—0O-Si—-O—-Al-0O-Si-)n+
/ / /
31’1H20

(2.10)

2.9 Fly Ash (FA) Geopolymer

FA geopolymer materials are generally synthesized by the alkali-activation (using an
alkaline activator of those mentioned in section;2.7.2) of a dry FA source, usually at
room temperature with different mixture proportions, depending on the alkaline liquid
characteristics and the application of, the resultant geopolymer. The FA geopolymer
mortar or NWC are synthesized by the incorporation of the aggregate (fine/fine +coarse
NWA) into the advanced‘prepared FA geopolymer paste and the mixing process of all
ingredients are similar'to the one used in synthesizing of the OPC mortar and concrete.

The utilization of FA in the developing of geopolymeric materials for construction
purposés_has been and continues to be the subject of many research studies. The FA
geopolymer materials have high mechanical properties, low density, less water
absorption, negligible shrinkage and significant chemical and fire resistance
characteristics (Thakur & Ghosh, 2009). Due to these properties, FA geopolymer
materials are viewed as an alternative to the OPC, especially when their ability of
reducing the CO, emissions by 80% compared to OPC have been already confirmed
(Kong & Sanjayan, 2008). In addition, the FA geopolymerization has been observed to
provide probably the greatest opportunities of commercial utilization due to the plentiful
worldwide raw material supply derived from coal-fired electrical generation. For the FA

geopolymer concrete, recent works have reported their ability to achieve a compressive
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strength of higher than 60 MPa after thermally curing (Kovalchuk et al. 2007; Duxson
et al. 2005), excellent durability to most aggressive acids (Fernandez-Jimenez et al.
2007), and resist sulfate attacks better than the OPC mortars in reinforcement steel

bounding (Wallah et al. 2005; Song et al. 2005; Fernandez-Jimenez et al. 2006).

2.9.1 Factors Influencing the FA Geopolymer Synthesis

In general, there are several factors have been identified as important parameters
affecting the mechanical, physical, microstructusal and thermal properties of the FA
geopolymer materials, these parameters are? FA origin and composition, types and

composition of the alkaline activator;-curing temperature and curing duration.

2.9.1.1 The FA Origin and Composition

As the FAris a by-product from coal-fired power stations, it differs from one station
to another because each station uses different source of coal and the processing
ptocedure may not be the same. Thus, the FA properties such as its chemical
composition (primarily the glassy phase), thermal history and calcium content as well as
the lost on ignition (LOI) significantly affect the final properties of the resultant
geopolymer matrix (Jiang & Roy, 1992; van Jaarsveld, et al. 2003; Jahanian & Rostami,
2001). For example, comparing results of two published papers the first hold by van
Jaarsveld et al. (1998) and the second hold by Swanepoel & Strydom (2002) to
demonstrate the complexity encountered in identifying the main influencing factors
from FA on geopolymers synthesizing. In both papers, the FA geopolymer paste

prepared using FA of the same name “SASOL”, but from two different power stations
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with similar mix design. All samples were 50 mm paste cubic and initially cured in an
oven at 50 °C for 24 hours. Although the sample size and curing conditions are same for
these two cases, the strength difference of 36 MPa was extremely big. The difference
from the raw material composition has been calculated and given in the column of

‘difference’ in Table 2.1.

Table 2.1:Dramatic difference of FA geopolymers (vanJaarsveld et al. 1998;
Swanepoel & Strydom 2002).

Research Group Group 1 « Group2 Differences (%)
Si0, 50.1 46.3 0.78*
AlLO3 28.3 21.3 3.35%
FA (%) CaO 8.2 4.3 2.09%
Fe, 03 4.0 9.8 -3.60*
LOI 4.1 10.9 -4.20%*
Mix (%).“ FA 57 60 -
Kaolinite 15 10 50
NayO. SiO, 35 5 15
H0 20 20 0.0
NaOH 4 5 1.0
28 days strength (MPa) 43 7 36

*They were calculated with the percentage of FA in each mix.

Moreover, recently Zhang et al. (2011) reported the effect FA source on the

compressive strength of the FA geopolymers prepared with five different FA sources

cured at two different curing temperatures. According to the authors, the FA has higher
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CaO content produced the highest compressive strength regardless the effect of curing

temperature as shown in Figure 2.7 and Table 2.2.

Table 2.2: Compositions of FA and the reactive SiO, content, Mass% (Zhang et al.

2011).
FA SiOz A1203 CaO F6203 K20 LOI # SlOz *
Source
MP 72.1 22.1 0.2 1.2 1.8 0.9 57.3
WR 62.9 26.5 0.3 16 3.0 3.2 48.1
GS 47.5 27.4 4.3 14.3 0.5 0.2 40.4
MM 56.3 33.5 2.6 3.0 0.6 0.5 40.0
CL 54.7 32.1 1.1 7.5 0.2 0.9 35.5
*Reactive SiO,, "Loss of ighition
£ S = i

N AN £ZZ3 48h
S 25 4 AR E=5396h
E | —"'—l, : y

= 201 w P

= ~ s DN

2 154 N A4 N

7] i 27N N

w0 4 'I t "':":\ . i e

= 10 | i ) S

::h?"‘ ] poe ‘: i {”Ef‘ o b

o R Y WA N

o 54 P N A oy e N

g N e 1 N ey [~4

o 1 | l' 7NN ..:,xi . AN i 7N

E-J 0 é:l_.-}_il Ny S _ :'{"’J‘II“ P N o ,:I: \ ;

MP WR GS MM CL
source of fly ash

Figure 2.7: Effect of FA source on the compressive strength development of FA
geopolymers (Zhang et al. 2011).
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2.9.1.2 Types and Composition of the Alkaline Activator

As mentioned in section 2.7.2 that the most used alkaline activator in the
geopolymerization technology is an alkaline mixture consisting of NaOH or KOH
solution and sodium or potassium silicate (Na,SiO3; or K,SiO3). However, the usage of
an alkaline activator of sodium base is more preferable over ancactivator of potassium
base, due to economic aspects (Hardjito & Rangan;~2005). Accordingly, the
concentration of the alkaline activator constituents, imparticular, the NaOH solution as
well as the mixing ratio of the Na,SiO3 and NaOH solution have significant effects on
the FA geopolymerization reaction and,“therefore, on the resultant geopolymer
mechanical and physical properties:~The effects of the alkaline activator (mixture of
Na,Si0O; + NaOH solution) characteristics on the FA geopolymerization as reported in

the literature are:

i.  NaOH~Solution Concentration: In the literature, it was reported the usage of
different molarities of NaOH solution in the activation of different source
materials to prepare various geopolymeric materials. However, for the FA
geopolymers, Katz (1998) reported a low compressive strength of 6 MPa at age
of 7 days when a FA source was activated with NaOH solution of 4 M. Puertas
et al. (2000) encountered similar difficulties, when the adopted FA was activated
by 10 M NaOH solution; the resulted geopolymer achieved only 6 MPa at age of
28 days. Furthermore, Abdullah et al. (2011a, 2011b, 2012) have been
investigated the optimal NaOH solution molarity that resultant in optimum
strength for the FA geopolymer prepared with similar FA source used

throughout this study at range of 6-16 M. According to the authors, the
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utilization of 12 M NaOH solution produced the highest compressive strength
for the FA geopolymers at different aging periods as shown in Figure 2.8. In
addition, the usage of 12 M NaOH solution has been reported by many other
authors (Wan et al. 2006; Alvarez-Ayuso et al. 2008; Ng & Foster, 2010). Thus,
it was decided to use the NaOH solution at concentration of 12 M in the
preparation of the all geopolymers in this work as will further discussed in

Chapter 3.

T day test

y — % Znd day test

—i— 3rd day test

20 —&— 7th daytest

Compressive Strength Concrete

4 5 3 10 12 14 16
NaOH Molarity (Molar)

Figure 2.8: Effect of different NaOH solution molarity on the strength of FA
geopolymers (Abdullah, et al. 2011b).

ii. Mass Ratio of Na,SiOs/ NaOH: In general, there are few researches have been
reported the effect of Na,Si03/NaOH ratio on the geopolymerization reaction of the
geopolymers synthesized by an activation of a source material with alkaline
activator consisting of Na,;SiO; and NaOH solution. For the FA geopolymers,

Pinto, (2004) reported that the Na,SiO3/NaOH ratio significantly influences the
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compressive strength of the geopolymers prepared by the activation of FA source of
(Class F). Similarly, Hardjito & Rangan, (2005) reported a limited study on the
effect of the Na,Si03/NaOH mass mixing ratio of 0.4 and 2.5 on the compressive
strength of FA (Class F) geopolymer concrete. According to their study, the
compressive strength of the geopolymer concrete increased as the Na,SiO3/NaOH
ratio increased to 2.5 for two different concentrations of NaOH solution (8 M and

14 M) as listed in Table 2.3.

Table 2.3: Effect of Na,SiO3/NaOH ratio’on the strength of FA geopolymers.
(Hardjito & Rangan, 2005).

Mixture NaOH Na;SiO3/NaOH mass Compressive strength

(M) ratio (MPa)
1 8 0.4 17
2 8 2.5 57
3 14 0.4 48
4 14 2.5 67

Moreover, for the FA geopolymers prepared with FA of (Class C) type,
Chindaprasirt et al. (2007) reported the effect of Na,SiO3/NaOH ratio in details
using ratios range of 0.67 to 3.0. According to their results, the optimum
compressive strength of the resulted FA geopolymer concrete was in the range of
(0.67-1.00), with respect to the fact that these results were for NaOH solution
concentrations of 10, 15 and 20 M. However, Chindaprasirt et al. (2009) used
Activator/FA mass mixing ratio of 1.5 in preparation of geopolymers based on the
alkaline activation of FA (Class C) and bottom ash. Thus, it is observed that the

usage of an optimum Na,SiO3/NaOH mass mixing ratio is strongly depended the
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type and composition of the adopted FA source. Therefore, in the literature, there is
no exact statement clearly specifies the optimum Na,SiO3/NaOH ratio mass that
produced the optimum (higher) compressive strength for the resultant FA
geopolymers. In other words, the optimum Na,SiO3/NaOH mass ratio leads to the
highest compressive strength for a FA geopolymer synthesized by the activation of
an individual FA source can be obtained by only performing an experimental

investigation.

2.9.1.3 Curing Temperatures

The curing of the geopolymer materials at a temperature higher than the ambient is a
constant trend in order to accelerate the geopolymerization reaction and reducing the
setting time (Bakharev, 2005). In previous studies, the most curing temperatures used to
cure the FA geopolymers were in the range of 20 °C to 120 °C (Hardjito et al. 2002;
Sindhunata et~al. 2004; Bakharev, 2005; Kong & Sanjayan, 2010; Rashad & Zeedan
2011; Riekard et al. 2012). Hardjito et al. (2002) studied the effect of curing
temperature of 30, 60 and 91 °C, on the compressive strength as shown in Figure 2.9,
which clearly illustrates the essential benefit of evaluated the curing temperature, and
the best curing temperature of 60 °C.

Table 2.4 is listed some of past studies performed to evaluate the effect as well as
obtain the optimum curing temperatures of the FA geopolymers. It can be observed that
the optimum curing temperature that given the highest compressive strength for the FA
geopolymer is in the range of 60 °C to 90 °C. Anyway, the exact optimum curing
temperature for FA geopolymers is not specifically appointed, and in order to achieve it,

an experimental investigation is needed as the optimum curing temperature is depended
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on the FA source, type of alkaline activator as well as the used curing period (Alvarez-

Ayuso et al. 2008).
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Figure 2.9: Influence-of-.curing temperature on strength development. (Hardjito et al.
2002). A-1= mixingtime 5 minutes, A-2= mixing time 4 minutes, A-3= mixing time 3
minutes, A-4= mixing time 2 minutes.

Table)2.4: Some of past studies on the effect curing temperature of FA geopolymers.

No. Range Optimum Reference
°C) (°C)
1 30, 60, 91 60 Hardjito et al. (2002)
2 30,75 75 Sindhunata et al. (2004)
3 75,90 90 Bakhariv (2005)
4 45,65, 85 85 Fernandez-Jimenez & Palomo, (2002)
5 22, 80 80 Wu & Sun, (2007)
6 20, 75 75 Arellano-Aguilar, et al. (2010)
7 40 to120 85 Thakue & Ghosh, (2009)
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2.9.1.4 Curing Duration

As there are different proposed optimal curing temperatures in the literature, there
are many suggestions for the optimum curing period that varied from one study to
another. Past studies investigated the FA geopolymers curing period at range of curing
periods of 6 hours to 96 hours (Hardjito & Rangan, 2005; Sindhunata et al. 2004;
Bakhariv, 2005; Wu & Sun, 2007; Thakur & Ghosh, 2009; Alvarez-Ayuso et al. 2008;
Chindaprasirt et al. 2007). Furthermore, Table 2.5 isishowing some of the past research
results that investigated the effect of curing periods on the FA geopolymer properties. It
observed that the curing period of 24 hours.is’the most reported optimal curing duration
which gave the FA geopolymers the-highest compressive strength. In accordance, van
Jaarsveld et al. (2002) reported- that the prolonged curing beyond 24 hours has a
negative effect on the, microstructure of the geopolymer matrix resulting in low
compressive strength, ‘However, other authors reported that the 48 hours resulted in the
highest compressive strength (Wu & Sun, 2007; Thakur & Ghosh, 2009). Even,
Hardjito. & Rangan, (2005) adopted the 24 hours as the optimum curing period, the
results of their study showed that the FA geopolymers were continuously gained
strength when they cured at curing periods beyond the 24 hours. As a fact, however,
they adopted the 24 hours as an optimum curing period due to economical aspects as the
heating the geopolymers for a period more than 1 day would increase the cost of FA
geopolymers production as well as the strength gaining rate at longer curing time than
24 hours was actually little as Figure 2.10 represented. Thus, the exact curing period
that produced the highest compressive strength for the FA geopolymers is not yet
reported in the literature, which therefore needs to be experimentally achieving similar

to the optimum Na,SiO3/NaOH mass ratio and curing temperature.
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Table 2.5: Some of past studies on the effect curing durations of FA geopolymers

No Range Optimum Reference
(hour) (hour)

1 6-96 24 Hardjito & Rangan,(2005)

2 12,24,48,72 24 Sindhunata et al. (2004)

3 6,24 24 Bakhariy (2005)

4 12,24, 48 24 Fernandez-Jimenez &Palomo, (2002)

5 6, 24, 48 48 Wu & Sun, (2007)

6 24-96 24 Chindaprasirt et al. (2007)

7 6-72 48 Thakur & Ghosh, (2009)
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Figure 2.10: Influence of curing periods on the compressive strength of the FA

geopolymers (Hardjito & Rangan, 2005).
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2.9.2 Structure of FA Geopolymers

In general, the inorganic aluminosilicate polymers or geopolymers that results from
the dissolution and polycondensation of various alkali-aluminosilicate are essentially X-
ray amorphous materials (Davidovits, 1991). Barbosa et al. (2000) studied X-ray
diffraction (XRD) patterns of the source materials (kaolinite +MK) and MK
geopolymers of different molar oxide ratios of SiO,/Al,03;,"Nay0/Si0,, and H,O/Na,O
as indicated in Figure 2.11. The kaolinite (Figure 2:1fa) shows a typical diffraction
pattern of a well-ordered mineral. The quartz impurity (asterisked) remains as a sharp
diffraction line after dehydroxylation at 750°°C (Figure 2.11b) and polymerization of
geopolymers with different oxide molar ratios cured at room temperature (RT) and at 65
°C (Figure 2.11C to 2.11G)» It can be seen that the XRD patterns of all MK
geopolymers shows a similar amorphous character independent of curing treatment,
with a halo peak atcabout 27 to 29 °26. These data also suggest that the structure of all
the MK geopolymers is similar to those of feldspatic glasses, consisting of randomly
developed-Al-Si polyhedral with a lack of periodically repeating atomic units (Barbosa
et al, 2000).

For the FA geopolymers, Figure 2.12 shows the XRD patterns of the original FA as
well as the FA geopolymers as reported by Fernandez-Jimenez & Palomo, (2005),
shows that the crystalline phases originally existing in the FA (quartz, mullite etc,) have
not been apparently altered by the activation reaction. Similar finding were reported by
other authors (Bakhariv, 2005; Thakur & Ghosh, 2009; Rashad & Zeedan 2011;
Alvarez-Ayuso et al. 2008; Jo et al. 2007; Rickard et al. 2012), confirming that the
typical FA geopolymer structure characteristics are amorphous with the existing of

some crystalline phases of FA itself.
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2.9.3 Microstructure of FA Geopolymers

Hos et al. (2002) systematically analyzed the microstructure of MK geopolymer by
using scanning electron microscopy (SEM) and observed the nonporous microstructure
of their materials. According to the authors, the microstructure is a result of extensive
dissolution of aluminosilicate species that occurs before polycondensation commences
and consolidates the shapes of the specimen through a“chaotic three-dimensional

network of polysodium aluminosilicate (Figure 2.13).

Figure 2.13: High-resolution SEM micrograph of MK geopolymer (Hos et al. 2002)

For the FA geopolymers, the past studies investigated the microstructure of these
geopolymers reported that the FA geopolymeric material consisted mainly from a
dense, porous and semi-homogenous aluminosilicate gel matrix, which resulted from
the geopolymerization process (Palomo et al. 1999b; Thakur & Ghosh, 2009; Rashad &

Zeedan, 2011; Alvarez-Ayuso et al. 2008).
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Palomo et al. (1999b) reported that the FA geopolymer material is very porous and
the microspheres (originating from FA grains) are surrounded by a curst of reaction
product as shown in Figure 2.14. According to these authors, the adherence of curst to
the sphere does not appear to be very strong and the bond between grains is produced
through the necks of reaction product as indicated in Figure 2.14a. In addition, the crack
development is evident in the middle of the matrix and is likely: to have been initiated

from the pore (Figure 2.14b).

20kV X2.088 igpm BBA192

Figure 2.14: Microstructure of the fly ash-based geopolymer (Palomo et al. 1999b)

Furthermore, it was found that the microstructure of the FA geopolymers, in
particular, the quality of the aluminosilicate matrix and the content of the unreacted FA
microspheres significantly affected by the type and the concentration of the alkaline
activator (Xie & Xi, 2001; Alvarez-Ayuso et al. 2008). Thakur & Ghosh, (2009)
reported that increasing the alkaline activator concentration increases the quality and the
dense of the geopolymeric gel matrix by decreasing the unreacted FA microspheres
which indicating the formation of more aluminosilicate gel. High quality and the dense
of the geopolymeric gel matrix comes for the high dissolution of the FA in high alkali

concentration environment resulted in high compressive strength for the hardened FA
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geopolymer (Thakur & Ghosh, 2009; Porvis et al. 2009; Rickard et al. 2012).
Furthermore, it was reported that the microstructure of the FA geopolymers contains a
portion of crystals like-structures distributed in the gel matrix which is composed
mainly form sodium silicate hydrate and small amount of aluminum and iron (Xie & Xi,
2001). In addition, recent studies reported that the high concentration activators produce
high compressive strength for the FA geopolymers are also producing high content of
unreacted silicate which may causing structural failure at hightemperatures (700 °C to
800 °C) due to sintering and densification process (Porvis et al. 2009; Rickard et al.
2012). This will discussed further in the thermo-physical characteristics of the FA

geopolymers section (2.9.4).

2.9.4 Thermo-Physical Characteristics of FA Geopolymer

The hardened ge€opolymer material contains three types of water that will escape
during heating-of a geopolymer at temperatures above 100 °C (Davidovits, 2008). These
water types are: the physically bonded water or free water, the chemically bounded
water and the hydroxyl groups OH. Physically bonded water is the water generated
during the geopolymerization reaction as a part of the resultant products according to

Equation 2.11 (van Jaarsveld et al., 1997; Davidovits, 1999).

n(OH):-Si-O-Al'-O-Si-(OH); + NaOH or KOH = (Na+.K+)-(-Si-O-Al'-0-Si-0-) + 4nH-,O

(OH); O O O

(Geopolymer backbone)

(2.11)
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The chemically bounded water existing in the geopolymer gel and also known as
‘zeolitic water’, whereas, the hydroxyl groups OH presence at the surface and edges of
each geopolymeric micelle. Each type of this mentioned water evaporates at a specific
range of temperatures when the geopolymeric material is heated at temperatures above
20 °C. The physically bonded water evaporates in the range of temperature of 20 °C to
100 °C. Further heating for the geopolymer paste to temperatures above 100 °C, the
chemically bonded water and the hydroxyl groups OH evaporate from the structure due
to the dehydration and dehydroxylation processes at high temperatures. The chemically
bonded water evaporates at range of 100 °C to_300 °C, and finally the dehydroxylation
of OH groups evaporates at temperature above 300 °C (Davidovits, 2008; Duxson et al.,
2007a). The evaporation of water from the geopolymer structure is associated with mass
loss that could cause the formation of cracks due to the thermal shrinkage, which will
discussed later on in this.section.

Davidovits, (1984;°1994) and Barbosa & MacKenzie, (2003a, b,) have been reported
that the geopelymer materials possesses excellent heat resistant up to1200 °C and 1400
°C dueto-their inorganic framework. While, Cheng & Chin, (2003) regarded the good
heat resistant of geopolymers to their ceramic like-properties.

Kong et al. (2007) compared the thermal resistance of FA and MK geopolymers and
found that the FA geopolymers porous structure decrease the thermal damaging during
heating above 100 °C, whereas the MK geopolymers do not. Also, Kong & Sanjayan,
(2010) have been compared the thermal resistance of the FA geopolymer with
equivalent OPC paste and found that the FA geopolymer materials have superior
thermal resistance over the OPC as shown in Figure 2.15. In accordance, similar finding
was reported by Rashad & Zeedan, (2011) showed the high thermal resistance of the FA

geopolymers compare with the OPC cement. Other studies have been found that the FA
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geopolymer possessed low shrinkage and excellent compressive strength retention after

exposing to high temperatures (Dombrowski & Buchwald, 2007; Bakharev, 2006;

Rickard et al. 2011; Temuujin et al. 2010; Kong & Sanjayan 2008, 2010).

Strength (MPa)

th o =~ @ @&
= 0 o a o
1 1 'l i

R W B
o o 9
1 'l i

101

—a— Gaopohymear pasta, LY
—tr— CIPC paste (Menges ef al.} "'-‘
LY

300 400 500 700

Temperature (“C)

0 100 200 600 800

Figure 2.15: Comparison in heat resistance between the FA geopolymer paste and OPC
cement (Kong & Sanjayan 2010).

Actually, the heating of a hardened geopolymer at temperatures above the 100 °C
resulting in a transformation of the geopolymeric structural water that resulted from the
geopolymerization reaction as shown in equations 2.10 and 2.11, into a water vapor
(Davidovits, 2008). As the heating temperature increases, the liberation rate of the vapor
increases, which resulted in thermal shrinkage due to the mass loss in term of water
vapor, which can be detected by thermogravimetric analysis (TGA) and dilatometric
analysis similar to the one reported by Kong & Sanjayan, (2008) shown in Figure 2.16.
However, when the geopolymeric material has high density and less permeability, the
dispersion of the water vapor would induce the thermal stresses, which enhanced with
This

increase the heating temperatures, resulted in intensive thermal cracks.
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phenomenon is called the vapor effect (Hu et al. 2010). The thermal shrinkage and
thermal stress are responsible for the strength deterioration when the FA geopolymer

heated at high temperatures (Kong & Sanjayan, 2008, 2010).
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Figure 2.16: TGA’and dilatometric curves of FA geopolymers (Kong & Sanjayan,
2008)

Nevertheless, when the heating temperature exceeds 700 °C, the damage of the water
vapor becomes not only the cause behind the strength deterioration for the heated FA
geopolymer. Recently, Provis et al. (2009) and Rickard et al. (2012) have been reported
that a portion of the activating solution remained unreacted or partially reacted during
the formation of the geopolymer remaining in hardened sample. The content of this
residual species (high silicate content) is increasing with increase the liquid/solid mass
ratio. During heating of the FA geopolymer at temperature of 700 °C to 800 °C, the
residual silicate experience extremely densification and sintering processes due to the
swelling of the high silicate secondary phases (Rickard et al. 2012). The densification of

the residual silicate phase can be detected by the dilatometric analysis as illustrated in
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Figure 2.17 (Provis et al. 2009). Similar findings have been also reported for the MK

geopolymers (Rahier et al. 1996; Subaer & van Riessen, 2007).
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Figure 2.17: Dilatometric data of FA geopolymers of different liquid/solid ratios (Provis
et al. 2009).

Moreover, Kong & Sanjayan, (2010) reported that the thermal resistance of the FA

geopolymer paste is significantly affected by the sample size. According to their

research, as the sample size decreases, the residual strength of the exposed geopolymers

to elevated temperature of 800 °C is increased, as demonstrated in Figure 2.18.
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Figure 2.18: Effect of sample size on the FA geopolymer paste thermal behavior (Kong
& Sanjayan, 2010).

Additionally, Kong & Sanjayan, (2010) also studied the thermal behavior of FA
geopolymer concrete and they concluded that the coarse aggregate size have a major
affect on‘the thermal performance of the FA geopolymer concrete as illustrated in
Figure 2.19. In addition, they reported that the differences in the thermal expansion
between the geopolymer paste matrix and the aggregate shown in Figure 2.20 were
dominated over the thermal shrinkage and led to the strength deterioration of the FA

geopolymer concrete after exposed to high elevated temperature of 800 °C.
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2.10 The Use of Geopolymers in Production of the LWAGC

Despite of the increase attention to the advantages of geopolymer materials, there are
significantly few published studies and researches regarded to utilization of these novel
technology in production of lightweight geopolymer concrete (LWAGC). The following
published studies are represents the only available researches that dealt with using of the
geopolymerization in the production of lightweight concretes:.

The first attempt was carried out by Jo et al. (2007)\who used the geopolymerization
of a FA by liquid alkaline activator in productionyof geopolymeric LWAs or what they
named it the alkali-activated FA artificial\llWA (AFLA). These AFLAs were used in
production of OPC-based LWAC.

While, Wu & Sun, (2007)reported a no-fine LWAGC based on the activation of
source material combination of FA and MK by liquid mixture of Na,SiO; and NaOH
solution. In their study, two types of LWAs, namely, Cenospheres and Expanded
Polystyrene Beads (EPS) were used as LWAs in production of no-fine LWAGC. The
optimum_EPS concrete possessed a compressive strength of 22.6 MPa and an Oven-dry
(OD)" density of 1010 kg/m3 at 28 days, while the optimum Cenospheres concrete
produced a compressive strength of about 12.8 MPa and an OD-density of 1020 kg/m3
at the same aging period.

Furthermore, Hu et. al., (2009) studied the fire-resistance of lightweight geopolymer
mortars prepared by the activation of MK with alkaline activator of soluble Na,;SiO3 and
NaOH solution after exposed to elevated temperature of 950 °C. According to this
study, the lightweight geopolymer mortars were prepared by using crushed shale
haydite sand possessed a maximum aggregate size of 4.75 mm, as a lightweight fine

aggregate, mixed at three different geopolymer/haydite mass ratios. The results showed
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that the highest geopolymer/haydite mass ratio led to lowest strength loss, also as the
particle size of haydite decreased, the strength loss rate decrease as well. For instance,
the lightweight geopolymer mortars prepared with haydite sand possessed a grain size
of 2.36-4.75 mm, experienced a strength loss of 63 % after exposed to elevated
temperature, while the mortar prepared with haydite sand of 1.18-2.36 mm experienced
a strength loss of 59 %.

Zuda et al. (2010) investigated the thermal performanhce’ of no-fine lightweight
aggregate alkaline activated composite prepared by the atkali-activation of a fine ground
slag as a source material using liquid Na,SiO3/The geopolymer composite (concrete)
was prepared by the incorporation of a combination of two LWAs, namely, expanded
vermiculite and electrical porcelain.~The thermal performance of the resulted concrete
was investigated at range of elevated temperatures of 200 to 1200 °C. According to their
results, the compressive. strength of the heated geopolymer composite was decreased
sharply up to 800,°C, followed by a compressive strength regain after heating the
concrete at 1000 and 1200 °C as shown in Table 2.6. In addition, Zuda et al. (2010)
reported. a- microstructure and the porosity investigation of geopolymeric composites
after exposure to elevated temperatures.

Arellano-Aguilar et al. (2010) reported a lightweight geopolymeric aerated concrete
prepared with alkali-activation of a source material consisting of MK or MK + FA (at
different MK/FA mass mixing ratios) by liquid Na,SiOs. In their study, two types of the
aerated lightweight geopolymeric concretes were achieved, one by using aerated agent
(Al,O3 powder) that generated air bubbles in the structure with no LWAs, and the other
prepared by the addition of a fine blast furnace slag (BFS) sand of particle size smaller
than 4.75 mm as a fine LWA to the aerated agent. Hence, this study reported two

techniques of making aerated lightweight geopolymeric concretes of using an aerated
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agent once, and addition fine LWA to the agent to prepare a LW A-aerated concretes. In
addition, this study reported mechanical, thermal and microstructural investigations of
the lightweight geopolymeric aerated concretes possessed relatively low densities of
1200, 800 and 600 kg/m’. Based on the study results, the compressive strength of the
LWA-aerated concretes were increased with increasing their densities, also the concrete
strength significantly increased by the introducing of the FA tocthe geopolymerization
reaction as shown in Figure 2.21. Furthermore, the thermal properties of the resulted
aerated concrete (no LWA) investigations reported<a reduction in the thermal
conductivity of the concrete with decreasing its ‘density. While the microstructure study
results of the LWA-aerated concrete revealed that there is a dense and strong interfacial
zone between the BFS sand grainsiand the geopolymeric matrix due to the BFS

participation in the reaction (Arellano-Aguilar et al. 2010).

Table 2.6: Residual Mechanical strength of the exposed geopolymeric lightweight
composite to elevated temperatures (Zuda et al. 2010)

Elevated Temp. (°C) Residual compressive strength
(MPa)
200 21.2
400 18.4
600 14.2
800 7.9
1000 10.1
1200 29.2
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Figure 2.21: Compressive strength vs. time of age of aerated concretes with BES sand,

(Arellano-Aguilar et al. 2010).

Moreover, Yang et al. (2010) reported the usage of fine/coarse lightweight expanded

clay aggregates (LECA) and normal-weight sand in preparation of lightweight alkaline

activated geopolymeric mortars and concretes, based on the alkali-activation of ground

granulated blast-furnace slag (GGBS) with powder sodium silicate and water. In

practice, the

geopolymeric lightweight mortars were prepared using water/binder ratios

of 0.4, 0.5 and 0.6, while the LWAGCs were prepared at water/binder ratio of 0.5.

Furthermore,

the replacing of normal-weight sand by the fine LWA was investigated

and evaluated in term of the geopolymers resultant compressive strength. According the

study results,

the compressive strength of the resulted geopolymer mortars and LWAGC

was decreased continuously with increasing the replacing level due to decreasing of the

OD-density of the resultant geopolymers, as shown in Figures 2.22 and 2.23.
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2010).
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In addition, the results showed a range of bulk density for geopolymer mortars and
LWAGC of 775 kg/m’ to 1615 kg/m® and a compressive strength range of 3.3 MPa to
19.1 MPa at age of 28 days. Furthermore, Yang et al. (2010) reported the applicability
of using the mathematical equations used for the theoretical calculations of some
mechanical properties of the structural OPC lightweight concrete in measuring the same
properties for the geopolymeric based LWAC. Finally, this work is considered the first
and the only available published study reports the preparation of a structural
geopolymeric lightweight concrete, as it reports the preparation of a LWAGC consisting
of coarse LWA, fine-normal weight sand and geopolymeric binder.

Ng & Foster, (2010) studied the shearstrength of a lightweight fiber reinforced
geopolymer concrete beam, manufactured by the geopolymerization of high
performance ash “HPA” which 'is a combination consisting of FA+ slag + kaolite by
alkaline activator mixture of 12 M NaOH and Na,SiOs. The concrete beam was
prepared by the usage of fine lightweight ceramic microsphere fillers has trade name of
E—spheres® SEG of 150-400 um in particle size used as fillers in the concrete with two
types ofisteel fibers. According to the study results, the fiber reinforced geopolymeric
lightweight beams were more ductile, and at failure, it is exhibited substantially higher
deformation capacities than the plain concrete.

Zhang et al. (2011) used a foaming agent in preparation of foamed lightweight
geopolymeric concrete by the activation of different FA sources with alkaline activator
mixture of NaOH solution (8 and 14 M) and Na,SiO;. Actually, this study was more
focused on the effect of FA sources and curing conditions on the strength development
of the FA geopolymer paste. However, the authors reported that the resulted foamed
lightweight geopolymeric concrete possessed low strength comparing with geopolymer

pastes, and the curing at high temperature (90 °C) caused the formation of visible
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relatively wide macrocracks on the foamed concrete. In addition, it was reported that the
using of NaOH solution of 10M resulted in good compressive strength of 8.9 MPa even

it density was only 1.0 g/cm’ as shown in Figure 2.24 .
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Figure 2.24; Strength and density of foamed geopolymers vs. NaOH concentration
(Zhang et al. 2011).

Whereas, Abdullah et al. (2012) reported a foamed FA geopolymer lightweight
concrete prepared by the alkaline activation of a (Class C) FA source by alkaline
activator mixture of NaOH solution (12 M) and Na,SiO;. The authors reported the
effect of two curing conditions of 60 °C for 24 hours and room temperature on the
strength development and other physical properties of the foamed concrete as shown in
Figure 2.25 and Table 2.7. It can be seen that thermal curing at 60 °C resulted in highest
compressive strengths of the foamed FA geopolymer lightweight concrete at early ages
of 1 and 7 days than the concrete cured at room temperature. While, at age of 28 days

the foamed FA geopolymer lightweight concretes cured at 60 °C and at room
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temperature developed approximately the same compressive strength. Furthermore, the
foamed FA geopolymer lightweight concrete cured at room temperature possessed
highest porosity content that the concrete cured at room temperature as shown in Table

2.7.
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Figure 2.25: Compressive strength vs. curing type Abdullah et al. (2012).

Finally, Nazari et al. (2012) reported LWAGC manufactured by the alkali- activation
of a source material consisting of ashes combination of FA and rice husk-bark ash
(RHBA) by alkaline activator mixture of NaOH solution (12 M) and Na,SiO3. Palm oil
clinker (POC) of particle size less than 7 mm and 7-18 mm were used as fine and coarse
LWA in the preparation of the LWAGC of this study at three volume frictions of 30, 50
and 70 %. This study does not provide any mechanical performance as it is dedicated to

study the water absorption of resultant concrete.
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Table 2.7: Properties of FA foamed lightweight geopolymer concrete (Abdullah et al.

(2012).

Properties Room Temperature 60 °C for 24 hour
Compressive strength at 1 days 3.3 (MPa) 11.0 (MPa)
Compressive strength at 7 days 13.5 (MPa) 17.6 (MPa)
Compressive strength at 28 days 18.1( MPa) 18.2 (MPa)

Porosity 15.29(%) 6.78(%)
Water absorption 2.35(%) 1.22(%)
Density 1650 kg/m’) 1667 (kg/m’)

2.11 Summary of Chapter

Chapter 2 presentedsthe/fly ash (FA) geopolymer materials as the ideal alternative
cementitious matetial' to the OPC as well as the latest reported microstructural,
mechanical ,and thermo-physical properties of these geopolymers existed in the
publishedliterature. In addition, the essential advantages of using the lightweight
conerete (LWC), in particularly, the structural lightweight aggregate concrete (LWAC)
in the constructions has been also addressed in this chapter. However, the rare reports
and researches regarded to usage of the geopolymerization technology in production of
different types of LWCs mentioned in section 2.10 demonstrated the limited knowledge
and understanding about the physical, mechanical and thermal properties of LWCs
based on the geopolymer materials. Therefore, more efforts are necessary to carry on to
investigate the suitability of the geopolymer materials, especially the FA geopolymers
in producing of lightweight aggregate geopolymer concrete LWAGC as well as their

designing bases before they can be suggested as construction building materials.

62



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This chapter is related to describe the details of the practical experiments carried out
through this research which involves the designing and preparing of different
geopolymeric materials as well as illustrate the‘conducted studies and tests aimed to
evaluate their mechanical, physical, micfostructural and thermal durability properties.
Furthermore, the current chapter reports the detail descriptions and analysis of the raw
materials and the pre-preparation methods that applied to some of them prior to involve
into the practical procésses of making the geopolymer materials of this work. This
chapter includes “the method of designing the lightweight aggregate geopolymer
concrete (LWAGC) as well as the optimization process of the LWAGC preparation
parameters, which is known as the actual design of the concrete. Accordingly, the
research methodology Chapter presents the experimental procedures that assisted to
achieve the research objectives addressed earlier in chapter 1. Figure 3.1 represents the

flow chart of the research methodology.

3.2 Raw Materials

The origin and the analysis methods of the raw materials used in the preparation of
the lightweight geopolymer concrete (LWAGC), geopolymer paste and mortar are

presented in this section.
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Raw Materials

LWAGC analysis at

normal temperature
Residual strength

100-800 °C

LWAGC analysis at Residual strength

elevated temperature 400,600, 800 °C

Residual strength

800 °C

Figure 3.1: Flow chart summarized the research methodology of this study.
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3.2.1 Fly Ash (FA)

In this work, the fly ash (FA) was sourced from the Manjung Power Station, Lumut,
Perak, Malaysia. The FA is a fine dry powder has sharp gray color with no appearance
of other contaminates materials. The FA was stored in a shade at ambient temperature
and covered by a thin plastic layer to seal it form the ambient humidity and to maintain

the powder cleanse. The FA was analyzed before the utilization/in the mixing.

3.2.1.1 The Chemical Composition

The chemical composition of the-FA was determined by X-ray fluorescence (XRF),
using (XRF-Qualitax, Italy), inrSehool of Materials Engineering, University of Malaysia

Perlis (UniMAP). The results of the XRF test are listed in Chapter 4, Table 4.1.

3.2.1.2 Particle Size Distribution

The particle size of the FA was measured by Malvern Instruments Mastersizer
MS2000, in school of Materials Engineering, University of Malaysia Perlis (UniMAP).
Figure 4.1 and Table 4.2 of Chapter 4 are represented the results of the particle size of

the FA.

3.2.1.3 Microstructure

The microstructure of the FA was examined by scanning electron microscopy (SEM)

using SEM JSM-6460 LA Jeol, Japan, in School of Materials Engineering, University
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of Malaysia Perlis (UniMAP). The test was carried out using secondary as well as
backscattered electron detectors. Figure 4.2 shown in Chapter 4 is demonstrated the

resulted microstructure characteristics of the FA.

3.2.1.4 Phase Composition

The phase analysis and the crystallinity content of the FACwas tested by the X-ray
diffraction (XRD) using XRD-6000, X-ray Diffractometer Shimadzu, Japan, at the
School of Materials Engineering, University of Malaysia Perlis (UniMAP). The test was
performed at operating conditions of 40 kV.'and 30 Mam, Cu-Ka wavelengths: 1.54060
and 1.54439 A. In collecting data sets, the 20 step size was 0.02°, the collecting time
step was 1.2 second, and the 20-range between 10 to 80°. Figure 4.3 in Chapter 4 is

showing the resulted XRD<pattern.

3.2.2 Alkaline Activator Solution

The alkaline activator used in the preparation of the geopolymer materials of this

study was a mixture of the sodium hydroxide (NaOH) solution and liquid sodium

silicate (Na,SiO3).

3.2.2.1 Sodium Hydroxide Solution (NaOH)

The sodium hydroxide solids was in powder form of Formosoda-P sodium hydroxide

powder supplied by Ercros Pty Ltd, Spain, with purity of 99 %, shown in Figure 3.2,
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was used in the preparation of the alkaline activator utilized in the synthesizing of the

geopolymeric materials of this work.

(9
((\\ Figure 3.2: Sodium hydroxide (NaOH) powder
0\&@
-9
;{.@z Sodium Silicate Liquid (Na,SiO3)

©

The liquid Na,SiOs used in the preparation of the alkaline activator in this work was
a technical grade sodium silicate liquid supplied by South Pacific Chemicals Industries
Sdn. Bhd. (SPCI), Malaysia. The chemical compositions of the Na,SiO3; were SiO,=
30.1 %, Na,O = 9.4 %, H,O= 60.5 %, with modulus ratio (M) equal to 2 (where Mg =
Si0,/ Na,0), and specific gravity at 20 °C= 1.4 gm/cc with viscosity at 20 °C of 0.4 cP.

Figure 3.3 shows the used Na,SiOs3 in the current study.
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Figure 3.3: Liguid sodium silicate Na,SiO;

e

c
3.2.3 Fine Aggregate 8&6)
\\

<

The fine.q@g}:;ate used in the manufacturing of the LWAGC and the geopolymer
morta&)&%%locally available river sand. Two of tests were conducted to obtain the
fﬁ\p\%rtant physical properties of the sand before using it in the making of the
geopolymeric materials. These physical properties are the specific gravity, water
absorption and the particle size distribution. The specific gravity and the water
absorption were measured according to ASTM (C128-01); while the particle size
distribution test was performed according to ASTM (C136-06).

The specific gravity and the water absorption test were performed by measuring 2 kg
of sand sample from a pre-dried at 110 °C bulk sand. The sand sample was left to cool

in air, and then it was immersed in water for 24 hours. After that, to obtain the saturated

surface dry condition (SSD) of the sand sample, it was drained from the water and
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spread on flat surface exposed to a gentle current of warm air for about 5 minutes. The
sample was then stirred frequently until obtain a free-flowing condition. After that, a
portion of the sand sample was placed in a mold and damped. The resulted surface
moisture was removed by a piece of cloth. Next, 500 g of the sand at SSD condition was
placed in a glass calibrated flask, and the water is added to fill it to its maximum
calibrated mark. The total mass of the flask, sample (sand) andwwater was determined.
Later, the sand was then carefully washed from the flask intoa’pan which then placed in
an oven at 110 °C for 24 hours. Afterward, the mass of‘the oven dry (OD) condition was
determined. Finally, the mass of the flask filledywith water (with no aggregate) to it
maximum calibrated mark was determined:Fhe specific gravity and water absorption of

the sand was calculated by using the following Equations:

Bulk specific gravity (sand)= A/(S+B-C) @3.1)

Water absorption (%) = [(S-A)/A] X100 3.2)

whete;”A =mass of the OD (g);
S = mass of the SSD (g);
B = mass of the flask filled with water (g);

C = the mass of flask with sample and water to the calibration or filling mark (g).

The test results presented in Chapter 4 section 4.2.1.2.1 revealed that the sand has a
specific gravity of 2.5 and water absorption of 2.2 %. Moreover, the particle size
analysis of the sand was measured using the standard sieving analysis unit shown in

Figure 3.4 at the school of Environment Engineering, University of Malaysia Perlis
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(UniMAP), according to ASTM (C136-06), with maximum sieve size of 4.75 mm, for a

sand test sample of 400 g.

”"4_1. AYSIE.

& a-

Figure 3.4: Sieve analysis test instrument.

The sand particle size test results are calculated after obtained the individual mass
retained (IMR), which is represented the mass of the sand that each sieve retained

during testing in grams. In addition, both the cumulative percent retained (CPR) and
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calculated percent passing (CPP) are analytical values that calculated for each sieve
mass retained in order to calculate the fineness modulus (FM) of the sand using the

following equations (ASTM C136-06):

IPR %= IMR/Ws X 100 (3.3)
CMR = IMR + Sum of the IMRs above it 3.4
CPR % = CMR/Ws x 100 (3.5)
CPP % = 100 — CPR x 100 (3.6)
FM =3 (CCP %) /100 (3.7)

Where, Ws isithe weight of the sand sample = 400g.

The results of this test is presented in Chapter 4 section 4.2.1.2.2 Table 4.3
illustrating that the sand has a maximum particle size of 2.38 mm and the calculated
fineness modulus (FM) = 2.83. Furthermore, this analyzing method was also used in the

analyzing the LWA sand particle size analysis distribution as mentioned later in section

3.2.4.2.
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3.2.4 Lightweight Aggregate (LWA)

The LWA used in the preparation of the lightweight aggregate geopolymer concrete
(LWAGC) of this research was a commercial lightweight expanded clay aggregate
(LECA), supplied by Hydroponics & Plant Care Pte Ltd, Singapore. Figure 3.5 is
showing the LWA which illustrates that the exterior color of it is brown with a spongy
cellular structure inside. According to the manufacturer, the LECAs are made by baking
pure natural clay at 1200 °C for 3 hours in a~yetary kilns in process called
“pyroprocessing”, which causing an expansion' to the material into a synthetic
lightweight aggregate. The used clay in‘the preparation of the LECA is very fine-
grained, moisture-retentive, naturally occurring material composed principally of
silicates of alumina. The end/product is a ceramic material, spherical in shape with
closed surface having slightly rough porous texture, non-toxic, pH neutral, does not
degrade and it is an/autoclavable. Furthermore, the LECA is a chemically-inert material;
therefore it does not react with alkaline media during mixing the LWAGC gradients.

The “physical properties of the LWA were analyzed prior to the usage into the
designing of the LWAGC, as the mix proportioning significantly depended on the LWA

properties. These properties including:

a. Density and water absorption of the LWA.

b. Particle size distribution.
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®)
Figure 3.5: LWA used in tl@nufactun'ng of the LWAGC of this study.

’@b

.2.4.1 Density an sorption of the
3.2.4.1 Densi dWa&Q/Ab i f the LWA

Qﬁ

The denws\:ld water absorption measurements of the LWA were performed
accczrdi'n,é{% ASTM (C127-01). The LWA test sample was prepared by measured 2 kg
dQ@e\aggregate, placed in a known weight wire basket container. The top of container

©was sealed with plastic layer to prevent the LWA from buoying outside the container
when immersed in water for 24 hours. Then, the container was moved from the water
and the bulk aggregate was allowed to dry by placing it on a cloth piece for 3 minutes.
After weighting the weight of the saturation surface dry (SSD), the aggregate sample
within the container was suspended to a high sensitively balance by a wire while it
completely submerged in water, and the apparent weight was recorded. Afterward, the

sample container was put in a furnace and heated to 105 °C for 24 hours. Finally, after

the heating period was over, the oven-dry (OD) weight was recorded.
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The resulted weight values which are presented in Chapter 4 section 4.2.1.3.1 Table
4.4 were used to calculate the following physical properties of the LWA from the

following equations:

Relative density (specific gravity) in OD = A/ (B-C) (3.8)
Relative density (specific gravity) in SSD=B/ (B-C) 3.9
Apparent relative density (Apparent specific gravity) =A/(A-C) (3.10)
Density (OD) kg/m’= 997.5 XA/ (B-C) (3.11)
Density (SSD) kg/m’=997.5 xB/ (B-C) (3.12)
Apparent Density =997.5 XA/MA-C) (3.13)
Water absorption (%)= [(B-A)/A]*100 (3.14)

where, A =mass of the OD (g);
B= mass of the SSD (g);
C= mass of the apparent (g).

3.2.4.2 Particle Size Distribution

. The test was performed using a set of standard sieves (Figure 3.4) possessed a
maximum size of 9.5 mm and minimum size of 2.38 mm. Furthermore, the test results
have been analyzed in similar method conducted to analyzing sand’s particle size

distribution test presented in Chapter 4, section 4.2.1.2.2. The sieve analysis result of
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the LWA is listed in Chapter 4, Table 4.5 which showing that the LWA have a particle

size of 4-8 mm.

3.3 Designing of the Lightweight Aggregate Geopolymer Concrete (LWAGC)

The design of the LWAGC was based on a standard utilized of designing and
proportioning of a lightweight OPC concrete proposed. byCthe American Concrete
Institute (ACI) committee 211-standard (ACI 211.2). (This standard is the only available
online standardized document that described in‘details the designing and proportioning
processes of a lightweight aggregate structural concrete for OPC system. Furthermore,
most of the published papers and-reports that deals with designing of OPC-based
LWACs, have been used and-fellowed the recommendations of the ACI (211.2) in
designing processes (Babu_ et al., 2006; Sancak et al., 2008). Accordingly, through the
designing process -Of ‘the lightweight aggregate geopolymer concrete (LWAGC); the
term of the water/cement ratio used by the standard was modified to Activator/FA ratio,
in orderto-fit the terms used in the geopolymerization technology. While, the rest of the
designing concepts were followed as described by the standard. The LWAGC was
designed by the weight method (specific gravity pycnometer) which is applicable to the
sand-lightweight concrete systems. The LWAGC was designed according to specific

characteristics which are:

I. A compressive strength higher than 17 MPa at 28 days, in order to meet the

minimum required compressive strength of a structural LWAC as reported by

American Concrete Institute ACI (ACI 213R-87).
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II.

III.

Unit weight less than 1850 kg/m’ at 28 days, in order to meet the minimum
required unit weight of the LWAC as reported by American Concrete Institute
ACI (ACI 213R-87).

Fly ash as the solid source material of making the paste binder with 0% OPC or

any other additives.

Moreover, the materials used in the designing of the LWAGC are:

II.

III.

Iv.

Fly ash of section (3.2.1)

Alkaline activator consisting of-avmixture of Na,SiO3; and NaOH solution of
section (3.2.2).

LWA of 4-8 mm particle'size of section (3.2.3).

River sand with, maximum size of 2.35 mm and fineness modulus of 2.8 of

section (3:2.4).

Accordingly, the LWAGC designed and proportioning method involves the following

steps as the ACI (211.2) is presented:

II.

Choice of the slump value: The recommended slump value for a structural
lightweight aggregate structural concrete is in the range of 75-100 mm or 3-4
inch as recommended by Table (3.2.2.1) of ACI (211.2) standard.

Estimating of the maximum nominal size of the LWA: The nominal
maximum size of the adopted LWA, which is defines as one sieve size larger
than the first sieve to retain more than 10 percent of the material by weight

(Roberts et al., 1996). Though, according to sieve analysis data of the LWA
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I11.

Iv.

VI

presented in Chapter 4, Table 4.4, the nominal maximum size of the LWA is 9.5
mm.

Estimating of alkaline activator liquid content: The alkaline activator content
is estimating according to the chosen slump and nominal size of LWA values.
Therefore, according to Table (3.2.2.2) of the ACI (211.2), the alkaline activator
content should be 340 Ib/yd® or 201.72 kg/m”.

Selection of Activator/FA ratio: Estimating of “the Activator/FA ratio is
depending on the targeted compressive strengthyvalue at age of 28 days, which is
targeted previously of higher than 17 MPa.' Thus, an Activator/FA ratio of 0.59

was selected according to Table (3:2.2.3a) of the ACI (211.2).

~ The FA content = Alkaline-activator content (201.72) /0.59
=341.89 kg/m’.

Estimatingthe volume of the LWA: The selection oven-dry (OD) volume of
LWA.is.depending on the sand fineness modulus and nominal maximum size of
the’LWA. The OD volume of LWA per unit volume of the concrete then should
be 0.54 as recommended by Table (3.2.2.4) of ACI (211.2). As the OD-density

of the LWA = 897.57 kg/m® (Table 4.3 presented in Chapter 4),

- The weight of the LWA = 0.54 X 897.57
= 484 kg/m”.
The weight of the concrete: The estimation of the concrete weight is depended
on the specific gravity factor of the LWA and the desired air content in the
concrete which was chosen of 4%. The specific gravity factor of the LWA is 1.6,

which calculated from the following Equation (ACI 211.2):
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Specific gravity factor(S) =C/C-E Equation (3.9)

where, C = weight of aggregate in air (kg);

E= weight of aggregate sample under water (kg).

Though, the concrete weight can be obtained from Table (3:2.2.5) of ACI (211.2)

VIIL.

VIII.

standard and it should be 3210 Ib/yd3 or 1851 kg/m3 .

Estimating the fine aggregate weight: From thetabove known weights the sand

content can be calculated as:

weight sand = weight concrete — (weight FA + weight Activator + weight LWA)
= 823.39 kg/m’.

Estimating the extra water content: extra water was added to constrain the

water content absorbed by aggregates (sand + LWA) during mixing, in

particularly,“the LWAs absorption; since they have high water absorption

property. The extra water content was equivalent to the quantity of the water

absorption of each aggregate type. The measured water absorption of the LWA

was 17.2 %, while the sand has water absorption of 2.2 % as the test results

presented in Chapter 4, sections 4.2.2.1 and 4.2.3.2 are showing. Then, the extra

water is calculating as :

extra water content = weight of LWA X 17.2 % + weight of sand x 2.2 %

=101.36 kg/m’.

Though, the first trail batch of the LWAGC is known and it is given in Table 3.1.

Nevertheless, the optimum curing conditions as well as the optimum alkaline activator

constituent mixing and concentration were unknown yet. In other words, the LWAGC is
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need for actual design before mix the first trail batch. Therefore, further experimentally
investigations were conducting in order to achieve the best curing conditions and
alkaline activator preparation method prior to mix the LWAGC constituents. This

investigation is called the actual design of a concrete and it is presented in section 3.4.

Table 3.1: Trial batch proportioning of the LWAGCs

Constituents (kg/m3 )

FA 341.89

Alkaline activator 201.72
Activator/FA 0.59

LWA 484.00

Sand 823.39

Extra H,O 101.36

3.4(Actual Design of Lightweight Aggregate Geopolymer Concrete (LWAGC)

The actual design of a concrete is typically performed to obtain the optimum
preparation parameters like optimum water/cement ratio, fine/coarse aggregate ratio and
optimum curing conditions that gives the fresh concrete the best workability as well as
the highest compressive strength to the hardened concrete. The actual design is usually
perform to the cement paste samples and the obtained optimal preparation parameters
are adopted during the manufacturing processes of the concrete.

For the LWAGC, the ACI (211.2) standard is able to specify some of the optimal

preparation parameters like fine/coarse aggregate mass ratio, total aggregate/paste mass
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ratio and the Activator/FA mass ratio as shown in section (3.3). However, the ACI
(211.2) does not include all of the optimum preparation parameters which are
significantly affecting the mechanical and physical properties of the resultant LWAGC:s.
Therefore, these parameters need to be experimentally investigated in order to get their
optimum values, and applied these parameters during the preparation of the LWAGC.

These parameters are:

I. NaOH solution molarity
II. Mass ratio of Na,SiO3/NaOH
II.  Curing temperature

IV.  Curing period

Accordingly, more~experiments were performed prior to mix the LWAGC
ingredients in order<to obtain the above listed parameters optimum values. Thus, the
experimentally procedures of optimizing these parameters are presented below, while

the results of these experiments are presented in Chapter 4, section 4.2.2.

3.4.1 Optimum NaOH Solution Molarity

As mentioned in Chapter 2, section 2.9.1.2, Abdullah et al., (2011a, 2011b, 2012)
reported the optimum NaOH solution concentration that resulted in the highest
compressive strength of the FA geopolymers prepared with the same FA source used in
this work. According to these authors, the optimum NaOH solution concentration of 12
molar (M) produced the highest compressive strength for FA geopolymers at different

aging periods. Thus, based on this statement, it was decided to use the NaOH solution at
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concentration of 12 M in the preparation of the LWAGC without the need of further

investigation.

3.4.2 Optimum Mass Ratio of Na,SiO3/NaOH

It was mentioned in Chapter 2, section 2.9.1.2, that there issmo statement precisely
specifying the optimum Na,;SiO3/NaOH mass mixing ratiogestlts in maximum strength
for the hardened geopolymer, which therefore, needs to be experimentally achieved

with respect to the utilized range of this ratio mentioned in the literature.

3.4.2.1 Procedure of Optimizing the Mass Ratio of Na,SiO3/NaOH

The alkaline activator.was made by mixing the advanced prepared NaOH solution of
12 M with the Na;SiO; at six Na,SiO3/NaOH mass mixing ratios ranged from 0.5 to
3.0. The mix proportioning of geopolymer pastes is listed in Table 3.2. The geopolymer
paste specimens were synthesized by adding the alkaline activator gradually to the dry
FA'at the specified earlier Activator/FA ratio of 0.59. After 10 minutes of hand mixing,
the fresh homogeneous geopolymers were poured into 50 X 50 X 50 mm plastic molds
and vibrated on a vibration table for 2 minutes to remove the entrapped air bubbles.
Later, the molds were wrapped using a thin plastic sheet to prevent water evaporation.
Then, the geopolymer paste specimens were cured at furnace at 60 °C for 24 hours.
After the end of curing, the molds were taken out from the furnace and left to cool at
room temperature before demolding. The sealed molds were aged at targeted aging
periods of 3, 7, and 28 days at ambient conditions. The compressive strength of the

specimens was evaluated according to ASTM C (109/C 109 M), using the Shimadzu
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Universal Testing Machine after the end of each aging period. A minimum of three
specimens was tested to evaluate the compressive strength.

The results of this experiment presented in Chapter 4, section 4.2.2.1 shows that the
Na,;Si03/NaOH mass ratio of 1.0 is the optimum ratio that produced the highest

compressive strength at all tested ages.

Table 3.2: Mix proportioning of the geopolymer paste of different Na,SiO3/NaOH

ratios.
Mix no. FA(g) Na,SiO3;/NaOH Na,SiOs(g) NaOH(g)
1 450.00 0.5 88.00 177.00
2 450.00 1.0 132.75 132.75
3 450.00 1.5 153.90 102.60
4 450.00 2.0 177.00 88.00
5 450.00 2.5 189.64 75.85
6 450.00 3.0 199.12 66.37

3.4.3 Optimum Curing Temperatures

It was mentioned in Chapter 2, section 2.9.1.3 about the significance of the curing
temperatures on the geopolymerization process. In addition, it was reported that the
suggested curing temperatures for the FA geopolymer is in the range of 60 °C to 90 °C,
although, the exact optimum curing temperature is still unrevealed and needs to be
practically achieving. Therefore, this experiment was performed to obtain the optimum
curing temperature from the range of 60 °C to 90 °C, in order to use it in the curing of

LWAGC:s through this research.
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3.4.3.1 Procedure of Optimizing the Curing Temperatures

The alkaline activator used in this experiment was prepared by mixing the 12 M
NaOH with the Na,Si0; at the optimum Na,SiO3/NaOH mass ratio of 1.0 that achieved
from the experiment mentioned in section 3.4.2. The mix proportioning of the
geopolymers is illustrating in Table 3.3. In addition, the geepolymers preparation
procedure was exactly similar to the one used in the preyious experiment of section
3.4.2, except that the geopolymers after casting intg~50 X 50 X 50 mm, molds were
cured at different curing temperatures of 60, 70,/80 and 90 °C for 24 hours. The sealed
geopolymers were aged at 3, 7 and 28 days prior to test their compressive strength.

The results of optimum curing temperatures presented in Chapter 4, section 4.2.2.2
reveals that the 70 °C is the optimum curing temperature that resultant in the highest
compressive strength to,the prepared geopolymers in all tested ages. Accordingly, the

70 °C is adopted as(the curing temperature in the preparation of LWAGC:s in this work.

Table 3:3+Mix design of the geopolymer paste cured at temperatures of 60 °C to 90 °C.

FA(g) Na,SiO3/NaOH Na,SiOs(g) NaOH(g)

450.00 1.0 132.75 132.75

3.4.4 Optimum Curing Periods

The last preparation parameter needs to be practically investigated in order to obtain
its optimum value is the curing period. According to the literature (Chapter 2, section
2.9.1.4), the optimum curing duration was laid between 24 and 48 hours, despite that the

24 hours is more favorable curing period due to its economical advantages over the 48
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hours (Harrdjito & Rangan, 2005). Nevertheless, there is no statement clarified that the
curing period of 24 hours is the optimum curing period for all FA geopolymers.
Therefore, it was decided to perform an experimentally investigation to obtain the
optimum curing period with respect to economical aspects and the attempts to minimize
the curing period that results in optimum compressive strength. Thus, curing periods

ranged from 6 hours to 30 hours were tested in this experiment.

3.4.4.1 Procedure of Optimum Curing Periods

The geopolymer paste specimens were ‘synthesized in similar method mentioned in
section (3.4.2.1). The geopolymers~in this experiment were cured at the optimum
curing temperature of 70 °C> ‘ebtained from the results of the optimum curing
temperature experiment,presented in Chapter 4, section 4.2.2.2, at curing periods of 6,
12, 18, 24 and 30 hours. The geopolymers preparation, aging times and condition
procedures asswell as the evaluation of the specimens compressive strength were
similar tQ'the that used in the obtaining the optimum Na,SiO3/NaOH ratio mentioned in
séction 3.4.2.1 The results of this experiment are shown in Chapter 4, section 4.2.2.3
specifying that the curing period of 24 hours resulted in the highest strength to the
prepared geopolymers in all tested ages, therefore, it was used in the curing regime in

the preparation of LWAGCs through this research.

3.5 First Trail Mixing of the LWAGC

The first trail mixing of the LWAGC was performed after achieving and collecting

all the optimum preparation parameters form the actual design results presented in

84



Chapter 4, section 4.2.2. The LWAGC gradients illustrated in Table 3.1 was modified
after adding the optimum weights of the alkaline activator constituents which were
calculated as:

The alkaline activator weight is 201.73 kg/m3 and the optimum mixing ratio of
the Na,;SiOs/ NaOH of 1.0 as presented in Chapter 4, section 4.2.2.1.

-~ Weight of Na,SiO3 = NaOH= 100.86 kg/m3.

Though, Table 3.4 shows the first trail mixing of"the LWAGC. The LWAGC was
synthesized by the activation of the FA with the’advanced prepared alkaline activator to
form the cement-like geopolymeric material“(binder) which used to bind the aggregates

(fine + LWA) and produce the geopolymer concrete.

Table'3.4: First trail mix design of the LWAGCs

Constituents (kg/m3)
FA 341.89
Na,SiOs 100.86
NaOH 100.86
Activator/FA 0.59
LWA 484.00
Sand 823.39
Extra H,O 101.36

85



3.5.1 Alkaline Activator Preparation

The alkaline activator was primary prepared by preparing the 12 M NaOH solution.
The NaOH solution was prepared by dissolving a specific mass of the NaOH solid in
distilled water. After that, the solution was poured in a standard 1 liter volumetric flask.
Then, the volume of distilled water required to make 1 liter ofNaOH solution in any
desired concentration, which is marked on the flask itself, was@dded. The flask was left
to cool down to room temperature as the reaction between the NaOH solid and the
distilled water generated high heat. Afterward, the'NaOH solution was mixed with the

liquid Na,SiO3 at mass mixing ratio of NaySi03/NaOH of 1.0.

3.5.2 Preparation of the aggregates (fine/LWA)

Prior to mix, theyLWA and fine aggregate (sand) were pre-prepared in standard
conditions of~oven-dry condition (OD) and air-dry condition (AD), respectively, in
order to. maintain the water content in the mixture at a constant level. Hence, the
abserbed moisture content by the aggregate especially by the LWAs which they have
high moisture absorption property would not causing any negative effect on the fresh
and hardened physical and mechanical properties. For the LWA, the aggregates were
per-dried at furnace at 105 °C for 24 hours to remove any residual moisture. After the
end of drying process, the LWAs were packed in plastic packs and sealed from ambient
until the time of mixing. On the other hand, the sand was prepared in AD-condition as
described by Yang et al., (2010). The sand was firstly washed with a tap water to

removed any dirties, and drying in a shade for 24 hour prior to mix.
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3.5.3 Mixing and Slump Measurement

The solid constituents of the LWAGC which are the FA and the aggregates (fine +
LWA) were mixed in 5 liter capacity pan mixer, for 3 minutes. Then, the advanced
prepared alkaline activator liquid and the extra water dosages were gradually added to
the solid constituents. The wet mixing was continued for furthr 5 minutes until the
mixture being homogenized. Afterward, the slumps o(\?@ fresh concretes were
measured according to the BS (EN 12350-2), using (‘[J@gump cone presented in Figure
3.6. The slump cone has dimensions of 300. lT(g\r@eight, 200 mm bottom and the cone
top diameter of 100 mm. The slump tes{\@ carried out by filling the cone with the
fresh mixture into three equal laygs\nd tamping the mixture down 25 times for each
layer. After that, the cone ’V{@bémoved and the slump measured by measuring the

height of the tamped fre@%xture.
KO

Figure 3.6: Slump test instrument used to test the fresh concrete slump.
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3.6 Final Mix Design of the LWAGC

The first trail mixing of the LWAGC resulted in slump values range of 132-137 mm
after six test attempts. These slump values, however, are much higher than the designed
slump of 75-100 mm mentioned in section 3.3. Therefore, an adjustment to the mixture
was needed by decrease the liquid content in the mixture with maintained the solid
constituent quantities in order to achieve the desired slump value. However, it is
believed that decreasing the liquid alkaline activator content in the mixture might leads
to deteriorate the geopolymerization reaction rate,and then the mechanical and as well
as microstructural properties of the resulted"WAGCs. Accordingly, it was decided to
decrease the extra added water to_achieve the desired slump. Consequently, after many
try and error attempts, decreasing-of the extra water content from 101.36 kg/m” to 91.47
kg/m3 resulted in slump value of 95 mm, which is applicable to the designed slump
range. Hence, the new extra water content was added to the final mix design of the
LWAGC, and-then the mix proportioning of Table 3.4 is modified to the final mix

design given in Table 3.5.

Table 3.5: Final mix proportioning of the LWAGC:s.

Constituents (kg/m3)
FA 341.89
Na,SiO3 100.86
NaOH 100.86
Activator/FA 0.59
LWA 484.00
Sand 823.39
Extra H,O 91.47
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3.7 Synthesizing of the Lightweight Aggregate Geopolymer Concrete (LWAGC)

The LWAGCs were synthesized after achieving the final mix proportioning
illustrated in Table 3.5. The alkaline activator was prepared exactly similar to the one
used in the first trail batch as well as the aggregates (sand+ LWA) pre-preparation

methods presented in section (3.5. 2).

3.7.1 Mixing and Molding of LWAGC

The mixing procedure and the slump test’were similar to that used in the first trail
which was mentioned in section (3.5:3). The fresh mixture was dark in color (due to the
dark color of the FA) and cohesive. After measuring the slump, the fresh mixture was
poured down into standatd- plastic molds of 100 X 100 X 100 mm dimensions. The
fresh mixture was poured into the molds and compacted in three layers using a steel rod.

Later on, the. molds were sealed from the ambient to prevent the moisture losing.

3.7.2 Curing and Aging Conditions

The optimum curing temperature and curing period of 70 °C for 24 hours were used
in the curing regime of the LWAGC specimens which obtained from the results of
actual design results presented in Chapter 4, sections 4.2.2. The wrapped molds were
placed into a furnace and heated undisturbed until the end of curing. At the end of the
curing process, the resulted specimens were wrapped again and aged at ambient

conditions at ageing times of 3, 7, 28, 56, 91, 180 and 365 days.
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3.8 Synthesizing of the Geopolymer Pastes and Mortar

The FA geopolymer paste and mortar materials were synthesized with respect to the
final mix proportioning of the LWAGC illustrated in Table 3.5. In other words, the
geopolymers paste and mortar were synthesized at the same Activator/FA mass ratio of
0.59, and the geopolymer mortar was prepared at the same sand/paste mass ratio of 1.51
which extracted from the final mix proportioning of the LWAGC showed in Table 3.5.
The alkaline activator was prepared at the same waycdescribed earlier in section 3.5.1.
The mix proportioning of this experiment is illustrated in Table 3.6. Furthermore, the
synthesizing procedure of the geopolymer'paste and mortar was also similar to the one
used in LWAGC preparation mentioned in section 3.7. Consequently, the resulted
specimens were aged for 3, 7/ 'and 28 days. Figure 4.9 and 4.10 of Chapter 4 are

illustrated the resulted FAlgeopolymer paste and mortar specimens, respectively.

Table-3.6: Mix proportion of the geopolymer paste and mortar (kg/m”).

Constituents Paste Mortar

FA 341.89 341.89

Na,SiO3 100.86 100.86

NaOH 100.86 100.86
Activator/FA mass ratio 0.59 0.59

LWA - -

Sand - 823.39

Extra H,O - 18.11
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3.9 Preparation of FA Geopolymer Pastes and LWAGCs with Different

Activator/FA Mass Mixing Ratios

This experiment was performed in order to investigate whether the Activator/FA
ratio of 0.59 proposed by ACI standard provides the optimum activator content that
leads to produce a maximum compressive strength to the LWAGC materials. At the
same time, to investigate the effect of the Activator/FA“mass mixing ratio on the
geopolymerization reaction. Accordingly, LWAGCs and'FA geopolymer paste systems
were prepared at different Activator/FA mass ratios range of 0.3-0.7. Tables 3.7 and 3.8
are showing the mix proportioning of the FACgeopolymer paste and LW AGC materials,
respectively. The results of this experiment are presented in Chapter 4, section 4.2.4.

The alkaline activator solutions of this experiment were prepared at the same method
described earlier in sectiof3.6. Furthermore, the geopolymer pastes and LWAGCs were
synthesized and cured at the same procedure mentioned earlier in section 3.7, except the
geopolymer paste mixtures were poured into 50 X 50 X 50 mm plastic molds. The
LWAGCsvof this experiment were aged at 28 days, while the paste specimens were

aged at 3, 7 and 28 days.

Table 3.7: Mix proportioning of the LWAGCs prepared at different Activator/FA ratios

Mixno. FA Na;SiO; NaOH Activator/FA LWA Sand Extra H,O

1 341.89  51.28 51.28 0.30 484.0 823.39 91.47
2 341.89  68.37 68.37 0.40 484.0 823.39 91.47
3 341.89  85.47 85.47 0.50 484.0 823.39 91.47
4 341.89 100.86 100.86 0.59 484.0 823.39 91.47
5 341.89 119.66 119.66 0.70 484.0 823.39 91.47
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Table 3.8: Mix proportioning of the paste specimens prepared at different Activator/FA

ratios (g).
Mix no. FA(g) Activator/FA ratio Na,SiOs(g) NaOH(g)
1 450 0.30 67.0 67.0
2 450 0.40 90.0 90.0
3 450 0.50 112. 5 112.5
4 450 0.59 1{&:5\ 132.0
R
\(J
(\

3.10 Synthesizing of LWAGCs with Dif @t LWA Particle Size and Grading.

O

S

The graded LWA of 4-8 m@@d another batch of graded LWA named batch 2 were

used in the preparatlon@%WAGCs having different particle size and grading. The

O
LWA of batch 2 sl@m in Figure 3.7 has a particle size of 8-16 mm as the particle size

test shown F&g&%‘wd in Chapter 4 in Table 4.8). The results of this experiment are

present

X

Figure 3.7:

Chapter 4, section 4.2.5.

Batch 2 LWA of 8-16 mm.
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3.10.1 Synthesizing Procedure of LWAGCs with Different LWA Particle Size and

Grading

Targeted sizes of 4-5 mm and 5-8 mm were prepared from the original graded 4-8
mm by using a standard sieve sized of 5 mm in sieving portion of the 4-8 mm LWA.
Figures 4.15 and 4.16 of Chapter 4 are showing the photographs-of the targeted LWA of
4-5 mm and 5-8 mm, respectively. In addition, other targeted/LWAs of 8-12 mm and
12-16 mm particle sizes shown in Chapter 4, Figures4:17 and 4.18, respectively, were
prepared from sieving a portion of the original/graded 8-16 mm by using a standard
sieve of 12 mm. Then, both the targeted and original graded LWAs (4-8 mm and 8-16
mm) were used to prepare LWAGCs possesses six different aggregate sizes and
grading. In order to investigatesthe effect of the various LWAS size and grading on the
resultant LWAGCs mechanical strength and physical properties, the mix design of all
concretes was fixed constant. Accordingly, the mix design of the LWAGC made with
LWA of 4-8 mm illustrated in Table 3.5 was used in the preparation of the LWAGCs of
different particle size and grading. Furthermore, the liquid alkaline activator preparation
ptoeedure and the slump measurements of this experiment were similar to that used for
the LWAGC manufacturing mentioned in section 3.7. In naming the concrete
specimens, a LWAGC name was referred by its LWA size, i.e. L4-5 denotes the
LWAGC prepared with LWA size of 4-5 mm. Also, the L4-8 and L8-16 of the graded

4-8 mm and 8-16 mm LWAs were used as graded control concretes.
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3.11 Studies on the Thermal Behavior of the Geopolymeric Materials

In these studies, the thermal behavior of the synthesized geopolymer paste, mortar
and LWAGCs materials prepared in sections, 3.7, 3.8 and 3.10 were investigated at
high heating temperatures (maximum 800 °C). Through these studies the residual
compressive strength of the exposed geopolymeric materials; was evaluated their
thermal behavior. Furthermore, a microstructure study wascconducting for one of these
studies as well, to explore the microstructural changes that the exposed materials
experienced during heating to elevated temperatures. The results and discussions of

these experiments are presented in chapter4;Section 4.3.

3.11.1 Study on the Effect of Elevated Temperatures on the Compressive Strength

of the Geopolymer Paste, Mortar and LWAGC

A part of the LWAGC prepared in section 3.7 and the FA geopolymer paste and
mortar ‘prepared in section 3.8 were further exposed to different high temperatures
efivironment to investigate their effects on the compressive strength and microstructure
of the geopolymer structure. The heating procedure applied for the geopolymers of this
study was similar to one performed to the FA geopolymer paste and concrete reported
by Kong et al., (2007) and Kong & Sanjayan (2008, 2010). The geopolymers were

heated at elevated temperatures of 400 °C, 600 °C and 800 °C.
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3.11.1.1 Procedure of Exposing to Elevated Temperatures

The geopolymer paste, mortar and LWAGC specimens prepared of this experiment
were exposed to the elevated temperatures at age of 27 days. In practice, the specimens
were placed into a furnace and fired to the selected elevated temperature of 400 °C, 600
°C or 800 °C at fixed heating rate of 4.4 °C/minute. The geopolymers specimens were
kept at each elevated temperature for 1 hour. After that, the“’geopolymers specimens
were left undisturbed to cool down to room temperature‘inside the furnace. This heating
procedure was required 24 hours to be complete, hence at the time of testing their

strength they completed the aging period of.28 days.

3.11.2 Study on the Residual Strength of the LWAGC after Heating at

Temperature Range of (100 °C to 800 °C)

In this experiment, the resulted LWAGC prepared in section 3.7 was exposed to
elevated.temperatures ranged from 100 °C to 800 °C, in order to statistically investigate
thethermal behavior of the concrete after exposure to each elevated temperature. In
addition, to identify the exact elevated temperature at which the LWAGC would start to

loss its strength continuously until the maximum elevated temperature of 800 °C.

3.11.2.1 Test Procedure

The LWAGC were exposed to elevated temperatures at the range of 100 °C to 800
°C with an increment of 100 °C. The age of specimens and the heating exposure

procedure were similar to that performed in section 3.11.1.1.
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3.11.3 Study on the Effect of the LWA Particle Size and Grading on the Thermal
Behavior of the LWAGCs after Exposure to Elevated Temperature of 800

°C.

A part of The LWAGCs prepared at different LWA particle size and grading
mentioned in section 3.10 were further exposed to elevated temperature of 800 °C. The
objective of this study was to investigate the effect of the different LWA particle size
and grading on the thermal behavior of the exposed LWAGCs in term of residual

compressive strength.

3.11.3.1 Test Procedure

The preparation of thiscexperiment and heat exposure procedure were similar to the
one performed to the,'geopolymers in section 3.11.1.1, except the elevated temperature

was of 800 °C-only.

3.12 Analysis Methods of the Geopolymeric Materials Properties

This section presented the analysis methods and instruments used in the evaluation of
the physical, mechanical, thermal and macro/microstructure properties of the

geopolymer materials prepared in this work.

3.12.1 Analysis Methods of the Geopolymeric Materials Physical Properties

The investigated physical properties of the geopolymer materials prepared in this

research were including the OD-density, water absorption, total porosity content and
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slump value measurements. The OD-density, water absorption and total porosity
content tests were conducting to the hardened geopolymer, while and the slump test was
conducted to the fresh LWAGC mixtures. The details of these measurements as

presented below.

3.12.1.1 Slump Test

This test was conducted to the fresh mixtures of thecLWAGC prepared in sections

3.7 and 3.10. The test method was similar to the‘one descried earlier in section 3.5.3.

3.12.1.2 Density and Water Absorption Measurements

The density and watefcabsorption of the geopolymers were performed according to
ASTM (C140-01) at'age of 28 days. The test was conducted for the geopolymer pastes,
mortars and EWAGCs prepared in section 3.7-3.10. The instrument used in this test
which is.composed of a high sensitively electrical balance (0.1 g or less) and a tank of
water of 450 mm long, 300 mm width and 350 mm height. In practical, the geopolymer
specimen was immersed undisturbed in the water filled tank at room temperature for 24
hours. Then, the immersed weight (W;) of the specimen was recorded while it
suspended to the balance by a thin wire and completely submerged in water. After that,
the specimen was removed from the water and placed in a wire mish to allow water to
drain for 1 minute, and the visible surface water was removed by using a damp cloth.
The specimen was then weighted and the SSD weight (W) was recorded. Afterward,
the specimens was dried in a furnace at 105 °C for at least 24 hours, and the OD weight

(Wy) of the specimen was recorded when two successive weightings of the specimen at
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intervals of 2 hours showed an increment of less than 0.2 % of the last previously
determined weight. Thus, the water absorption and the OD-density of the geopolymers

results presented in Chapter 4, sections 4.2.3 and 4.2.5 were calculated as:

OD-density (kg/m’) = [Wy/ (Wy — Wi )] X1000 (3.10)

Water absorption (%) = [(Ws— Wy )/W,] X 100 3.11)
where, W= weight of the SSD (kg);
W4 = weight of the OD (kg);

W, = weight of the immersed specimen (kg):

3.12.1.3 Total Porosity Content Measurement

The total poresities of the 100 mm® cubic LWAGCs prepared in section (3.9) were
measured at'age of 28 days in accordance to the vacuum pump method similar to the
one reported by Cabrera & Lynsdale (1988). In the practice, the specimens were placed
in ‘a vacuum saturated chamber and vacuumed for 3 hours using VCP 8101 single-
impute pump, and then the water was allowed to flow into the chamber until the
specimens were totally submerged. The negative pressure was applied for another 3
hours, to ensure that the specimens were fully filled with water. Afterward, the chamber
was left overnight exposed to the atmospheric pressure, to balance the pressure and to
ensure full saturation. Subsequently, the specimens were taken out from the chamber
and weighed in water and in air, then placed in an oven at 105 °C for 24 hours. Finally,
the dry weight was obtained after drying. The total porosity of the LWAGC:s results that

presented in Chapter 4, section 4.2.5, was calculated using the following equation:
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Total porosity= st"f;vxjw x 100 % (3.12)

where, Ws= weight of the saturated surface dry specimen in air;
Wd= weight of oven dry specimen in air;

Wssw = weight of saturated specimen in water.

3.12.2 Mechanical Compressive Strength Evolution

Compressive strength tests were conducted. to investigate the ultimate strength of the
prepared geopolymers materials from( the actual design experiments mentioned in
section 3.4, and for all resultant.geopolymer specimens prepared in sections 3.7-3.11.
The compressive strength tests of the specimens were measured after they completed
their targeted ages. The strength tests of this work were performed using the Shimadzu
Universal Testing-Machine (UTM) having maximum loading of 1000 kN, Japan, at the
School of Materials Engineering, University Malaysia Perlis (UniMAP). A minimum of
threé.specimens was tested to evaluate the compressive strength of each test. During the
test, the compression results were directory analyzed by a computer conducting to the
instrument. Furthermore, for the 50 mm?® geopolymer paste specimens, the compression
test was held according to ASTM (C109/C 109 M), with speed rate of 50 mm/minute.
While for the geopolymer specimens of 100 mm’, the compressive strength tests were
performed in accordance with European standard EN (12390-3) at the same speed rate
of 50 mm/minute. The details results of the compressive strength are presented and

discussed in Chapter 4.
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3.12.3 Microstructure Properties

The microstructure properties of the geopolymers paste and LWAGC prepared in
sections 3.7-3.8 and 3.11.1 were performed using the scanning electron microscopy
(SEM). The SEM tests were carried out by using SEM JSM-6460 LA Jeol. Japan, at the
School of Materials Engineering, University Malaysia Perlis (UniMAP). The specimen
fragments for the geopolymer paste and LWAGC were mounted in an epoxy resin and
further vacuumed and coated with platinum coat using JFC-1600 auto fine coater Jeol.
Japan, prior to test. Then, the specimens were placed on the samples holder by using
special carbon tape. Furthermore, the tests\were carried out using secondary as well as
backscattered electron (BSE) detectors. Energy dispersive spectrometry (EDS) test was
also conducted to investigate the chemical composition of selected spots or micro-
images of some resulted SEM micrographs. EDS test was carried out using BSE. The

details results of the"SEM has been shown and discussed in Chapter 4.

3.12.4 Thermogravimetric Analysis

The weight loss with gradual temperature increasing was measured for the
geopolymer paste specimens of the experiment mentioned in section 3.8, using the
thermogravimetric analysis (TGA). The TGA was carried out using PerkinElmer Pyris
diamond Thermogravimetric/ differential thermal analyser at the School of Materials
Engineering, University Malaysia Perlis (UniMAP). In addition, the sub-analysis of the
derivative thermogravimetric analysis (DTG) and differential thermal analysis (DTA)

were also obtained from TGA test. In the analysis, Fragments of the geopolymer paste
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specimens of the strength test analysis were powdered prior to test in order to ensure the

thermal equilibrium during transient heating was achieved (Kong & Sanjayan, 2008).

3.12.5 Dilatometry Measurements

Dilatometry measurements were carried out in order toxmeasure the thermal
expansion of the geopolymer paste and LWA grains thattsed for preparation the
geopolymers of the experiment mentioned in section 3:8< The test was carried out using
Linseis, L75 Laser dilatometer, at the School/of Materials Engineering, University
Malaysia Perlis (UniMAP), at temperatures’ ranged from 20 °C to 800 °C with a
constant heating rate of 5 °C/minute~The test was performed for both geopolymer paste
and LWA specimens sciencecthey can present valuable information for the thermal
expansion behavior of the LWAGC at high temperatures as reported by Kong &
Sanjayan (2008, 2010). The test was carried out on 9 mm diameter X 3 mm height
pellets specimens sliced from a geopolymer paste cylinder of 10 mm diameter x 70 mm
height, “shewn in Figure 3.8. While the specimens of the LWA were prepared by
mounted a LWA grains in an epoxy resin and then were further machined using a CY-
S1860G, China lathe machine to obtained the test specimens size. The preparation of
the test specimens were carried out at the School of Materials Engineering, University

Malaysia Perlis (UniMAP).
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}sed in the preparing the dilatometry test
cimens.

Figure 3.8: Geopolymer paste cyhn
Furthermore, prior to teg\‘%ﬂ?pellets were pre-dried in oven at 50 °C until they
maintained a constant&ﬁzght (Uygunoglu & Topcu, 2009), before performed the test
according to ASZ)I\QESSLOS). The measurements were an average of two specimens.
The hnearé@h change values were calculated within the temperature range of 20 °C
to\ég(};)b in accordance to the following equations:
A

e = Al/l, (3.13)

Al=a-1 -AT (3.14)

o

where, € is the thermal strain (mm/mm);
a is the coefficient of thermal expansion (1/ °C);
Al is the length change (mm) and [, is the initial length of the specimens;

AT is the temperature difference, respectively.
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3.12.6 Phase Composition Investigation

X-ray diffraction (XRD) test was performed to investigate the phase composition
and the crystalline content of the FA geopolymers pastes before and after exposing to
elevated temperatures of 400 °C, 600 °C and 800 °C as presented in section 3.11.1. The
test was carried out using XRD-6000, X-ray Diffractometer Shimadzu, Japan at the
School of Materials Engineering, University Malaysia Perlist{(UniMAP). Samples of
this test were prepared into powder form by cut small"FA geopolymer paste slices and
then grinded those into powder form suitable for'the test requirement. The test was
performed on a operating conditions of*4(Q) kV and 30Mam, Cu-Koa wavelengths:
1.54060 and 1.54439 A. In collecting-data sets, the 20 step size was 0.02°, the counting
time step was 0.3 °/minute, and-the 20 range between 10 to 80°. The obtained raw data

was analyzed using XRD-<6000 V 4.1(NT/98) licensed software.

3.13 Test Program of the Research Methodology

Table 3.9 summarized the test program of this research which included the testes

performed through study and the numbers of the specimens used in each test.
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Table 3.9: Test program of the current research.

Test Type

Number of samples

Mechanical compressive strength
%W ater absorption
% Porosity
OD-Density
Slump of fresh LWAGC mixture
SEM
SEM-EDS
XRD
Dilatometry
Thermogravimetrical
FA particle size
Sand particle size

LWA particle size

294

18

18

18

14

13
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This Chapter presents the results of the analytical experiments conducted on the raw
materials used in the preparation of the geopolymeri¢c materials of this work which are
mentioned in Chapter 3, section 3.2. Consequently, the results of the LWAGC’s actual
design which included the optimization of(the preparation parameters mentioned in
Chapter 3, section 3.4 are also reported in Chapter 4. In addition, the mechanical and
physical results of all experiments mentioned in Chapter 3 and their discussions are also

included in this Chapter,

4.2 Evaluations of the Mechanical and Physical Properties of FA Geopolymer

Materials at Room Temperature

This section is representing the results of the analytical experiments conducted to the
raw materials used in the preparation of the geopolymeric materials of this research
mentioned in Chapter 3, section 3.2. The results of the actual design of the LWAGC
which included optimizing the preparation parameters mentioned in Chapter 3, section
3.4 are also reported here. In addition, the mechanical and physical results of all
experiments mentioned in Chapter 3 and their discussions are also included in this

Chapter, except those experiments which were dedicated to study the thermal behavior
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of the geopolymeric materials at elevated temperatures of sections 3.11.1 to 3.11.3,

which are presented in section 4.3.

4.2.1 Analysis of the Raw Materials

This section reports the chemical, physical and microstructural analysis results of the

raw materials used in the geopolymer preparations of this work.

4.2.1.1 Analysis of the FA

The experiments conducted to_the\FA before it being used in the synthesis of the
geopolymers is mentioned in ¢hapter 3, section 3.2.1. The results of these experiments

are presented in this section:

4.2.1.1.1 The Chemical Composition of the FA (XRF Analysis)

The XRF analysis of the FA is listed in Table 4.1. It can be observed that the FA
composed mainly from the Fe;O;, SiO,, and CaO with relatively low Al,Os. These
oxides occupied about 87% from the FA composition. The mass ratio of Si0,/ Al,O3=
2.85. Furthermore, the FA contains CaO of 21.6 %, therefore, it can be calssified as

(Class-C) FA accroding to ASTM (C 681-08).
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Table 4.1: XRF analysis data of FA composition

Chemical Composition (%)
Si0, 26.4
Al,O3 9.25
Fe,03 30.13
TiO, 3.07
CaO 21.6
MnO 0.27
CuO 0.14
K,O 2.58
P,0s 0.67
S03 1.3
SrO 0.03
Loss on Ignition (LOI) 3.02

4.2.1.1.2 Particle Size Distribution of the FA

The particle size analysis results and operation conditions as obtained from the test

instrument are given in Figure 4.1 and Table 4.2. It can be seen that the high portion of

FA having particle size of 10 um, with specific surface area of 0.463 m*/gm.
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Figure 4.1: Particle size distribution of the FA

Table 4.2: Results of FA particle size analysis and operation conditions.

Particle Name:
Fly ash
Particle P.J:
1.500

Dispersant Name

Concentration
0.0037 % Vol
Specific Surface
Area
0.463 m’/g
d (0.1)4.433 um

Accessory Name:
Siroccos 2000 (A)
Absorption:

0
Dispersant P.J:
1.000

Span:
21.074
Surface Weighted
Mean
12.964 um
d (0.5) 57.553 um

Analysis Model:
General Purpose
Size Range:
0.020 to 200.00 pm
Weight Residual:
2.268

Uniformity:
6.75
Volume Weighted
Mean
104.742 pm
d (0.9) 317.443 pm

Sensitivity:

Enhanced

Obscuration:

8.45 %
Result

Emulation:
Off

Result Units:

Volume
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4.2.1.1.3 Microstructure of the FA (SEM Analysis)

Figure 4.2 shows the SEM micrograph of the FA used in preparation of different FA
geopolymer pastes, mortars and LWAGCs through this study. The FA consists mostly
of glassy, hollow, spherical particles, which are cenospheres (thin walled hollow
spheres). The microstructure appearance of the FA is well agreed with that reported by
Davidovits (2008). Although, FA particles are essentially the'same, variations do occur
in shape (rounded to angular) with some crystals cof<mullite and iron (Fernandez-
Jimenez & Palomo, 2003). Furthermore, surface'texture appears to be smooth and dense

to highly porous and present or absence of strface coatings likes magnetite.

-

X1, 888 1B8mm 8881 11 44 SEI

Figure 4.2: SEM micrograph of the source material (FA).
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4.2.1.1.4 The Phase Composition of the FA (XRD Analysis)

Figure 4.3 presents the XRD diffractogram of the FA. It can be seen that the FA is
mainly an amorphous material with the appearance of a typical broad hallow at 16 to 38
20. However, the FA diffractogram is also contains some of crystalline phases of quartz
(Si0,) at 21, 26.6 and 65 20, mullite (3A1,05.2510,) at 17.1 and 28.3 20 and hematite

(Fe,03) at 24, 35 and 41 26.

Q
Q = quartz
M = mullite
H = hematite
Q H M H
- *
! M
M SO S : Q
. 2 e e, st ) ™ AW ™ Y¥as ik
g -
T T T I !
30 40 5 £
Theta-2Theta (dag)

Figure 4.3: XRD diffraction pattern of the FA.

4.2.1.2 Analysis of Sand

The details of the fine aggregate (sand) density and water absorption as well as the
particle size analyses were mentioned in Chapter 3, section 3.2.3. The results of these

experiments are given in this section.
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4.2.1.2.1 Density and Water Absorption of the Sand

The results of this experiment are the following weights:
i. A: Mass of the OD =490.7 g.
ii.  S: Mass of the SSD=501.4 g.
ili.  B: mass of the flask filled with water =953.5 g
iv.  C: the mass of flask with sample and water to the calibration or filling mark =

647.2 g.

The specific gravity of the sand is calculated by applying these weights in Equation
(3.1) mentioned in Chapter 3, section 3.2.3, which equal to 2.5. The water absorption of
the sand is also calculated form equation (3.2) mentioned in Chapter 3, section 3.2.3 and

it is equal to 2.2%.

4.2.1.2.2 Particle Size Analysis

Table 4.3 illustrates the results of the sand particle size analysis which calculated
using equations of (3.3) to (3.7) mentioned Chapter 3, section 3.2.3 after obtained the
IMR values of each used sieve form the test. The results indicated that the adopted sand
possesses a maximum particle size of 2.38 mm. Thus, the sand is classified as a fine

aggregate according to ASTM (C 136-06).
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Table 4.3: Sieve analysis results for the sand.

Sieve IMR IPR CMR CPR CpP
(mm) (® (%) (2 (%) (%)
4.75 0 0 0 0 100
2.38 5 1.25 5 1.25 98.75
1.19 15 3.70 20 5 95
0.59 100 25 120 30 70
0.30 120 30 240 60 40
0.15 120 30 360 90 10
0.075 30 7.50 390 97.50 2.50
Pan 10 5 400 - -

4.2.1.3 Analysis of LWA

The -éxperiments were conducted to the LWA in order to analysis their physical

properties such as density and water absorption as well as the particle size analysis as

mentioned in Chapter 3, section 3.2.4. These results were used in the designing process

of the LWAGC. The results of these experiments are given in this section.

4.2.1.3.1 Density and Water Absorption Analysis

The results of this experiment are the following weights:
i.  A: Mass of the OD = 1880 g.
ii. B: Mass of the SSD= 2205 g.

ili.  C: Mass of the apparent = 124 g.
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Table 4.4 is listed the results of the density and water absorption of the aggregate
which obtained by applying the resulted weights in the mentioned Equations of (3.8) to
(3.14), in Chapter 3, section 3.2.4. Furthermore, the results show that the resultant
aggregate has an OD-density of 897.75 kg/m3 which is less than the maximum LWA
OD-density limit of 1120 kg/m3 reported by Mehta & Monteiro (2006), therefore, the
used aggregate throughout this study is classified as LWA xcategory. In addition,
according to the LWA spectrum presented in Chapter 2, Figure'2.4, the adopted LWA is
applicable for preparation a structural lightweight aggregate concrete LWAC. It is also

observed that the LWA has a relatively high waténabsorption property of 17.2 %.

Table 4.4; Physical properties of LWA.

Physical Property Value
Specific gravity (OD) 0.9
Specific gravity (SSD) 1.05

Apparent specific gravity 1.07
Density (OD) 897.75 (kg/m’)
Density (SSD) 1047.37 (kg/m’)

Apparent density 1067 (kg/m3 )

Water absorption (%) 17.2

4.2.1.3.2 Particle Size Distribution

The results of the LWA particle size analysis which were obtained from analyzing

the sieve test raw data in similar method of analysis conducted to sand particle size data
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presented in section 4.2.1.2.2. The LWA particle size analysis results given in Table 4.5
are revealing that the LWA have a particle size of 4-8 mm. Furthermore, the majority of
the LWA of about 75 % is classified as coarse LWA, while the rest is considered as a

fine LWA according to ASTM (C 136-06).

Table 4.5: Sieve analysis for the LWA.

Sieve CPP (%)
(mm) LWA
9.5 100
8 90
6.3 60
4.75 25
238 0

4.2.2 Actual Design of the LWAGC

The actual design of the LWAGC was performed to obtaining the optimum
preparation parameters which provides the optimum conditions to geopolymerization
reaction and then leads to produce geopolymers with maximum compressive strength.
As mentioned in Chapter 3, section 3.4, the actual design of the LWAGC was
performed to the FA geopolymer paste to obtain the optimum curing temperature and
curing period, as well as the optimum Na,Si03/NaOH mass ratio. The significant effects
of these preparation parameters on the geopolymerization reaction were already

presented in details in Chapter 2, section 2.9.1. The details of these experiments were
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also given in Chapter 3, section 3.4, and the results of these experiments are given in

this section.

4.2.2.1 Optimum Na,Si0Q3/NaOH Mass Ratio

Figure 4.4 shows the resulted geopolymer paste specimens prepared at different
Na,Si03/NaOH mass ratios ranged of 0.5-3.0. While, Figure 43 is illustrating the effect
of Na,Si03/NaOH mass ratio on the compressive strength of the resultant geopolymer

paste specimens at ages of 3, 7 and 28 days.

[N

19>

Figure 4.4: Geopolymer paste specimens prepared with different Na,SiO3/NaOH ratios.
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Figure 4.5: Effect of different Na,SiQ3/NaOH mass ratios on the compressive strength
development ef the FA geopolymers paste.

It is observed that~the Na,SiO3/NaOH mass ratio of 1.0 provides the highest
compressive strength at all ages than other Na,SiO3/NaOH ratios. Correspondingly, as
reported by Chindaprasirt et al. (2007) that the Na,Si03/NaOH mass ratios in the range
of 0.67-1.0 produced the optimum strength for the resultant geopolymer, the results of
this experiment are in good agreement with this statement. Furthermore, it can be seen
that the Na,SiO3/NaOH mass ratios of 2 and 2.5 produces almost the same strength
values at all the tested ages, which are approximately parallel to the optimum
Na,Si03/NaOH ratio of 1.0 strength values especially at the early ages of 3 and 7 days.

Nevertheless, high distinguish to the optimum value of Na,SiO3/NaOH ratio can be
observed at the age of 28 days, which obviously clarified that the optimum value of
Na,Si03/NaOH ratio is 1.0. Whilst, the Na,SiO3/NaOH ratios of 0.5, 1.5 and 3.0 are
developing low compressive strengths at the all tasted ages. Thus, according to the

results of this experiment, the Na,SiO3/NaOH ratio of 1.0 has been selected in the
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preparation the alkaline activator used in the preparation of the LWAGC, as it is leads to

produce the highest (optimum) compressive strength for the FA geopolymers.

4.2.2.2 Optimum Curing Temperature

Figure 4.6 illustrates the resultant FA geopolymers paste specimens cured at different
curing temperatures ranged of 60 °C to 90 °C. Furthermore, Figure 4.7 shows the
compressive strength development of the FA geopolymers paste cured at different

curing temperatures of 60 °C to 90 °C, at aging periods of 3, 7 and 28 days.

Figure 4.6: Geopolymer paste specimens cured at different temperatures ranged of 60-
90 °C.
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Figure 4.7: Effect of different curing/temperatures on the compressive strength
development.ofithe FA geopolymers paste.

Although the curing temperature of 70 °C produces the highest compressive strength
at all testing ages,~it can be seen that the varied curing temperatures producing a
comparable cempressive strengths especially at age of 7 days. The results are also
showing that the compressive strength of the geopolymer paste increases with increases
the'curing temperature from 60 °C to 70 °C. However, the strength is decreasing when
the curing temperature increases higher that 70 °C and most significantly at the age of
28 days.

It is believed that the loss of moisture at temperatures of 80 and 90 °C is the cause
behind the strength decreasing, as the geopolymerization reaction required the presence
of moisture in order to develop a good strength (Chindaprasirt et al., 2007). Based on
results presented in Figure 4.7, the temperature of 70 °C has been chosen to be the

curing temperature used in the curing process of the LWAGCs.
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4.2.2.3 Optimum Curing Period

The resultant FA geopolymer paste specimens of this experiment were similar to that
showed in Figure 4.6. In addition, Figure 4.8 presents the effect of curing periods
ranged of 6 hours to 30 hours, on the compressive strength development of FA
geopolymer paste specimens. It shows that the resultant cempressive strength is
increasing as the curing period increased up to 24 hours forall testing ages. This is
revealing that the curing period of 24 hours developed,a geopolymerization reaction of
highest rate than other curing periods of 6 hours/to 18 hours are leads to producing the

maximum (optimum) strength to the resultant’geopolymer.
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40 -
30 -
20 -
10 -

Compressive strength (Mpa)

0 6 12 18 24 30 36
Curing Period (hours)

Figure 4.8: Strength development of the geopolymers paste at different curing periods.

Furthermore, curing the FA geopolymers further than 24 hours up to 30 hours has a
negative effect on the strength development as the longer curing as 24 hours may result

in breaking down the geopolymeric gel structure of the geopolymer matrix, leading to
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lower the resultant strength ( van Jaarsveld et al., 2002). Thus, these results show that
the curing periods of 24 hours producing the optimum compressive strength to the FA

geopolymers and then it was utilized in the curing of the LWAGC:s.

4.2.3 Physical and Mechanical Properties of FA Geopolymer Paste, Mortar and

LWAGC at 28 Days of Age

The resultant FA geopolymer pastes, mortars and(bWAGCs prepared as mentioned
in Chapter 3, sections 3.7 and 3.8 are showf’in Figures 4.9-4.11, respectively. It
observed that the geopolymers have sharplgray color which comes from the base

material (FA) color.

Figure 4.9: Resultant FA geopolymer paste specimens (100x100x100 mm).
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Figure 4.11: Resultant LWAGCs specimens (100x100x100 mm).

121



Furthermore, Table 4.6 illustrates some of physical and mechanical properties of the
FA geopolymer paste, mortar and LWAGC obtained at age of 28 days, except the slump
of the fresh concrete which was measured before casting process. The compressive
strength (18.86 MPa) and unit weight (OD-density = 1438.70 kg/m3 ) results of the
resultant LWAGC are attained the LWAGC design characteristics listed in Chapter 3,
section 3.3. Furthermore, the resulted 28 days compressive strength and unit weight of
the LWAGC values are permitting it to be classified as a‘sttuctural LWAC could be
used as a construction material according to the American Concrete Institute ACI (ACI

213R-87) and Mehta & Monteiro (2006).

Table 4.6: Physical and mechanical Properties of the resultant geopolymers.

Property Paste Mortar LWAGC
Compressive (MPa) 44.83 46.32 18.86
OD-Density- (kg/m®) 1935.70  1945.30 1438.70
Water Absorption (%) 15.20 18.40 10.70
Fresh Slump (mm) - - 95.00

It can be seen that the LWAGC has significantly lowest compressive strength than
both the geopolymer paste and mortar. This is attributed to its low OD-density as well
as to the low strength characteristics of its LWA. Correspondingly, compare the OD-
density of the LWAGC with the densities of geopolymer paste and mortar; it observed
that the LWAGC has OD-density of 25.6 % and 26 % lower than the densities of
geopolymer paste and mortar, respectively. The decrease in the density value of the
LWAGC than the geopolymer paste and mortar is likely the responsible for the decrease
compressive strength, as the compressive strength of LWC is significantly dependent on

its dry density (Neville, 1994; Kim & Harmon, 2006).
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Figure 4.12 demonstrates the bulk characteristics of the adopted LWA as seen under
the optical microscope. It can be seen the multi-fine micropours and voids are
consistently exist within the interior structure of the LWA. These micropours and voids
provides a lightweight and other thermal and acoustic insulation advantages, although
these characteristics reduces the strength of the LWA and leads to weaken the resultant

concrete (Yang et al., 2010; ACI 211.2).

Figure 4.12: Microscopy image for the adopted LWA.

Nevertheless, the resulted LWAGC mechanical strength with respect to its OD-
density of 1438.70 kg/m’ is considered as high-quality strength LWC, when it compared
with similar structural LWAGC reported by Yang et al., (2010). According to their
results, the LWAGC prepared by alkali-activation of ground granulate blast furnace slag
(GGBS), by a powder sodium silicate activator and aggregates combination of normal
sand and coarse LECA, possessed a compressive strength and OD-density of 19.1 MPa
of 1615.1 kg/m3, respectively, at 28 days of age, as mentioned in Chapter 2, section
2.10, Figure 2.2. Hence, since they used the same aggregates combination, the alkali-
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activation of the FA with liquid activator appears to be better than the alkali-activated

GGBS by a powder activator, as it produces almost the same strength, but with about

11% less density.

4.24 LWAGC Compressive Strength Developing Versus Aging Times

The compressive strength development of LWAGC with aging times was studied as
mentioned in Chapter 3, section 3.7.2, at ages of 3,¢(7,28, 56, 91, 180 and 365 days.
Figure 4.13 shows the LWAGC strength dévelopment versus the targeted ages,
indicating that the LWAGC gains high rates of strength increasing at early ages of 3 and
7 days which are equivalent to about 66% and 81% of the 28 days aging strength,
respectively. This trend is attributed to the fact that the geopolymerization process

produces excellent early. strength at early age stages (Hardjito & Rangan, 2005).
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Figure 4.13: Compressive strength development of the LWAGC versus aging times.
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However, the strength developing rate is slightly decreased beyond 28 days, although
the strength developing is continued until the age of 365 days. Collins & Sanjayan
(1999) reported that the absorbed water and/or activator liquid by the porous LWA
during the fresh mixing may have a favorable effect on the strength development at the
long-term age, due to the continuous activation of the source material (FA), while the
moisture and/or absorbed liquid is released from the saturated aggregate. Therefore, the
LWAGC is observed to gain compressive strength until the-age’of 365 days. The results
of this experiment show another advantage of the geopolymeric materials represented
by the strength gaining at long-term ageing withhaddition to the advantage of the high

early strength reported at early ages of 3 and“7’days.

4.2.5 Effect of Activator/FA>Mass Ratio on the Workability and Compressive

Strength of the FA!Geopolymer Paste and LWAGC

The details\of the experiments carried out in order to address the effect of the
Activator/FA mass mixing ratio on the compressive strength of the FA geopolymer
paste and LWAGC were mentioned in Chapter 3, section 3.9. The geopolymeric
materials were prepared at Activator/FA mass ratios range of 0.3-0.7.

Table 4.7 illustrates the effects of the Activator/FA mass ratios on the workability of
the fresh LWAGC and the resulted compressive strength of the hardened concretes at
age of 28 days. As expected, an increase in the ratio of Activator/FA enhanced the
workability of the fresh concrete and increases the slump value, due to raise the liquid
content in the mixture. Hence, it observed that the maximum slump of 117 mm is
recorded for the Activator/FA ratio of 0.7. Nevertheless, after the fresh mixture poured

into the molds, it was observed that the geopolymeric fresh mixture prepared at this
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ratio (0.7) caused a severe segregation as the low density LWAs floated up to the
surface of the specimen and further outside the molds, due to the excess liquid content
that this ratio provided. Thus, this ratio failed to make a hardened LWAGC specimen

and therefore no strength was possibly to be measured for this concrete.

Table 4.7: Effect of the Activator/FA mass ratios on the properties of LWAGC.

Activator/FA ratios Slump LWAGC strength
(mm) (MPa) at 28 days
0.30 61 6.63
0.40 74 11.69
0.50 86 15.35
0.59 95 18.86
0.70 117 -

Table 4.7 is also showing the 28 days compressive strength results of the hardened
LWAGC prepared at the Activator/FA ratios of 0.3-0.59. The highest rate of strength
developing is observed when the ratio increases from 0.3-0.4 and from 0.4-0.5.
Furthermore, the rate of strength developing is observed to be slightly decreases as the
ratio increases from 0.5-0.59. Although, the compressive strength of the LWAGC
prepared at Activator/FA ratio of 0.59 is approximately equal to about triple times the
strength value resulted for the LWAGC of Activator/FA ratio of 0.3.

Moreover, as mentioned in Chapter 3, section 3.9, FA geopolymer paste specimens
has been prepared at the same range of Activator/FA ratios of 0.3-0.59 used in the

preparation of LWAGC:s for further investigating the effect of the Activator/FA ratios
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on the FA geopolymerization reaction. Figure 4.14 shows the effect of the Activator/FA
ratio on the compressive strength of the FA geopolymer paste specimens prepared at
different aging times of 3, 7 and 28 days. It observed that the compressive strength of
the geopolymer paste is continuously increasing with raising the Activator/FA ratio
from 0.3 up to 0.59 at all testing ages. This tendency makes the Activator/FA ratio of
0.59 which is containing the highest activator content than others ratios, an optimum

ratio at the all three ages.
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Figure 4.14: Effects of Activator/FA ratio on the compressive strength of FA
geopolymer paste at different aging times.

As matter of fact, the more alkaline activator involves in the geopolymerization
reaction, the more dissolution of the base material (FA) is results, leading to produce
more geopolymeric products (Duxson et al., 2007a). Thus, at high geopolymerization
reaction rates, the resulted compressive strength of the hardened material would be
increased as well. However, further discussion about the effect of the selected

Activator/FA ratio of 0.59 on the geopolymers microstructural and thermal properties is
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presented in section 4.3. As a result, these experiments indicated that the Activator/FA
ratio of 0.59 suggested by the ACI standard (ACI 211.2) is the optimum ratio that
provides the optimum alkaline activator content lead to produce maximum compressive
strength of the LWAGC. The compatibility of ACI standard (ACI 211.2) as a guidance
used in the proportioning and designing of LWAGC systems in similar method used for
designing an OPC lightweight aggregate structural concrete added another

advantageous to the geopolymer materials.

4.2.6 Effects of LWA Particle Size and Grading on the Physical and Mechanical

Properties of LWAGC

Table 4.8 illustrates the second batch of LWA (batch 2) particle size distribution
results show that this batch/has a particle size of 8-16 mm. As mentioned in Chapter 3
section 3.10, the LWAGC systems were prepared with six different LWA size and
grading in of 4-5 mm, 4-8 mm, 5-8 mm, 8-12 mm, 8-16 mm and 12-16 mm in order to

study theireffects on the physical and mechanical strength.

Table 4.8: Sieve analysis of batch 2 LWA.

Sieve Passing (%)
(mm) LWA batch 2
16 100
14 95
12.50 96
10 32
9.50 24
8 14
6.30 0
4.75 -
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In accordance, the volume of the concrete, the mass of the aggregates (fine + coarse)
and the mass ratio of Activator/FA are all kept constant in order to obtain the effect of
particle size and grading on the workability of the fresh concrete mixtures and the
density, compressive strength, water absorption and total porosity of hardened
LWAGCs. Furthermore, the prepared LWAGC were named according to their LWA

size which has been also mentioned in Chapter 3 section 3.10.1.

4.2.6.1 Effect of LWA Particle Size and Grading on the Workability of the Fresh

LWAGC Mixtures

Table 4.9 illustrates the slump,_values of the fresh LWAGCs which indicate that the
diversity in the LWAs size and ‘grading leads to various workability or slump values.
Compare the slump values of the fresh graded concrete mixtures of L4-8 and L8-16
indicated that the inereasing of the maximum and minimum size of the LWA increase
the slump value of the fresh mixture. Moreover, for the targeted concretes, decreasing
the maximum size of the LWA results in reducing the fresh concrete workability as it
observed for the targeted concretes of L4-5 and L8-12, which were prepared from the
graded LWA of 4-8 mm and 8-16 mm, respectively. In addition, it is observed that
increases the minimum size of the LWA for the targeted concretes of L5-8 and L12-16
which were prepared from the graded control concretes of L4-8 and L8-16, respectively;
enhance the slump value of the fresh geopolymeric mixture.

Generally, as the maximum particle size of a bulk aggregate (NWA or LWA)
decreases, the specific surface area of the bulk aggregate increases, and then more
cement paste is needed to coat or bind the additional surfaces (ACI E-701).

Accordingly, as the cement content is left constant, the thinner layers of paste
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surrounding the aggregate particles result in a stiffer concrete that is hard to place and
compact. Hence, it is observed that the slump values of LWAGC mixtures in general
are decreased with decreasing the maximum size of the LWAs. Similarly, as the
maximum size of the aggregate increases, the paste amount required to make the
concrete decreased due to decreasing the specific surface area of the LWA, which leads
to provide extra fresh geopolymeric mortar that increases the slump value. This
phenomenon is observed in the higher slump value of“the control graded L8-16

compared with the graded L4-8 as Table 4.9 illustrated:

Table 4.9: Slump values of fresh LWAGC ‘prepared at different LW As size and grading.

Mixture Slump (mm)
L4-5 72
L4-8 95
L5-8 103
L8-12 125
L8-16 137
L12-16 146

On the other hand, as the minimum size of the LWA increases from 4-8 mm to 5-8
mm and 8-16 mm to 12-16 mm, it actually removed the intermediate aggregates smaller
than 5 mm from the original graded 4-8 mm LWA, and the one smaller than 12 mm
from the original graded 8-16 mm LWA. These intermediate aggregates were
essentially occupied the spaces or voids between the largest aggregate particles. Hence,

with the omission of these particles, the voids content in the fresh concrete mixture
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increased (Mehta & Monteiro, 2006; ACI E-701). As the LWAGC ingredients
quantities were fixed at the preparation process, the generated voids are the reason
behind the slump values increases, which is observed for L5-8 and L12-16 prepared
from the graded control concretes of L4-8 and L8-16, respectively. However, this is also
affected the hardened LWAGCs properties at the similar aspects observed in the fresh

stage as presented in section 4.2.5.2.

4.2.6.2 Effects of LWA Particle Size and Grading on: the Density and Mechanical

Strength Properties of Hardened LWAGCs.

Figure 4.15 illustrates the resulted.1.4-8, L4-5 and L5-8 LWAGCs prepared from the
graded LWA batch 1 of 4-8 mm- While, Figure 4.16 shows the resulted L8-12, L8-16
and 12-16 concretes prepared from the graded LWA batch 2 of 8-16 mm. In general, it
is observed that the surface texture of the resultant LWAGC is reflecting the size of its

LWA by the increasing of the surface roughness as the LWA size increased.
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Figure 4.15: LWAGCs of L4-8, L4-5 and L5-8 prepared from the graded LW A batch 1
of 4-8 mm.
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Figure 4.16: LWAGCs of L8-16, L8-12 and L.12-16 prepared from the graded LWA
batch 2 of 8-16 mm.

Moreover, Figure 4.17 shows the resulted compressive strength of the LWAGCs
prepared with various LWA size and grading at age of 28 days. For the control graded
concretes, it can be seen that the L.4-8 concrete has higher compressive strength than the

L8-16. Furthermore, the density measurements showed that the L.4-8 possesses an OD-
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density of 1438.7 kg/m3, higher than the L8-16 of 1393.7 kg/m3 . This increment in OD-
density value of the L4-8 than the L8-16 is responsible for its higher strength, as the

strength of LWAC generally increases with increase its OD-density (Yang et al., 2010;

ACI 211-02).
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Figure 4:17: Compressive strength data of the LWAGCs prepared with different LWA
sizes and grading.

It is also noticed that despite the fact that concrete ingredients quantities were fixed
at the preparation process, the difference in the OD-density values of the L.4-8 and L8-
16 revealing that the L4-8 contains much more quantity of the geopolymer mortar than
the L.8-16. This is substantially attributed to the difference in their LWAs maximum
size. The smallest surface area per unit volume of the 8-16 mm LW As compared with 4-
8 mm LWA required less quantity of the geopolymeric binder to cover the aggregate
surfaces and the voids between them. Thus, with less geopolymeric binder, the resulted
L8-16 possesses lower density and strength than L4-8.
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Moreover, a similar behavior can be observed for the targeted L4-5 and L8-12
concretes which possess OD-densities of 1531.85 kg/m’ and 1421.66 kg/m’,
respectively, higher than their control graded concretes of L4-8 and L8-16 of 1438.7
kg/m3 and 1393.7 kg/m3 , respectively. Therefore, it observed that the compressive
strength of the L4-5 is 9 % higher than its original graded L4-8 and the strength of the
L8-12 is 8 % higher than the original graded L8-16 as indicated in Figure 4.17.

Additionally, a comparison in the strength results of L5-8vand L12-16 concretes with
their original graded concretes of L4-8 and L8-16 illustrated in Figure 4.17 shows that
the strength decreases with increases the minimtam'size of the LW As. This is attributed
to the highest voids content of the of L5-87and L.12-16 concretes than their original
graded concretes of L4-8 and L8-16. This is due to the removal of the intermediate
small aggregates which weresoecupied the spaces or the voids between the largest
aggregate particles as well as the fixed geopolymeric binder as mentioned earlier in
section 4.6.1. Thiss supported by the resulted OD-densities of the L5-8 and L12-16
concretes of 1432.5 kg/m3 and 1356.11 kg/m3, respectively, which are lower than their
control -original concretes of L4-8 and L8-16 of 1438.7 kg/rn3 and 1393.7 kg/m3,
réspectively. The lowest OD-densities of the L.5-8 and L12-16 than the original control
concretes of L4-8 and L8-16 leads to decrease their compressive strength lower than the

control original concretes.

4.2.6.3 Effects of LWA Particle Size and Grading on the Water Absorption and

Total Porosity Characteristics of Hardened LWAGCs.

Table 4.10 shows the water absorption and the total porosity results of the prepared

LWAGTC:s, illustrating that the water absorption and the total porosity of the LWAGCs
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increase with increasing the maximum size of their LWAs. This trend is with good
agreement with the results reported by Babu et al., (2006). For the targeted LWAGC:s,
the water absorption and the total porosity of the concretes increases with increasing the
minimum size of their LWAs compared to the graded control concrete. Therefore, it is
observed that L12-16 concrete has the highest water absorption and total porosity, while

the lowest absorption and porosity content are resulted for L4-5 concrete.

Table 4.10: Water absorption and total porosity of the resulted LWAGCs.

LWAGC Water absorption (%) Total porosity (%)
L4-5 8.32 14.40
L4-8* 10.75 16.04
L5-8 10.82 16.17
L8-12 10.94 16.63
L8-16% 11.78 17.92
L12-16 12.60 18.74

*The graded control concretes.

Accordingly, it is believed that the increases of the water absorption and total
porosity of the resulted LWAGCs are depended significantly on their OD-densities.
Figures 4.18 and 4.19 are displaying the relationships between the water absorption and
total porosity, respectively, with the OD-densities of the resulted LWAGCs. It can be
seen that the lower OD-density of the LWAGC, the higher water absorption and total
porosity results. The L.12-16 concrete has the highest water absorption and total porosity
due to its lowest OD-density compared to other concretes, which, therefore, resulted in

the lowest compressive strength as already presented in Figure 4.17. In addition, the
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results of Figure 4.19 are explaining the dependency of the LWAGC strength on its OD-
density due to the fundamentally inverse relationship between the porosity and the

compressive strength of a concrete (Mehta & Monteiro, 2006).
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Figure 4.18: Relationship between the water absorption and OD-density of the resultant

LWAGC:s.
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Figure 4.19: Relationship between total porosity and OD-density of the resultant
LWAGC:s.
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4.3 FA Geopolymer Materials Thermo-Mechanical and Macro/Microstructure

Evolution

This section presents the results of the thermal behavior and heat resistance
properties of the geopolymeric materials that tested through the exposing to elevated
temperatures of maximum 800 °C according to the experimental studies mentioned in
Chapter 3, section 3.11. Furthermore, it has been mentioned €arlier in these studies that
the resultant residual compressive strength of the exposed geopolymeric materials at
elevated temperatures is the mechanical property'that evaluated their thermal behavior.
In addition, the results reported in this section are also including the thermo-physical
properties of the geopolymeric matrix\and the LWA as well as the macrostructural and
microstructural observations analysis of the geopolymers before and after exposing to

elevated temperatures.

4.3.1 Effect oof Elevated Temperatures on the Thermal Behavior of the FA

Geopolymer paste, Mortar and LWAGC

This section presents the thermal behavior evaluation of the FA geopolymer paste,
mortar and LWAGC after exposing to elevated temperatures of 400 °C, 600 °C and 800
°C as described earlier in Chapter 3, section 3.10.1. Furthermore, the thermal behavior
of the geopolymers are compared to the unexposed FA geopolymer paste, mortar and
LWAGC mechanical and physical properties which have been already reported in
section 4.2.3.1 with addition to macro/microstructural observation comparisons.

Figure 4.20 shows the initial compressive strength of the unexposed FA geopolymer

paste, mortar and LWAGC specimens and their residual strength after exposed to the
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elevated temperatures of 400 °C, 600 °C and 800 °C. It can be observed that the
compressive strength of all geopolymers decreases as the elevated temperatures
increases. The geopolymer paste undergoes the highest rate of strength loss with
increasing the elevated temperature. Whereas, the LWAGC shows the lowest rate of

strength loss compared to other geopolymer paste and mortar.

Paste B Mortar BLWAGC

60

Compressive strength at 28 days (MPa)

70 400 600 800

Temperature (°C)

Figure 4.20: Initial strength data of the unexposed geopolymers and the residual
strength of geopolymers after exposed to the elevated temperatures 400 °C, 600 °C and
800 °C.

Table 4.11 shows the strength loss of the FA geopolymers paste, mortar and
LWAGC after being exposed to each elevated temperatures. It can be observed that the
geopolymer paste possesses the highest strength loss at 400 °C and 600 °C. Further, the
geopolymer paste lost its strength (failed) after exposure to elevated temperatures of 800
°C. Nevertheless, Kong & Sanjayan, (2010) reported that the FA geopolymer paste has

superior fire resistance over an equivalent OPC paste system which lost its strength at
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temperature of 400 °C (presented in Chapter 2, section 2.9.4, Figure 2.15). In addition,
the geopolymer paste of their study showed a 73.4% of strength loss at 800 °C, unlike
the thermal performance of the geopolymer paste in this work which lost its strength at
temperature range of 600 °C to 800 °C. This is attributed to the highest alkaline
activator liquid content adopted in the geopolymer paste preparation in this study which
is the foremost responsible for the thermal performance differences as it will be

discussed later on.

Table 4.11: Strength loss of the geopolymers after exposure to elevated temperatures.

Temp. Strength loss (%)
(0] Paste Mortar LWAGC
400 37.8 16.7 13
600 56.5 38.6 26.7
800 100 52.3 39

Moreover, the thermal performance of the geopolymer mortar and LWAGC at
elevated temperature of 800 °C are much better than the geopolymer paste. The
geopolymer mortar and LWAGC maintained residual compressive strengths at 800 °C
of 22.07 and 11.93 MPa as shown in Figure 4.20, respectively, recording a strength loss
of 52.3 % and 39 %, respectively, as illustrated in Table 4.11. These results indicated
that the inclusion of the aggregates (fine or fine + LWA) substantially enhanced the
performance of the FA geopolymers at the elevated temperatures. It can be seen that the

LWAGC undergoes the minimum strength loss at all elevated temperatures.
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In general, the loss in compressive strength with increasing the elevated temperature
is attributed to the substantial increase in the thermal shrinkage resulting from the
structural water evaporation from the geopolymer structure (Davidovits, 2008). The
water in the geopolymer structure is transformed to vapor when the geopolymer is
heated, and its pressure increases continuously with increasing the elevated temperature
beyond 100 °C. When the water vapor pressure reaches the maximum limit, the dense
matrix with less permeability would be unable of restrainthe high thermal stresses,
results in intensive thermal cracks on the specimen<surfaces due to the thermal
shrinkage and this phenomenon is called the vapor effect (Hu et al., 2009). The thermal
behavior and strength loss characteristics of the geopolymeric materials are discussed in

details below.

4.3.1.1 Thermo-Physical ‘Properties of the Geopolymer Paste

For better understanding to the effect of the high temperature environment on the
properties-of the FA geopolymeric materials and the results reported in section 4.3.1, it
is_likely to investigate elevated temperature effect on the FA geopolymer paste as it is
the cementitious material (binder) used for making the geopolymer mortars and
LWAGCs.

As mentioned in Chapter 2, section 2.9.4, that the geopolymeric materials contains
three types of water of the physically bonded water or free water, the chemically
bounded water and the hydroxyl groups OH. Each type of this mentioned water
evaporates at a specific range of temperatures when the geopolymeric material is heated

at temperatures above 100 °C (Davidovits, 2008). The evaporation of water from the
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geopolymer structure is associated with mass loss that could cause the formation of
cracks due to the thermal shrinkage.

Figures 4.21 and 4.22 represent the thermogravimetric analysis (TGA) and the
derivative thermogravimetric analysis (DTG) curves for the geopolymer paste,
respectively. These tests used for measuring the mass loss as a function of temperature
from 25 °C to 800 °C, and the details of these tests are mentioned in Chapter 3, section
3.11.4. The TGA/DTG curves illustrate a sharp decrease ingmass before 150 °C which is
attributed to the evaporation of both the free water and<part of the chemically bonded
water from the geopolymer. The sharp mass lossybefore 150 °C indicates that the free
water contributed about 55 % to 60 % of the total water content in the geopolymer
structure, which evaporates before 100 °C. Furthermore, the mass loss rate stabilizes
after 150 °C up to 780 °C, whieh is attributed to the evaporation of both chemically
bonded water and hydroxyl groups OH. Consequently, no mass loss was detected
between 780 °C to.800 °C and the average of the mass remaining after the geopolymer

being heated to 800 °C was about 79.8%.
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Figure 4.21: TGA curve of the unexposed FA geopolymer paste.
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Figure 4.22: DTG curve of'the unexposed FA geopolymer.

Moreover, Figure 4.23 illustrates the differential thermal analysis (DTA) thermogram
of the geopolymer paste)showing an endothermic phase between 25 °C to 220 °C which
is attributed to the-evaporation of the free water and part of the chemically bonded water
from the geopolymeric structure. Davidovits (2008) estimated that the evaporation of
the frée water is not the cause of the damaging stresses except a very small shrinkage,
although the free water contributes about 60 % of the total water content in the
geopolymer structure. However, the remaining 40 % of the water content evaporation is
contributing about 90 % of the total shrinkage at high temperatures. Therefore, the small
intensity and broad exothermic phase in the DTA curve in the temperature range of 220
°C to 700 °C is detected due to the partial and gradual destruction of the geopolymer
matrix as a result of the liberation of the residual water. Thus, the 90 % of the total

shrinkage in the geopolymer paste occurs in the temperature range of 220 °C to 700 °C.
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Figure 4.23: DTA curve of the FA geopolymer.

Furthermore, an endothermiC phase is detected at the range of 700 °C to 800 °C,
which associated with-minimal mass loss observed in the TGA/DTG data of Figures
4.21 and 4.22. The existing of this endothermic phase is believed to be as a result of the
viscous sintering process of the high silicate secondary phases that caused extreme
densification to the geopolymer paste at 700 °C to 800 °C when high content of these
phases existed in the geopolymeric gel (Provis et al., 2009; Rickard et al., 2012). This
extreme expansion is the reason of the geopolymer paste failure when it is exposed to
800 °C (Figure 4.20 and Table 4.11) as will be discussed further in the next sections.

Figure 4.24 is presenting the thermal expansion of the geopolymer paste at the
temperatures between 20 °C and 800 °C obtained by dilatometry analysis mentioned in
Chapter 3, section 3.11.5. A Slight expansion is observed in the geopolymer paste as
the temperature increased from 70 °C to 100 °C. Subsequently, the paste then
undergoes a sharp thermal shrinkage occurred in the range of temperatures of 100 °C to

700 °C. This shrinkage is related to the evaporation of the structural water as
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previously detected by the TGA curve shown in Figure 4.21. Furthermore, a significant
expansion has been detected in the geopolymer paste instead of the shrinkage
experienced earlier in the range of temperatures of 700 °C to 800 °C. It is likely that a
portion of the activating solution remained unreached or partially reacted during the
geopolymer formation (Rickard et al., 2012). These residual silicates experienced a
thermal expansion at the range of 700 °C to 800 °C due to the swelling of the high
silicate secondary phases as described by Provis et .al"C(2009). Therefore, the
geopolymer paste exposed to the elevated temperature<of 800 °C fail to return any

residual strength as shown in Figure 4.20, due to’the extremely swelling.
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Figure 4.24: Thermal expansion of the unexposed geopolymer paste.

Comparing the thermal behavior of FA geopolymer paste material with an OPC
paste system subjected to heat up to 800 °C shows some similarity especially in trend
of loss the structural water in vapor form at temperatures higher than 100 °C. However,

the OPC paste system does not experience any sintering or swelling processes in its
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essential phase composition which is consists mainly of calcium silicate hydrate (C-S-
H) gel when exposing to elevated temperature up to 800 °C. Instead, the OPC paste
systems undergoes from dehydration of the interlayer C-S-H water at 105 °C and
dehydroxylation process resulted from the breakdown of Ca(OH), into CaO and H,O
at about 400 °C to 500 °C (Guerrieri et al. 2010; Khaliq & Kodur, 2011).
Consequently, the dehydration process is continued beyond:500 °C although the
complete decomposition of the of C-S-H phase is require a.temperature higher than 800

°C of about 900 °C ( Mehta & Monteiro, 2006).

4.3.1.2 Physical Observation of the Exposed FA Geopolymer Paste, Mortar and

LWAGC to the Elevated Temperatures

Figure 4.25 illustrates photographs showing the physical observation of the
unexposed and exposed FA geopolymer pastes to the elevated temperatures of 400 °C,
600 °C and_800 °C. It can be seen that the thermal cracks distribution and width
appearing-on the specimen’s surfaces are developed with increasing the elevated
temperatures from 400 °C up to 800 °C. It is also observed that the color of specimens
exposed to elevated temperatures of 400 °C and 600 °C has been changed and converts
to light gray. This is attributed to the oxidation changes in the Fe,Os of the FA as
reported by Temuujin & van Riessen (2009). Nevertheless, the specimens exposed to
600 °C keep their original dimension despite the thermal shrinkage at this temperature
and they are able to maintain about 44.5% of their original strength. Furthermore, the
deterioration in the geopolymers paste structure increases seriously as the specimen
exposed to elevated temperature of 800 °C. The dense matrix of the geopolymer paste

swelled producing extensive superficial and internal cracks visually observed through
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the specimens as seen in Figure 4.25. The sharp swelling and extensive cracks lead to
change the specimen’s size and shape; therefore, it is not possible to measure the
compressive strength for the exposed geopolymer paste. In addition, it can be observed
the specimens color is much altered to a brightly gray. These observations clearly
demonstrate the effect of the high sintering and densification processes of the unreacted
silicate portion discussed in Figure 4.23 when the geopolymﬁ{ exposed to elevated
temperature of 800 °C. Sintering and densification processi& to the structural failure

with respect to the damages caused by the dehydrati&@‘ing heating.

AN
4

Figure 4.25: Photographs of the unexposed and exposed FA geopolymer pastes to
elevated temperatures of 400 °C, 600 °C and 800 °C.
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Moreover, much higher heat resistance and thermal durability are observed for the
exposed geopolymer mortars and LWAGCs compared with the geopolymer paste,
especially when they exposed to highest elevated temperature of 800 °C. Figure 4.26
shows the geopolymer mortars appearance before and after exposing to the elevated
temperatures of 400 °C, 600 °C and 800 °C, respectively. Comparison the physical
observation of the exposed geopolymer paste and mortar to elevs@d temperature of 800
°C (Figures 4.25 and 4.26) shows that the geopolymer mo ' perienced significantly
less thermal cracks and it is able to maintain its o@al dimension as well. This is
attributed to the sand particles incorporated i.n &f&eopolymeric matrix which increased

N\

the thermal conductivity and decreased tl%&cific heat of the resulted mortar structure

(Xu & Chung, 2000).
O

Figure 4.26: Photographs of the unexposed and exposed FA geopolymer mortars to
elevated temperatures of 400 °C, 600 °C and 800 °C.
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Accordingly, as the thermal conductivity increases, the thermal stresses in the mortar
structure would decrease due to the reduction of the temperature gradient. In addition,
decreasing the specific heat of the geopolymer mortar would constrain the swelling of
the unreacted silicate secondary phase. Hence, the geopolymer mortar specimens show
better thermal durability and lower strength loss compared to the geopolymer paste at
all elevated temperatures as it can be observed in Figure 4.20 and: Table 4.11.

Figure 4.27 shows the unexposed and exposed LWAGCs'to’elevated temperatures of
400 °C, 600 °C and 800 °C, respectively. It can~be observed that the minimum
deterioration in the appearances of the geopolymers exposed to the elevated
temperatures is for the LWAGCs. Apartfrom decolorization which is similarly
experienced by the geopolymer paste and mortar, the LWAGC does not show any
spalling or visible swelling. In“-addition, the concrete shape and size appear to be
unaffected by the highi temperature environment. This is suggested that the
incorporation of the" LWAs to the geopolymeric structure enhance the fire resistance of
the geopolymer system. This can be attributed to the microstructure and the physical
properties-of the LWAs which are characteristics of high pores and voids content as
illustrated in Figure 4.12, section 4.2.3.1. These micro-pores and voids reduce the
thermal conductivity of the aggregate significantly, which in turn decreases the thermal
conductivity of the LWAGC as the LWAs occupied about 75% of the LWAGC volume.
Thus, the heat diffusion into the LWAGC specimen’s core would be much less than the
heat diffusion that the geopolymer paste and mortar experiences (Sancak et al. 2008).
Decreasing the heat diffusion into the LWAGC effects, firstly, on reducing the
evaporation of the structural water and thermal shrinkage due to restrain the mass loss at

high temperatures. Secondly and most significantly, the rate of sintering and
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densification processes occur in the temperature range of 700-800 °C is also decreased

as the heat diffusion through the LWAGC structure decreased.

PR (IR R

& Figure 4.27: Photographs of the unexposed and exposed LWAGCs to elevated
© temperatures of 400 °C, 600 °C and 800 °C.

Furthermore, the high porosity of the LWAGC structure that is resulted from the
incorporation of porous LWAs provides channels inside the concrete to facilitate the
dispersion of the water vapor from the structure at high temperatures. Therefore, the
LWAGC structure experienced the lowest damage in the physical and mechanical

properties when exposed to elevated temperatures than the paste and mortar.
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4.3.1.3 Microstructural Analysis of the Exposed FA Geopolymer Paste and

LWAGC to the Elevated Temperatures

This section presents the microstructure analysis conducted to the FA geopolymer
paste and LWAGC before and after exposure to elevated temperatures 400 °C, 600 °C

and 800 °C.

4.3.1.3.1 Microstructural Analysis of the Exposed\FA Geopolymer Paste to the

Elevated Temperatures

SEM micrographs for the geopolymers paste, samples before and after exposing to
the elevated temperatures of 400-°C, 600 °C and 800 °C are summarized in Figure 4.28.
The unexposed geopolymer paste shows typical microstructure of dense and
homogeneous matrik, consisting mainly from aluminosilicate gel (Si/Al molar ratio =
2.89) resulted. from the geopolymerization process as indicated by the EDS test
presentedin Figure 4.29. The micrograph shows the absence of the unreacted fly ash
microspheres portion which implies that the adoption of high Activator/FA ratio result
in high activation to the FA, thus high geopolymeric products (Duxson et al., 2007a). In
addition, the dense matrix contains small microcraks resulting from the evaporation of
water during curing and aging processes exist with little quantities of bright crystals.

However, the initial matrix formed at 70 °C, deteriorates as it is exposed to the
elevated temperatures. Figure 4.28 presents the SEM micrograph of the geopolymer
paste exposed to 400 °C shows the development in the microcraks width due to the high
water evaporation rate from the dense structure. Further, the evaporated water leaves

micro-pores in the matrix which are responsible for the strength declination observed in
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the compressive strength measurements. It can be seen that exposing the geopolymer to
400 °C increases the content of the bright crystals that distributed on the microcraks and
pores. In addition, the EDS test of this sample given in Figure 4.30 illustrates an
increasing in the molar ratio of Si/Al to 3.68 as the geopolymer paste exposed to 400
°C. Moreover, Figure 4.32 shows that the geopolymer paste exposed to 600 °C
undergoes higher deterioration in the microstructure due to increasing in the microcraks

dimensions and crystals content.

(unexposed) (400 °CH

=

Figure 4.28: SEM micrographs of unexposed and exposed FA geopolymer paste to
elevated temperatures 400 °C, 600 °C and 800 °C.
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Figure 4.29: EDS analysis of the unexposed geopolymeric paste gel of Figure 4.28.
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Figure 4.30: EDS analysis of the exposed geopolymer paste to 400 °C of Figure 4.28.
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Consistently, Figures 4.31 and 4.32 represent the EDS spot analyses of the

geopolymeric gel matrix (zone 001) and crystal particles (zone 002) exist in the SEM

micrograph of the geopolymer paste exposed to 600 °C (Figure 4.28), respectively.

From these Figures it is observed that the geopolymeric gel consists of high silicate

phase (Si/Al molar ratio of 3.60) and the crystals composed mainly from high silicate

portion having Si/Al molar ratio of 6.5. This silicate portion mentioned earlier in the

dilatometrical analysis shown in section 4.3.1.1, Figure 4.24, is believed to be the

responsible for the densification and sintering processes occurs in the geopolymer paste

while exposing to 800 °C.
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Figure 4.31: EDS analysis of geopolymeric gel zone (001) of the exposed geopolymer
paste to 600 °C of Figure 4.28.
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Figure 4.32: EDS spot analysis of the crystal particles zone (002) of the exposed
geopolymer paste to 600 °C of Figure 4.28.

Correspondingly, Figure 4.28 indicates that the SEM micrograph of the geopolymer
paste exposed to 800 °C shows severe deterioration in the microstructure appearance by
the obvious destruction of the homogeneous aluminosilicate gel matrix formed at 70 °C.
Furthermore, the EDS analysis given in Figure 4.33 shows that the molar ratio of Si/Al
is dramatically decreased to 1.43 as compared to the initial Si/Al ratio of 2.89 (Figure

4.29).
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Figure 4.33: EDS analysis of the exposed geopolymer paste to 800 °C of Figure 4.28.

Moreover, Figures( 4.34 to 4.36 shows the XRD diffractograms of the FA
geopolymer pastes exposed to elevated temperatures 400 °C, 600 °C and 800 °C versus
the XRD pattern of the unexposed FA geopolymers paste, respectively. The phase
composition of the unexposed geopolymer paste shows a typical amorphous to semi-
crystalline composition reflecting its source FA by having the same crystalline phases
of quartz (Si0,/Q), mullite (AleSi,O13/M), magnetite (Fe+2Fe,+30,/Ma), hematite
(Fe,0Os/H), wollatonite (CaSi03/W), Aegirine [NaFe+3 (SiO3),/A], calcium iron silicate
(CaFe30s5/C) and hercynite ( Fe+2Al,04/He). The highest crystalline phases in the FA
are due to the highest iron and calcium contents in its composition as Table 4.1
illustrated. The XRD pattern also has a broad hump, characteristic of an amorphous
component. In addition, the phase composition of the unexposed geopolymers paste
contains some zeolitic phases of hydroxysodalite (NasAl3Si30,0H) and herschelite

(NaAl-Si; O6.3H,0) which are difficult to be sited at the XRD pattern as they have low
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peak intensity and excessive peaks overlapping with other phases. These zeolitic phases
are reported to be resultant from the geopolymerization reaction (Bakharev, 2006).
Furthermore, after exposing to elevated temperatures of 400 °C, 600 °C and 800 °C
the crystalline phase compositions are subjected to mild to significant changes
comparing with unexposed patterns. Figures 4.34 and 4.35 are illustrating the XRD
pattern of the exposed geopolymer pastes to elevated temperatures of 400 °C and 600
°C, respectively, shows some changes in the crystalline phase of increasing the iron
oxides contains and peaks intensities. Other formed/phases of tridymite (SiO,/T) and
sodium silicate (Na,Si,Os/#) are detected especially at the exposed geopolymer pastes
to elevated temperatures of 600 °C (Figure4.35). It is observed that the mullite and
quartz peaks intensities are reduced after firing similarly to the observations reported by
Rickard et al. (2012), thoughthe fired samples at 400 and 600 °C are retained their
characteristics amorphous_hump and the major geopolymeric material XRD typical
pattern features. This,is suggesting that the geopolymers at these elevated temperatures
are experiencing iron oxides phase changes and crystallization of the excess alkaline
activator, species as well as to destruction of the zeolitic phases which are composed of
high silicate content. It is expected that these crystallized phases were detected in form

of white crystals in the SEM investigations of Figure 4.28.
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Figure 4.34: XRD diffraction patternsiof the unexposed and exposed geopolymer paste
to 400 °C. (All peaks'symbols are defined in the main text).
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Figure 4.35: XRD diffraction patterns of the unexposed and exposed geopolymer paste
to 600 °C. (All peaks symbols are defined in the main text).
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Additionally, Figure 4.36 shows the significant changes in the phase composition of
geopolymer paste as exposed to elevated temperatures 800 °C. Sodium based feldspars
phases of nepheline (NaAlSiO4/N) and sodium aluminum silicate (NaAlSiOe/S) are
formed in high peaks intensities with the presence of other original crystalline phases of
the unexposed sample. The formed phases of nepheline and tridymite are known in
improving the thermal resistance of the geopolymers due to their high melting point of
1257 °C and 1670 °C, respectively (Rickard et al., 2012). Itus'believed that the bulk of
the crystallization observed in this sample derives from<the free Na, Si and Al species
after the decomposition of the amorphous géopolymeric gel matrix contains high
unreacted or partially reacted aluminosilicate species which swelled at temperatures
ranged of 600 °C to 800 °C. This\is supported by the significant reduction and
deterioration in the amorphous-hump existed in the unexposed sample after exposing to
800 °C as well as to the,white crystals composed of high silicate content detected in the
SEM and EDS tests'showed in Figures 4.28 and 4.32, respectively. These findings are
explaining the"FA geopolymer paste specimen fail in return any strength after exposing
to 800 °C:-Such reduction in the amorphous hump of fired FA geopolymer paste at 800
2C*was not reported by other phase studies of the fired FA geopolymer pastes to
elevated temperatures of 800 °C to 1000 °C (Rickard et al., 2012; Bakharev, 2006;
Rashad & Zeedan, 2011). This is due to the highest alkaline activator content used in
the preparation of the FA geopolymer specimen of this study which led to form high
content of unreacted aluminosilicate compounds.

In addition, the presented thermal behavior of geopolymer at the elevated
temperatures indicates the significant effect of the Activator/FA ratio on the geopolymer
performance at high temperature environments. Although, the high activator content

produces high-reacted dense aluminosilicate gel matrix at 70 °C, it produces high
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portion of unreacted silicate products which are significantly weaken the fire-resistance

of the geopolymer at temperatures of 600 °C to 800 °C.

Exposed to 800 °C

Theta-2Theta (deg)

Figure 4.36: XRD diffraction patterns of the unexposed and exposed geopolymer paste
t0,800.°C. (All peaks symbols are defined in the main text).

4.3.1.3:2 Microstructural Analysis of the Exposed LWAGC to the Elevated

Temperatures

Figure 4.37 illustrates the SEM micrographs of the cured LWAGC at 70 °C
(unexposed) as well as the exposed specimens to the elevated temperatures of 400 °C,
600 °C and 800 °C. For the unexposed LWAGC, it can be seen that the interface
transition zone (ITZ) between the aggregate/mortar is indistinct in the LWAGCs
microstructure. This is attributed to the porous nature of the LWAs surfaces which
provides interlocking sites for the geopolymer mortar to form a better interfacial bond
between aggregate/mortar at the ITZ (Mouli & Khelafi, 2008). Therefore, it can be seen
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that the geopolymer mortar infiltrates the aggregate surface to a certain depth. This
impregnation phenomenon has been also observed by other researchers (Ke et al., 2010;

Topcu & Uygunoglu, 2007).

Figure 4.37: SEM micrographs of unexposed and exposed LWAGC:s to elevated
temperatures of 400 °C, 600 °C and 800 °C.

Furthermore, Figure 4.37 is also shows the microstructure of the LWAGC exposed
to 400 °C. It can be seen that the microstructure appearance does not show much
changes from the unexposed concrete and appears to be unaffected by the elevated
temperature. This can explain the low strength deterioration obtained to the LWAGC

when exposed to 400 °C as shown in Figure 4.20. On the other hand, the microstructure
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of the LWAGC exposed to 600 °C shown in Figure 4.37, illustrates the deterioration in
the geopolymer mortar due to the high dehydration of the structural water as well as the
formation of microcracks in the ITZ. Furthermore, Figure 4.37 shows the swelling
traces of the unreacted silicate phases in the aggregate/mortar bond zone for the
LWAGC exposed to 800 °C as well as the high microcracks content in the

aggregate/mortar bond zone.

4.3.1.4.3 Thermal Expansion Behavior of the LWA

Basically, as mentioned in Chapter 2/ section 2.9.4, that the thermal shrinkage and
the swelling of the unreacted silicate phase are not only the reasons behind the strength
deterioration when the LWAGCs exposed to the elevated temperatures. The difference
in the thermal expansion between the LWA and the geopolymer paste during heating up
to each elevated.témperature is also contributing significantly in the strength loss (Kong
& Sangayan, 2010; Sancak et al., 2008; Andi¢-Cakir & Hizal, 2012).

The-thermal strain data for the adopted LWA for temperatures between 20 and 800
$C are represented in Figure 4.38 and they show that the LWA had a minimal thermal
expansion up to 800 °C. The low thermal expansion of the LWA is attributed to their
low coefficient of thermal expansion (CTE), since they were exposed to a pre-heating
process at high temperature during their formation (Topcu & Uygunoglu, 2007).

Accordingly, by comparing the thermal expansion behavior of the LWA and the
geopolymer paste shown in Figure 4.24, the essential difference in the thermal
expansion behavior can be distinguished. This difference in the thermal expansion
behavior is also responsible for the strength loss when the LWAGC is exposed to the
elevated temperatures. The mismatching in thermal expansion of the paste and the LWA
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results in microcracks in the interface transition zone (ITZ) as it is observed in Figure

4.39 which representing a high magnification SEM micrograph for the ITZ of the

LWAGC exposed to 800 °C. These microcracks declines the compressive strength

significantly and this phenomenon known as ‘thermal inconsistency of the concrete

ingredients’ (Top¢u & Uygunoglu, 2007; Sancak et al., 2008; Saad et al., 1996; Andic-

Cakir & Hizal, 2012). Nevertheless, the low CTE of the LW Asresults in low CTE for

the resultant LWAGC which leads to experience low thermal expansion and low

strength loss at elevated temperatures as the LW As occupied about 75 % of the concrete

volume.
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Figure 4.38: Thermal expansion of LAW.
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Microcracks

Figure 4.39: High magnification SEM micrograph for the ITZ of the LWAGC exposed
to 800 °C.

4.3.2 Effect of Elevated Temperatures of 100 °C to 800 °C on the Residual

Strength.of LWAGC

AsC“mentioned in Chapter 3, section 3.11.2 that this experiment was carried out in
order to statistically investigate the effect of the elevated temperatures ranged of 100 °C
to 800 °C with increment of 100 °C on the residual strength of the LWAGC. The test
procedure of this study is also presented in Chapter 3, section 3.11.2.1.

Figure 4.40 illustrates the residual compressive strength (f,) of the LWAGCs exposed
to elevated temperatures ranged of 100 °C to 800 °C with an increment step of 100 °C.
It can be seen that the compressive strength of the LWAGC increases after exposure to
elevated temperatures of 100 °C to 300 °C. The LWAGCs exposed to elevated
temperatures of 100, 200 and 300 °C attained relative residual compressive strengths of

103.54%, 105.83% and 108.32%, respectively, compared to the compressive strength of
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the unexposed LWAGC of 18.86 MPa. The strength gaining of the exposed FA-based
geopolymers to elevated temperatures of 100 °C to 300 °C has been already reported in

previous investigations (Kong & Sanjayan, 2010; Rashad & Zeedan, 2011).
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Figure’4.40: Residual compressive strength of the LW AGC:s after being exposing to
elevated temperatures of 100 °C to 800 °C.

Subsequently, the compressive strength of the LWAGC is observed to decrease
gradually after being exposed to elevated temperatures of 400 °C and further up to 800
°C. The strength losses of 13%, 16.6%, 26.7%, 34.6% and 39 %, respectively, are
recorded for the LWAGC after exposed to 400 °C, 500 °C, 600 °C, 700 °C and 800 °C,
respectively. The loss in the compressive strength of the exposed LWAGC to elevated
temperatures of 400 °C to 600 °C is attributed to the thermal shrinkage caused by the
evaporation of the structural water and the difference in the thermal expansion between

the paste and LWA as mentioned in section 4.3.1. Whereas, the strength loss of the
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exposed LWAGC to elevated temperatures of 700 °C and 800 °C is attributed to the
swelling of the unreacted or partially reacted silicate secondary phase as reported earlier
in section 4.3.1. Furthermore, Figure 4.40 demonstrates the relationship between the
exposure temperatures ranged from 100-800 °C and the residual compressive strength
of LWAGC, based on the results of 24 LWAGC specimens exposed to elevated
temperatures ranging of 100 °C to 800 °C with an increment step of 100 °C, which can

be fitted as:

fe=—0.0135¢ + 22.383 4.1)

where f, is the residual compressive sttength (MPa);
t is the exposure temperature (100 °C to 800 °C);

with fitting error of (1.1048).

4.3.3 Effect of LWA Particle Size and Grading on Residual Compressive

Strength of the LWAGC

This section is presenting an investigation on the effect of different LWA particle
sizes and grinding of 4-5 mm, 4-8 mm, 5-8 mm, 8-12 mm, 8-16 mm and 12-16 mm on
the thermal behavior of the LWAGCs (L4-5, L4-8 , L5-8 , L8-12, L8-16 and L12-16)
after exposed to elevated temperature of 800 °C. The preparation and test procedure
details of this experiment are described earlier in Chapter 3, section 3.11.3.
Furthermore, the resultant residual mechanical strengths of these LWAGCs after their
exposure to elevated temperature of 800 °C are compared with the unexposed LWAGCs
mechanical strengths which have been already reported in section 4.2.6.2.
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Figure 4.41 illustrates the photographs of the exposed L4-5, L4-8, and L5-8 to
elevated temperature of 800 °C. While, Figure 4.42 illustrates the photographs of the
exposed, L8-12, L8-16 and L12-16 to similar elevated temperature. Comparing the
physical observation of the exposed LWAGC:s to elevated temperature of 800 °C with
the unexposed LWAGCs shown in section 4.2.6.2, Figures 4.15 and 4.16, shows similar

trend of color change after exposure to high temperature reported for the exposed FA

geopolymers in section 4.3.1. '\QO

Figure 4.41: LWAGC:s of L4-8, L4-5 and L5-8 prepared from the graded LWA batch 1
of 4-8 mm after exposed to 800 °C.
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@ Figure 4.42: LWAGCs of L8-16, L8-12 and L12-16 prepared from the graded LWA
batch 2 of 8-16 mm after exposed to 800 °C.
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Moreover, Figure 4.43 illustrates the mechanical residual strength results of the
exposed LWAGCs to 800 °C. Comparing the residual strengths with the concretes
initial strengths given in section 4.2.6.2, Figure 4.17, shows that the compressive
strength of all LWAGCs decreased after the exposure to 800 °C. Consistently, it has
been mentioned earlier in section 4.3.1, that this behavior is attributed to the thermal

shrinkage caused by the evaporation of the structural water and the difference in the
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thermal expansion behavior between the paste and LWA as well as to the swelling of

the unreacted or partially reacted silicate secondary phase.
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Figure 4.43: Residual compressive strength of the [L.4-5, L4-8, .5-8, L.8-12, L.8-16 and
L12-16 after exposure to elevated temperature of 800 °C.

Nevertheless, the rates of the strength loss of the exposed LWAGCs to 800 °C are
observed to be varied according to the concretes LWA sizes and grading as presented in
Figure 4.44. For the original graded concretes of L4-8 and L8-16 prepared with the
original graded LWAs of 4-8 mm and 8-16 mm, respectively, increasing of the
minimum sizes of LWAs to 5-8 mm and 12-16 mm, respectively, the strength losses of
the exposed L5-8 and L12-16 to 800 °C are decreased. While decreasing the maximum
size of 8-16 mm LWA to 8-12 mm, the resultant L.8-12 exposed to elevated temperature
possesses higher strength loss compared with the original graded L.8-16 exposed to 800
°C. Although, the L4-5 which prepared from the graded LWA of 4-8 mm by decreasing

the LWA maximum size to 4-5 mm shows different strength loss behavior after exposed
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to 800 °C compared to L.8-12, by possessing lower strength loss than its original graded

L4-8.
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Figure 4.44: Strength loss of the L4-5, L4-8, 1.5-8, L.8-12, L8-16 and L12-16 after
exposure to elevated temperature of 800 °C.

It ‘has been mentioned in section 4.2.6.2 that increasing the minimum sizes of LWA
decreases the LWAGCs OD-densities, as well as decreasing the maximum sizes of
LWA increases the LWAGCs OD-densities. Based on the results of the strength loss
illustrated in Figure 4.43, it is observed that the L12-16 which possesses the lowest OD-
density of 1356 kg/m’ than other concretes (as presented in section 4.2.6.2) has the
lowest strength loss compared to other concretes. Thus, with exceptional of the [.4-5
thermal behavior, the lowest LWAGC OD-density, results in lowest strength loss after
being exposed to 800 °C. This is believed to be due to the better permeability
characteristics that the low OD-density LWAGC possesses compared with high OD-
density concrete.
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Basically, the water absorption and the porosity characteristics of a LWAGC are
indirectly imply the concrete permeability. Furthermore, it has been mentioned earlier in
section 4.2.6.3 that the water absorption and total porosity of the LWAGCs are
increased with decreasing the LWAGCs OD-densities (Figures 4.18 and 4.19). Thus,
during heating the LWAGCs to 800 °C, the dispersion of the water vapor form the
geopolymeric concrete structure possessed high porosity content would causes less
deterioration to the resultant strength compared with low{porosity structure (high
density structure). A similar finding has been reported by Sancak et al. (2008) showing
that the weight loss in term of water vapor at’high temperatures is increasing with
increasing the porosity content. Therefore,t is observed that the L.12-16 possesses
lowest OD-density (high porosityand, water absorption characteristics) has the lowest
strength loss after exposed to the'elevated temperatures of 800 °C.

However, this explanation of the strength loss observed for the exposed LWAGCs to
800 °C is incompatible to the thermal behavior of the 1.4-5 concrete. As mentioned in
section 4.2.63, the L4-5 has the highest OD-density of 1531.85 kg/m3 than other
concretes and the results of Figure 4.44 shows that this concrete attains relatively lower
strength loss than its original graded L4-8 as well as L5-8. This is attributed to the fact
that the thickness of the geopolymer mortar per unit surface of the LWA of 4-5 mm is
thinner than other LWAs. This is due to the highest specific surface area of the 4-5 mm
LWA than other LWASs and the fixed quantity of the geopolymer mortar as mentioned
in the preparation procedure (Chapter 3, section 3.10.1). Accordingly, during heating,
the gentile releasing of the water vapor from the geopolymeric structure, due to low
geopolymer mortar thickness, would cause less thermal shrinkage (less thermal stresses)
which reduces the deterioration in the resultant strength comparing with the original

graded L4-8 and other LWAGCs of L5-8 and L8-12 (Hu et al, 2009).
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4.4 Summary of Results and Discussion

The results presented in chapter 4 showed that the designed LWAGC achieved the
specific characteristics proposed prior to selecting the mix proportioning listed in
Chapter 3, section 3.3. The mechanical and physical properties of the prepared LWAGC
are permitting to classify it as a structural LWAC according<to American concrete
institute ACI (213R-87). In addition, the comparison of thetmechanical and physical
properties of the LWAGC with its constituents (FA paste and mortar) showed that the
concrete possessed significantly lower strength and density than its constituents due to
the microstructural characteristics of its LWA? However, these characteristics improved
the fire resistance of the LWAGC considerably after exposed to the elevated
temperatures compared to FA ‘paste and mortar. The results also highlighted the
essentially significant phase composition changes when the FA geopolymer materials
exposed to elevated, temperatures ranged from 400-800 °C, which is significantly
affected the thermal behavior of all geopolymers prepared in this research. Furthermore,
investigation the thermal behavior of LWAGC at temperatures of 100-800 °C showed

an excellent fire resistance of the concrete exposed to these range of temperatures.

4.5 Guide of LWAGC Mix Design

This research provides fundamental recommendations and guidance to the designers
who aim to design a mix proportioning of LWAC based on the geopolymerization
technology. The reported mix design here for LWAGC is unavailable in any published
research or work based on the recommendations reported by American concrete

institute ACI committee 211-standard (ACI 211.2) used for designing and proportioning
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of a structural OPC lightweight aggregate concrete. Based on the design method known

as weight method or specific gravity pycnometer, a LWAGC contains a normal weight-

sand, fly ash activated by 12 M NaOH solution and liquid Na;SiO; and lightweight

expanded clay aggregate (LECA) have an OD-density of 897.75 kg/rn3 as a LWA, the

mix proportioning of the LWAGC is given in Table 4.12.

Table 4.12: Recommended Mix Design for LWAGC

Constituents (kg/m®)
FA 341.89
Na,SiO; 100.86
NaOH 100.86
Activatot/FA 0.59
EWA 484.00
Sand 823.39
Extra H,O 91.47
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CHAPTER §

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This work was aimed to study the designing and ptfeparation procedures of a
structural lightweight aggregate concrete (LWAC) based on the utilization of the
geopolymerization technology. A geopolymer binder was used to bind a mixture of
aggregates consisting of lightweight expanded clay aggregate (LECA) and normal
weight sand to prepare a lightweightiaggregate concrete (LWAGC). The geopolymer
binder was prepared by the alkali-activation of locally source fly ash (FA) without any
additives materials. The,alkaline activator used in the FA activation process is a mixture
of liquid sodium silicate (Na,SiOs3) and 12M sodium hydroxide (NaOH) solution.

Furthermore, the designing process was based on the recommendations of the
American-Concrete Institute (ACI) committee 211-standard (ACI 211.2) used for
designing and proportioning of a structural OPC lightweight aggregate concrete. This is
due to the lack of standard documents dealing with the geopolymers as a cementitious
material. The design processes also involves the optimization of the preparation
parameters that the ACI 211.2 standard did not specified or what’s known as ‘actual
design’.

The second approach of this work was to investigate and addressing the thermal
behavior as well as the significant changes in the geopolymeric phase composition of

the LWAGC after exposed to elevated temperatures ranging of 100 °C to 800 °C.
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The designing and preparation procedures that included in this thesis represents the

fundamental and solid ground of future standardized document that described in details

the utilization of the FA-based geopolymer binder as a cementitious material in making

of a structural lightweight aggregate geopolymer concrete (LWAGC). The designing

and extensive work reported here are unavailable in any published work by any institute

or individual researchers. In relation to the objectives of this research, the following

conclusions have been made:

The ACI 211.2 standard used for the designing and mix proportioning of OPC
lightweight aggregate structural ;concrete was compatible and reliable for
designing a structural LWAGC and provides the optimum Activator/FA mass
mixing ratio. The resulted LWAGC had the required 28 days compressive
strength (18.86 MPa) and unit weight (1438.70 kg/m3) proposed by the ACI
213R (28 days strength higher than 17 MPa and unit weight less than 1850

kg/m’):

The actual design experiments revealed that the optimum preparation parameters
of a fly ash-based geopolymer binder are: Na,SiO3/NaOH ratio of 1.00, curing
temperature of 70 °C and curing period of 24 hour at different tested ages of 3,7

and 28 days.

The physical and mechanical properties of FA geopolymers paste, mortar and

LWAGC showed that the LWAGC had significantly lower strength and unit

weight than the FA geopolymer paste and mortar. This is due to the

175



microstructural and physical characteristics of the LWAs used in the LWAGC

preparation process.

The LWAGC showed excellent compressive strength development versus aging
times of 3, 7, 28, 56, 91 and 365 days. This tendency added a noticeable

advantage to these novel materials.

Decreasing the LWAs maximum size decreases the workability of the fresh
LWAGC mixture and increases the density as well as the compressive strength
of hardened LWAGC. While, increasing the LWAs minimum particle size
increasing the workability .of\the fresh LWAGC mixture and decreases the

density as well as compressive strength of hardened LWAGC.

The lower OD-density of the LWAGC, the higher water absorption and total

porosity, resulted for the hardened LWAGC.

FA geopolymers paste, mortar and LWAGC exposed to elevated temperatures of
400 °C, 600 °C and 800 °C underwent strength deterioration. The thermo-
physical results of the FA geopolymer paste indicated that both dehydration and
dehydroxylation processes were the reasons behind the strength loss after
exposure to 400 and 600 °C. While, the sintering and densification processes of
the unreacted silicate secondary phases detected by the DTA and dilatometry

analysis were responsible for the paste structure failure after exposed to 800 °C.
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The SEM micrographs and XRD analysis showed that the high activator content
produced a highly reacted dense aluminosilicate gel matrix at 70 °C. Although,
it is led to produce high portion of unreacted silicate products which are
significantly weaken the fire-resistance of the geopolymer at range of

temperatures of 600 °C to 800 °C.

The exposed FA geopolymer mortar to the elevated temperatures of 400 °C, 600
°C and 800 °C showed better thermal durability and lower strength loss
compared with FA geopolymer paste..This is attributed to the sand particles
incorporated in the geopolymeric matrix which decreased the thermal stresses as

well as the sintering and densification processes.

LWAGC has shown remarkable thermal performance and minimum strength
loss upon the)exposure to the elevate temperatures of 400 °C, 600 °C and 800
°C. This is specifically attributed to the microstructural characteristics of its
DLWA. The voids and micro-pores appeared in LWA microstructural analysis
decreased the heat flow through the concrete core which led to decrease the
thermal stresses as well as the sintering and densification processes to the lowest

rates compared to the FA geopolymer paste and mortar.

SEM results of the unexposed LWAGC to elevated temperatures of 400 °C, 600
°C and 800 °C illustrated the good bond between the aggregate/mortar in the
indistinct ITZ due to the porous texture of LWA shell which provides better

interfacial bonding. However, at elevated temperatures of 600 °C and 800 °C
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the bonding zone was deteriorated due to the dehydration of the structural water

as well as the swelling of the unreacted silicate phase.

The dilatometerical analysis indicated the mismatching in the thermal expansion
between the geopolymer paste and the LWA which caused the formation of
microcracks in the ITZ zone when the LWAGCxexposed to elevated
temperatures as the SEM analysis indicated. These“microcracks caused the
strength deterioration observed as the ECWAGC exposed to elevated

temperatures of 400 °C, 600 °C and 800.°C.

The LWAGC exposed to elevated temperatures of 100 °C to 800 °C showed a
compressive strength_gaining after exposing to elevated temperatures of 100 °C,
200 °C and 300<°C: This made the prepared LWAGC an excellent refractory
material to-an application when the high strength and thermal durability up to
300 2C.is desired. In addition, The strength was started to deteriorate after
exposing to elevated temperature of 400 °C up to 800 °C, due to vapor effect,
the different in the thermal expansion between the aggregate and the

geopolymeric paste as well as the sintering of the unreacted silicate species.

Increasing the minimum size of LWAs increased the thermal durability of the
resulted LWAGC exposed to elevated temperature of 800 °C. While, decreasing
the maximum size of LWAs decreased the thermal durability of the LWAGC

exposed to elevated temperature of 800 °C.
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5.2 Future Work

This thesis has dealt with an investigation on the designing and preparation of a
green structural LWAC prepared by using of the geopolymerization technology without
the utilization of OPC or any other additives material. In addition, the prepared
lightweight aggregate geopolymer concrete (LWAGC) by the alkali-activation of a fly
ash (FA) source as the only source material was subjected.for elevated temperatures
ranged of 100 °C to 800 °C in order to investigate itsthermal behavior. The thermal
behavior of the LWAGC at selected elevated temperatures of 400 °C, 600 °C and 800
°C was compared with its constituents of: FAJgeopolymer paste and mortar exposed to
similar elevated temperatures range 10, explore the effect of LWA incorporating on the
thermal behavior of the geopelymer material. In general, the geopolymer concrete
showed superior advantages compared to the normal OPC concrete representative by its
higher mechanical™strength and thermal durability as well as the essential
environmentally-friendly benefits that the geopolymeric materials offers. While, much
information regarding the character, strength as well as the thermal behavior of the
LWAGC has been elucidated in this work, a number of issues could not be addressed
due to equipment and time constraints. Therefore, future work should need to be
undertaken to get better understanding and knowledge to other mechanical and chemical
resistance characteristics of the LWAGC before these materials can be widely adopted
as a construction material for industrial and commercial applications. The following

recommendations are made for future work:
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To characterize the mechanical properties of the LWAGC other than the
compressive strength reported in this thesis like the tensile strength, splitting
tensile strength, modulus of rupture, modulus of elasticity, shrinkage strain, ect...
To developing LWAGCs synthesized by the utilization of other by-products or
waste industrial materials base on the essential designing principles that this
thesis reported, to achieve new building materials that might cost less and

obtained another commercial and environmental adyantages.
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