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Abstract

Project Code : MRG6180169
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Residue Based Alkali-activated materials
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Project Period : 2 Years

Abstract: This research investigates strength development and the carbon footprint of Calcium Carbide
Residue (CCR) and Bagasse ash (BA) geopolymer stabilized soft clay. Bangkok clay, a soft and highly
compressible soft clay present in Bangkok, Thailand was investigated for stabilization with the CCR and BA
geopolymers. BA is a pozzolanic material which is very rich in the oxides of silica and aluminum, and
sometimes calcium. CCR is an industrial by-product obtained from acetylene gas production, high in Ca(OH),
and was used as a green additive to improve strength of the BA based geopolymer binder. The liquid alkaline
activator used was a mixture of sodium silicate solution (Na,SiO;) and sodium hydroxide (NaOH). The
influential factors studied for the geopolymerization process were Na,SiO3;/NaOH ratio, NaOH concentration,
L/BA ratio, initial water content, BA content, CCR content, curing temperature and curing time. The
microstructural analyses of soft clay stabilized with CCR and BA based geopolymers is undertaken using
Scanning Electron Microscopy (SEM) techniques to understand the role of influential factors controlling the
strength development. Moreover, the carbon footprints of BA and CCR based geopolymers stabilized Bangkok
Clay are calculated and compared with those of cement stabilized Bangkok clay at the same UCS values
practically used in the soil improvement. The outcome of this research campaign the usage of CCR-BA
geopolymer as a sustainable soil stabilizer alternative to high carbon Portland cement, which benefits in term

of engineering, economic and environmental perspectives.

Keywords : Bangkok Clay, Calcium Carbide Residue, Bagasse Ash, Geopolymer



UNAALD

sualasan1y: MRG6180169

= o o o a ' o v o o (Y v
ﬁa‘[ﬂi\‘]ﬂqi: miwwmmaaamaa@mmﬁmaauﬂiuﬂ;dmma@aamiaﬁmnm"ﬁmaamm:mmmm%wmﬂuﬁ

w A

FOWNIVY UATANIUW: TUNYA LWTITIY (WA INeNaemna luladnausnadann)
= '3 . .

atNa: chayakrit.ph@rmuti.ac.th

szazailasins: 2 3

unaasa: anuﬁﬁ'ﬂﬁﬁﬂmmsw’"@umﬁmﬁa"'ml,azﬂ”nsﬂa@ﬂa@ﬂdayﬁ"ﬁeﬁﬂﬁuawaaﬁumﬁméauﬂ%‘uﬂ;o@h 83
lalwfwasnnuhmudas (BA) uazmnuaaifouanilud (CCR) Awnftansaunmduduiniioidanuazinig
ngﬂﬁagaagiuﬁuﬁﬂyqu, Uinalnazgninaindsvdpdisnnuaaidouasluduandimudanilolng
\was Lfi”wmué”azjLﬂm”a@;ﬂasﬂsﬁmwﬁaﬁ@h%ﬁm LLﬂ:E]Qﬁu’]ﬂ%u’]mﬁfﬁx‘]LLazﬁ@i’]ﬂ%N’]mLLﬂﬂL‘%UNL’gﬂﬁBU N
me%wmﬂu&ﬂm‘"aqmﬁaﬁamnq@lm‘mﬂswwﬁwﬁ”wamﬁﬁuﬁuﬂaLs’fmuvlamaﬂvlsﬁﬁﬁmmguﬂu
aaﬁﬂs:ﬂau%é’n%agﬂﬁwmlﬁﬂumiwamﬁuﬁﬂuﬁmﬁ'vﬁaLn@ﬁawlumﬂﬁ'uﬁ’]é’alﬁﬁuﬁiaiwﬁLwa%awnLﬁ’]
udos s13ean3launlglaandiwnansaslaaaudana (Na,sio,) uwaslaiauylaasanlas (NaOH) &2
wilsilddnunuFAsenilalndiweiae sasdau Na,Si0yNaOH, aututuasloidonlaasanlad,
sasdmaseansladdaldminsay, Usunmanutwisuduosdn, Usuimdioiudas, USuamnin
waaiBpuaSlud, gumadnisuy uazenguy mylierzdlaneinmaamevesduniterdaundiulyeds
nmnuaadsuailuduazidimudanilalnfwafazgnindianzidisnwdiandasariadiuudeInae
(SEM) \WWadnen nwavasaaudseng 9@afA1N1ad80 wonaninlsnmnslanatantsasfoasuanaas

&l o

a a o % a a 6 £Z 2 o ~ v et 3 =) o
Guwnfisansaunwdivdydiilalnfweianuhmudesazgndrwaifisununsdiudpdsduudfings
o A o a AN v Ao Sa o = & o v A a & A Ao oA
AALALINK FIN LEANNINITBRAB NI NINLANLT NI UG LAz T IMa a R la InAtnasidunisifanngs
o A A o= el a ' & = & ™ A
Tunsgsudpsduununnisldduudssiinslaaddosansueugs sadudszlominiddenys aswsgha uaz

FIWINRDY

aman : Awnfioanganny, mauaadBouanilud, whmudes, Slalwdwed



Chapter |

Executive summary

Introduction to research

Bangkok clay is one of the well-known soft clay deposits. It possesses high water content close to
its liquid limit with large potential for settlement and low inherent shear strength. Several ground improvement
techniques dealing with soft soil foundation have been developed over the past 30 years (Bergado et al.,
2003; Bouazza et al., 2006; Shen et al., 2013a, b and c; Du et al., 2013 and 2014; Chai et al., 2014; Bo et
al.,, 2015a and b; Wu et al,, 2015). In situ deep mixing is an effective means, which has been developed
over two decades primarily to effect columnar inclusions into the soft ground to transform soft ground to
composite ground. The deep mixing technology was simultaneously developed in Sweden and Japan using
quicklime as a hardening agent. Subsequently, ordinary Portland cement slurry was used as a cementing
agent because it is readily available at reasonable cost. The influential factors, controlling the field strength
of deep mixing columns such as penetration and withdrawal rates, water to cement ratio, and rate of blade
rotation were extensively investigated by Horpibulsuk et al., (2004) (Ariake clay, Japan) and Horpibulsuk et
al. 2011b and 2012c) (Bangkok clay, Thailand). However, the manufacturing of Portland cement is a
resource exhausting and energy intensive process that releases large amount of the CO2 into the
atmosphere, which cause the greenhouse gases (Davidovits 1991 ; Davidovits and Davidovics 2008).
Therefore, the development of a new cementing agent and development of recycled construction materials
derived from waste materials with low carbon dioxide release is considered an interesting issue. Commercial
and industrial utilization of alkali-activated alumino-silicate cements, known as ‘geopolymers’ has been
increasingly well-known over the past several decades as the search for high-performance and an
environmentally maintainable alternative for ordinary Portland cement (J. Davidovits 1991; Phetchuay et al.,
2016).

Geopolymers are a group of cementitious materials that has garnered increasing interest as an
alternative stabilizing agent (Sukmak et al. 2013a; Suksiripattanapong et al. 2015a, 2015b; Horpibulsuk et
al., 2015) to replace portland cement. The chemical process to produce geopolymers involves the co-
polymerization of alumina and silica components whereby aluminosilicate-rich materials are dissolved by
highly alkaline solutions such as sodium hydroxide (NaOH). Sodium silicate (Na2SiO3) can further increase
the strength of the geopolymer (Palomo et al. 1999) because of the gel-like product derived from the
aluminosilicate-sodium silicate reaction (Xie and Xi 2001). The silica-rich materials such as clay or kaolin
(Buchwald and Kaps 2002), fly ash, and bottom ash (Davidovits et al., 1999) can be used as a precursor to
react with the liquid alkaline activator. Fly Ash (FA) provides the greatest opportunity for commercial utilization
of this technology due to the plentiful worldwide raw material supply, which is derived from coal-fired

electricity generation (Mohapatra and Rao, 2001; Van Jaarsveld et al., 1998).



It has been reported that the mechanical properties of FA based geopolymer could be improved by
high calcium additives due to the coexistence of geopolymerization products (Sodium Alumino Silicate
Hydrate, N-A-S-H) and Calcium Silicate Hydrate (C-S-H) (Phoo-ngernkham et al., 2015; Phummiphan et al.,
2015;Yipetal, 2005; Granizo etal.,, 2002; Yip etal, 2008). The Bagasse (BA) is the fibrous waste
produced after the extraction of the sugar juice from cane mills. Bagasse ash is the residue obtained from
the incineration of bagasse in sugar producing factories. This material usually poses a disposal problem in
sugar factories particularly in tropical countries. In many tropical countries there are substantial quantities of
Bagasse is rich in amorphous silica indicated that it has pozzolanic properties. Bagasse ash is a pozzolanic
material which is very rich in the oxides of silica and aluminum, and sometimes calcium (Guilherme, Romildo,
Eduardo, Luis, and Cristiano, 2004). Pozzolans usually require the presence of water in order for silica to
combine 2 with calcium hydroxide to form stable calcium silicate, which has cementitious properties. Calcium
Carbide Residue (CCR) is a waste material from acetylene gas factories, which has high calcium hydroxide
[Ca(OH)2] content. It has been previously used itself as a green soil stabilizer (Horpibulsuk et al., 2012;
Kampala et al. 2013 and 2014; Phetchuay et al., 2014; Vichan et al. 2013; Du et al., 2016 and Jiang et al.,
2016) but not as an additive for geopolymer binder. The usage of high calcium CCR as a green additive in
BA geopolymer stabilized clay is thus novel and significant in geotechnical and pavement applications.

This research attempts to examine the viability of using BA and CCR based Alkali-activated materials
as a sustainable binder to improve strength of Bangkok clay. The Unconfined Compressive Strength (UCS)
is used as a practical indicator to investigate the strength development. The influential factors studied include
liquid alkaline activator, L content, L/BA ratio, BA content, water content, curing time, curing temperature
and CCR content. The microstructural analyses of soft clay stabilized with BA and CCR based geopolymers
is undertaken using Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) techniques to
understand the role of influential factors controlling the strength development. Moreover, the carbon footprints
of BA and CCR based geopolymers stabilized CIS are calculated and compared with those of cement
stabilized Bangkok clay at the same UCS values practically used in the soil improvement. The outcome of
this research campaign the usage of BA-CCR geopolymer as a sustainable soil stabilizer alternative to high

carbon Portland cement, which benefits in term of engineering, economic and environmental perspectives.

Literature review

1. Calcium carbide residue (CCR)

To improve economic and environmental impacts, some waste Ca(OH),-rich materials can be utilized
together with waste pozzolanic materials, such as fly ash, biomass ash and rice husk ash to develop a
cementitious material. Calcium carbide residue (CCR) is a by-product of the acetylene production process that

contains mainly calcium hydroxide, Ca(OH),. Between 1995 and 1998, the demand for calcium carbide for the



production of acetylene gas in Thailand was 74,000 t (Tanalapasakul, 1998). This demand is continuously
increasing each year. Due to its highly basic pH, CCR has been little utilized and was typically gone to a

disposal area in the form of slurry. After being sundried for a few days, the slurry form changes to a dry form.

Its production is described in the following equation:

CaC, +2H,0 — C,H, + Ca(OH),

From Eq., it can be seen that 64 g of calcium carbide (CaC,) provides 26 g of acetylene gas (C,H,) and 74
g of CCR in the form of Ca(OH),.

Jaturapitakkul and Roongreung (2003) have introduced a cementitious material that is a mixture of
CCR and rice husk ash. The cementing property was identified as a pozzolanic reaction between the two
materials, and no Portland cement was included in the mixture. Consoli et al. (2001) have reported on the
possibility of using CCR and fly ash to stabilize non-plasticity silty sand. For clayey soils, which have a high
content of natural pozzolanic materials, stabilization by using CCR is very effective. Horpibulsuk et al. (2012a)
and Kumpala and Horpibulsuk (2013) explained the possible mechanism controlling the engineering properties
of CCR stabilized clay based on macro- and micro-scale observations. The optimum water content (OWC) of
the stabilized clay exhibits the highest strength because it engenders the densest packing and highest
cementitious products. Strength improvement for a particular curing time is classified into three zones: active,

inert and deterioration (vide Fig. 2.1).
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Figure 1 Improvement zones (Horpibulsuk et al., 2011c).



The data were obtained from an unconfined compression test under unsoaked condition on CCR-
stabilized samples at optimum water content. In the active zone, strength increases remarkably with increased
CCR content. All the input Ca(OH), is consumed by the natural pozzolanic material in the soil to produce a
pozzolanic reaction. This active zone can be determined from the CCR fixation point, which is obtained simply
from the index test. CCR fixation is defined as the CCR content at which the plasticity index of the CCR-clay
mixture changes insignificantly with the CCR input. Strength development in the inert zone tends to slow down;
the incremental gradient becomes nearly zero and does not make any further significant improvement. A
decrease in strength, which appears when the CCR content is in the deterioration zone, is caused by
unsoundness due to free lime. This free lime [Ca(OH),] is clearly observed by the thermal gravity analysis
(TGA) (Horpibulsuk et al., 2012a). Even with the high unsoaked strength in the active zone (Fig. 1), Kumpala
et al. (2013a, 2013b) found that the wet-dry cycled strength of stabilized clay was considered insufficient
according to recommendations by the ACI (1990) and the U.S. Army Corps of Engineers (2004). The input of
FA (as a CCR replacement) may improve the strength of CCR stabilized clay when the CCR content is in
excess of the active zone (i.e., in inert and deterioration zones) where natural pozzolanic material in the soil
is not in sufficient quantities to react with the Ca(OH),. In the inert zone, the input FA enhances strength. The
FA improves the densification and the pozzolanic reactive capacity. For the short-term, the strength increase
is mainly caused by the packing effect because the pozzolanic reaction is a time-dependent process. The
highest short-term strength is thus associated with the highest maximum dry unit weight. Over the time, a
higher FA content is needed for the pozzolanic reaction; therefore, the optimal FA content increases.
Improvement in the deterioration zone is not recommended in practice, even with the input of FA. Unsoundness
due to the free lime content hinders the strength development by pozzolanic reactions. The soaked strength
is generally lower than the unsoaked strength because the absorbed water increases repulsive forces. Even
though the strengths of the stabilized clay are strongly dependent upon the CCR and FA contents, the ratio
of soaked strength to unsoaked strength is almost equal. Most of the ratios vary between 0.45 and 0.65 with

an average of 0.55. (Horpibulsuk et al., 2013)

2. Bagasse ash (BA)

Bagasse is the fibrous residue obtained from sugarcane after the extraction of juice at sugar mill
factories and previously was burnt as a means of solid waste disposal. However, as the cost of fuel oil, natural
gas and electricity has increased, bagasse has become to be regarded as a fuel rather than refuse in the
sugar mills. The fibrous residue used for this purpose leaves behind about 8-10% of bagasse ash (Hailu,
2011). Bagasse ash has been reported to possess pozzolanic properties. It was reported that bagasse ash

contains a large amount of silica and other relevant oxides which enhance good pozzolanic activity (Chusilp,



2009). The ash has been used alone or as admixture with lime and cement to stabilize laterite and black
cotton soils (Amu et al, 2011; Osinubi and Thomas, 2007; Osinubi et.al, 2009 and Sabat, 2012). The chemical

composition of BA is shown in table 1.

Table 1: Oxide composition of bagasse ash (Hailu, 2011)

Constituents | %o composition

Si0, 65.58
AlLO; 5.87
Fe,05 4.32
CaO 1.78
MgO 1.23
K,O 6.41
Na,O 1.02
P,0; 1.35
SO; 0.18

Cl <0.1
MnO 0.05
TiO, 0.25
L.O.I 10.48

3. Geopolymer

The Cordi-Géopolymeére private research laboratory in Saint-Quentin in 1972 discovered a fresh
inorganic material called as ‘geopolymer'. Geopolymer can be formed at low temperature and small amount
of time and based on the alkaline activation of easily obtainable natural and by-product silica and alumina

materials happening as a network of the alumino-silicates (Davidovits 1988c). After shorter setting and

hardening time, geopolymer with tightly packed poly-crystalline structure is formed showing better mechanical
properties Geopolymer is extremely environmentally attractive for various reasons. Its performance as
construction materials can be compared with Portland cement in lots of ways but the geopolymer needs no
heat in its manufacturing process. This implies a substantial benefit with regards to reducing global CO,
emissions. Furthermore, the utilization of industrial by-products meets the increasing trend towards waste re-

utilization (Jiminez et al. 2004). Geopolymer is definitely an alumino-silicate material which includes excellent

physical and chemical properties of numerous applications (Komnitsas and Zaharaki 2007).

4. Chemistry of geopolymer

Three sources are used to form the geopolymer, i.e. raw materials, inactive filler and geopolymer
liquor. Raw materials might be natural (alumino-silicate) minerals or industrial wastes e.g. fly ash, slag, and
waste glass. Inactive filler, mainly kaolinite or meta-kaolinite, is employed for supplying A*" ions (Ikeda 1998).

Geopolymer liquor is definitely an alkali hydroxide solution required for dissolving raw materials while sodium



(or potassium) silicate solution acts as a binder, alkali activator and dispersant or plasticizer (Phair 2001).
Geopolymer (poly (sialates)) contains silicate (SiO,) and aluminate oxides (AlO,) tetrahedral alternately linked

where all oxygen atoms are exchanged (Davidovits 1976). Positive ions (Na*, K" and Ca2+) must certainly be

3+
I

contained in the framework voids to balance the negative charge of Al"" .Poly (sialates) is chain polymers with

Si** and AI** in 4-fold coordination with oxygen and their empirical formula could be expressed as:

M (—(SiO,),~AlO,), wH,O

Where z is 1, 2, 3, or higher
M is a monovalent cation such as K" or Na*
n is the degree of poly-condensation

The forms of polysialates distinguished are illustrated in Figure 2 (Davidovits 1988a). The complex

geopolymer structure thus contains chains, sheet-like and three-dimensional networks composed of various

unit kinds of connected SiO, and AlO, tetrahedral (Singh et al. 2005).

Geopolymerization can be an exothermic procedure that is conducted through oligomers dimer which
provide the specific unit structures for the three dimensional macromolecular edifice. Among several
hardening mechanisms could be the chemical reaction of alumino-silicate oxides with alkalis and alkali—
polysilicates, leading to polymeric Si—O-Al bonds with a (Si,Os, Al,O,)n formula, which may be accomplished

by calcining alumino-silicate hydroxides (Si,Os5,Al,(OH),) through the reaction (Davidovits 1988a).

PS (-Si-0-Al-0-) 5 - ? _ ? )
Poly(sialate) (I) CI) . - Ri_'«'D""nI '_:]
I I SID4 {5 ‘.{\:)' .Al04
I (T) I - ? - (i
Pss (-Si-0-A-O-8i-0-) Ox 370 All O d0
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I I I O 0
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Figure 2 The types of polysialates (Davidovits 1988a).

Primary steps of geopolymerization involve dissolution of solid alumino-silicate oxides in MOH
solution (M: alkali metal), diffusion or transportation of dissolved Al and Si complexes from the particle

surface to the inter-particle space, formation of a gel phase caused by the polymerization between added



silicate solution and Al and Si complexes, and finally hardening of the gel phase (Van Jaarsveld 2000; Xu

2001) for the poly-condensation occurring during geopolymerization of minerals:

Al-Si material ,+ MOH (5, + Na;SiO; () or (aq) (1)
Al-Si material «, + [M, (AlO,), (SiO,), - nMOH - mH,0] gel (2)
Al-Si material )+ [M, ((AIOy)Y, (SiO;),) nMOH - mH,0] (3)

In reactions (1) and (2), the amount of Al-Si material used is dependent upon the particle size, the
extent of dissolution of Al-Si materials, and the concentration of the alkaline solution. The forming of
[M,(AIO,) (SiO;) AMOHmMH,0] gel is basically on the basis of the extent of dissolution of alumino-silicate
materials, while geopolymer with amorphous structure is formed during the reaction (3). Enough time
necessary for the alumino-silicate solution to create a continuous gel is dependent upon raw material

processing conditions (Ilvanova et al. 1994).

Dissolution of the starting materials could be the major step that has a twofold role, i.e. firstly, poly-

sialate forming species are liberated from the starting materials (Duxson et al. 2007a; Grutzeck and Siemer

1997), and secondly, dissolution activates the top and binding reactions occur significantly supporting the
ultimate strength of the structure. The extent of the dissolution part of geopolymerization is not fully clear
whilst the extent to which other factors complement or no dissolution must be further investigated (Phair

2001).

Under alkaline conditions, alumino-silicates are changed into extremely reactive materials, and
generally speaking it is thought that the dissolution process is initiated by the clear presence of hydroxyl
ions. Higher levels of hydroxyl ions facilitate the dissociation of different silicate and aluminate species,

promoting thus further polymerization (Davidovits 1988b; Phair et al. 2000). However, in case a quite high

alkaline environment (>30 mol% overall Na,O content) is employed, the connectivity of silicate anions might

be reduced, causing poor polymerization (Singh et al. 2005).

The analysis of the dissolution on different alumino-silicate industrial minerals and by-products

indicated that the extent of dissolution is higher when NaOH is employed in place of KOH (Panagiotopoulou

et al. 2007) due to the smaller size of Na+ that may better stabilize the silicate monomers and dimmers

contained in the solution. This thus enhances the minerals dissolution rate (Xu and Van Deventer 2000a).




Additionally, it absolutely was reported that Si and Al appear to possess a synchronized leaching behavior
in both alkaline media.

Furthermore, there have been the studies of the dissolution on various kinds of fly ash in caustic
soda solutions as much as 15 M at 25 and 80°C. It had been reported that high dissolution of Al,O5 is seen
in 80°C, while the increased dissolution of SiO, occurs during leaching with increasing NaOH concentrations

in 25°C.

5. Geopolymer Development

Geopolymer cements develop through a series of several distinct reaction processes from initial
pozzolanic activation to final microstructure development. The benefits of using pozzolans as a matrix binder
for agglomeration is that they tend to be economical, environmentally-friendly, more absorbent of liquids and
produce a highly durable product (Jiminez et al. 2005). The major processes are dissolution of the
aluminosilicate species within a highly basic, alkaline environment, polymerization of the dissolved minerals
into short-lived structural gel, precipitation of formed hydration products similar to natural zeolites and final
hardening of the matrix by excess water exclusion and the growth of crystalline structures (Petermann et al.

2010). Figure 3 illustrates the overall polymerization process in alkali-activated geopolymers.
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Figure 3 Geopolymer Development Model (Vijaya Rangan).



5.1 Dissolution

Dissolution occurs immediately upon contact between the alkaline solution and the pozzolanic
material and allows for ionic interface between species and the breaking of covalent bonds between silicon,
aluminum and oxygen atoms. Similarly to PCC, this process generates rapid and intense heat and is directly
proportional to the pH level of the activating solution. The rate of dissolution is relevant to the amount and
composition of the ashes and the pH of the activating solution (Jiminez et al. 2006: Xie and Xi.

2001:Petermann et al. 2010).

5.2 Polymerization

The polymerization process involves a substantially fast chemical reaction under alkaline condition
on Si-Al minerals, resulting in a three-dimensional polymeric chain and ring structure consisting of Si-O-Al-
O bonds. The formed gel product contains alkaline cations which compensate for the deficit charges
associated with the aluminum-for-silicon substitution (Xie and Xi. 2001:Petermann et al. 2010). An
intermediate, aluminum-rich phase is first formed which then gives way to a more stable, silicon-rich three-
dimensional gel product of form Q4(nAI), which is dependent upon curing conditions and activator type

(Jiminez et al. 2006:Petermann et al. 2010).

5.3 Growth

During this process, the slow growth of crystalline structures become evident as the nuclei of the
polymerized gel reaches critical size. The matrix crystallinity is relative to the rate by which precipitation
occurs: fast reactions between alkali and ash do not allow time for growth of a well-structured crystalline
environment (representative of typical zeolites). Therefore, most hardened geopolymer cements are referred
to as zeolitic precursors rather than actual zeolites. The final product of geopolymerization is an amorphous,

semi-crystalline cementitious material. (Petermann et al. 2010).
5.6 Raw materials

Theoretically, any material composed of silica and aluminium can be alkali- activated. So far the

investigations performed have used the following raw materials:

(a) kaolinitic clays (Barbosa et al. 2000; Davidovits 1979; Davidovits and Sawyer 1985);

(b) metakaolin (Alonso and Palomo 2001a; Alonso and Palomo 2001b; Davidovits 1999);

(c) fly ashes (Fernandez-Jimenez and Palomo 2005; Palomo et al. 1999);

(d) blast furnace slag (Fernandez-Jimenez et al. 1999; Purdon 1940; Wang and Scrivener 1995);




(e) mixtures of fly ashes and slag (Puertas and Fernandez-Jimenez 2003; Puertas et al. 2000);

(f) mixtures of fly ashes and metakaolin (Swanepoel and Strydom Appl Geochem 2002);

(g) mixtures of slag and metakaolin (Cheng and Chiu 2003);

(h) mixtures of slag and red mud (Zhihua et al. 2002; Zhihua et al. 2003);

(i) mixtures of fly ashes and non-calcined materials like kaolin and stilbite (Xu et al. 2002).

In 1974, Kaolinite and other clays were initially utilized in as fillers for the encapsulation of radioactive
wastes right into a monolithic solid. Davidovits primarily used kaolinite and calcined kaolinite (metakaolin) as

the supply of alumino-silicate oxides to be able to synthesize geopolymer (Davidovits 1984). A number of

other researchers also have centered on the manufacture of geopolymer products and their industrial

applications by utilizing either kaolinite or metakaolinite as the key reactant (Barbosa and MacKenzie 2003a;

Barbosa and MacKenzie 2003b; Cioffi et al. 2003; Xu and Van Deventer 2002).

Kaolinite provides structure forming species to the entire geopolymerization process. Xu and Van

Deventer (Xu and Van Deventer 2000b) stated that the addition of kaolinite is essential because the rate of

Al dissolution from the raw materials is insufficient to generate a gel of the required composition. The lower
reactivity of kaolinite requires sufficient time for interactions among the original materials or the source
material and the gel phase to form. Little is known in regards to the behavior with this gel phase and the
extent to which the character of the starting materials and the specific concentrations in solution are affecting

its formation and setting (Xu and Van Deventer 2002). However, a massive amount added kaolinite might

not take part in the synthesis reaction at all (Van Jaarsveld et al. 2002; Zaharaki et al. 2006).

Some authors (Xu and Van Deventer 2000b) studied sixteen different alumino-silicate minerals with the

addition of kaolinite to be able to synthesize geopolymer and observed that for the majority of the alumino-
silicate minerals the addition of kaolinite is required for the forming of gel. Only if kaolinite is utilized without
the presence of other alumino-silicates, a poor structure is formed, which means synergy between different

aluminosilicates is apparently quite important (Xu and Van Deventer 1999).

Furthermore, other authors (Palomo et al. 1999; Xu and Van Deventer 1999)studied the usage of natural

minerals and wastes (in particular fly ash) in geopolymerization, as well as the immobilization of toxic metals

was investigated extensively in recent years Also, some authors (Van Jaarsveld et al. 1998) have used

black coal fly ash and construction wastes as the foundation for geopolymerization.

Some authors (Xu et al. 2002) used fly ash, kaolinite and albite (Na-rich end member of the Albite-
Anorthite Series.) in several combinations for the synthesis of geopolymer. It is thought that the larger

reactivity of fly ash and albite, the interaction between the original materials and the gel phase along with



the reinforcing effect induced by the large unreacted albite particles are accountable for an ideal mechanical

behavior (high compressive strength and low cracking probability).

Some authors (Davidovits 2005a) studied the 15 types of combustion fly ashes were tested for suitability

in geopolymer cements. The samples were cured at room temperature and the compressive strength was
measured after 28 days. A sizable variation in the behavior of the fly ashes was noticed which range from
unworkable situations to strength of 95 MPa.

Some authors (Xu and Van Deventer 2000b) proved that calcined materials for instance slag, fly ash and

metakaolinite which are generally amorphous, usually display a greater reactivity during geopolymerization
in comparison to non-calcined materials. This is explained by the truth that calcination activates materials by
changing their crystalline into amorphous structure with subsequent storage of the additional energy (Xu et
al. 2002).

Moreover, the production of consistent geopolymer from heterogeneous industrial waste sources is really
a challenging issue for the minerals industry, since raw material suitability cannot be fully guaranteed by

elemental composition analysis (Fernandez-Jimenez and Palomo 2003). So far as fly ash based geopolymers

are involved, the mechanical strength increases as a result of the formation of an Al-rich alumino-silicate gel
during the initial stage of alkaline activation of ash particles, and may further increase as a result of the Si

enrichment of the material (Fernandez-Jimenez et al. 2006). Therefore, it is important to control Al and Si

dissolution from the raw materials, through pre-processing and/or utilization of combinations of raw materials

with various reactivities (Duxson et al. 2007a).

5.7 Factors affecting of compressive strength

Measurements of compressive strength are employed by many researchers as an instrument to measure
the success of geopolymerization due to the low cost and simplicity of compressive strength testing, along
with of the truth that strength development is really a primary way of measuring the utility of the materials

found in different applications of the construction industry (Provis et al. 2005).

The compressive strength of geopolymer is dependent upon many factors such as the gel phase strength,
the ratio of the gel phase/undissolved Al-Si particles, the distribution and the hardness of the undissolved
Al-Si particle sizes, the amorphous nature of geopolymer or the amount of crystallinity, and the surface

reaction between the gel phase and the undissolved Al-Si particles (Van Jaarsveld et al. 2003; Xu 2001)

Furthermore, factors such as % CaO, % K,O and the kinds of alkali have an important correlation with
compressive strength. The significance of the molar Si/Al ratio during the alkaline dissolution of the individual
minerals suggests that compressive strength is obtained by complex reactions between the mineral surface,

kaolinite and the concentrated sodium silicate solution.



After geopolymerization, the undissolved particles remain bonded in the matrix, so the hardness of the

minerals correlates positively with the last compressive strength (Xu and Van Deventer 1999; Xu and Van

Deventer 2000b). During geopolymerization of natural minerals, it is known that after adding aggregate for

instance granular sand to the geopolymer mixture, the compressive strength increases (Xu et al. 2002).
The quantity of metakaolinite added to the geopolymer matrix, along with the KOH concentration and the
addition of sodium silicate, also play an important role on the ultimate compressive strength. some authors

(Swanepoel et al. 1999) proved that the strength increases with increasing addition of metakaolinite. The

main reason might be that the more metakaolinite added, the more Al gel forms in the system, causing a

higher level of polymerization. Some authors (Wang et al. 2005) proved experimentally that the compressive

strength, along with the apparent density and the content of the amorphous phase of metakaolinite-based
geopolymer, increase with the increase of NaOH concentration within the range 4-12 mol/L. This is caused
by the enhanced dissolution of the metakaolinite particulates and therefore the accelerated condensation of
the monomer in the clear presence of higher NaOH concentration.

Some authors (Luz Granizo et al. 2007) supported the proven fact that the alkali activation of metakaolin

using sodium silicate and NaOH containing solutions results in the production of material exhibiting higher
mechanical strength compared to the activation with only NaOH. Furthermore, the flexural strength increases
once the activator volume decreases or the concentration of Na increases.

Compressive strength of metakaolin based geopolymer increased linearly by approximately 400% from
Si/ Al = 1.15 to Si/Al = 1.90, where it obtained its maximum value, before decreasing again at the greatest

Si/Al ratio of 2.15 (Duxson et al. 2005) (Figure 4).
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Figure 4 Young’s moduli ( ) and ultimate compressive strengths ( ) of geopolymers. (Duxson et al. 2005).
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It is thought that the quantity of unreacted materials in specimens with higher silica content acts as defect
site and includes a negative impact on strength. Higher strength was recorded once the ratios SiO,/Al,O4

and Na,O/Al,O; were 3.0-3.8 and approximately 1, respectively (Duxson et al. 2005; Stevenson and Sagoe-

Crentsil 2005). However, these initial ratios might be changed based on the total amount of the raw materials

used as Al,O; and SiO, source (Silva et al. 2007).
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Figure 6 Dissolution of Na, Ca, and Mg metakaolin as a function of pH over a 5 h period. Ti and Fe

concentration were negligible (Phair and Van Deventer 2001).

Based on some authors (Phair and Van Deventer 2001), probably the most significant factor that controls

the compressive strength of fly ash-based geopolymer may be the pH of the original alkali metal silicate
precursor. When working with cement as a setting additive in the geopolymer matrix, the compressive
strength increases almost exponentially with increasing pH (Figure 5 and 6).

The larger alkali content was found to enhance solid dissolution but also to cause alumino-silicate gel

precipitation at very early stages, causing lower compressive strength (Lee and Van Deventer 2002).

Additionally, the calcium content in fly ash based geopolymer, along with the water/fly ash ratio, is apparently

highly important (Van Jaarsveld et al. 2003).

Some authors (Palomo et al. 2007) proved that alkali activation of highly blended cements containing

30% Portland cement clinker and 70% fly ash results in acceptable mechanical strength, which will be



strongly affected by the sort of the alkaline activator put into the system. Some authors (Kumar et al. 2005)

indicated that mechanically activated fly ash based geopolymer exhibits higher compressive strength due to
the formation of a tight microstructure. Mechanical activation of fly ash appears to favor geopolymerization,

since the reaction requires less time and occurs at lower temperature.
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Figure 7 Duration of heat curing and strength cured at 60°C with delay time (Chindaprasirt et al. 2007).

The influence of curing temperature and time on the flexural properties of geopolymer centered on class

C fly ash has been investigated by some authors . (Miller et al. 2005). It had been discovered that the curing

regime includes a very significant effect on the physical and chemical properties of fly ash-based geopolymer.
Indeed, the mere escalation in synthesis temperature is sufficient to boost the degree of long-range ordering

in geopolymer binders (Duxson et al. 2007a).

70

[
50 4
40 m
30~
20 4

10 4

Compressive strength at 7 days (MPa)

+ 5 o 7

[

0 1

Delay time (Hour)

Figure 8 Strength and delay time of geopolymer mortar with 60°C heat curing for 24 h (Chindaprasirt
et al. 2007).
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Figure 9 Strength and temperature of curing of geopolymer with no delay time before curing

(Chindaprasirt et al. 2007).

Geopolymers include relatively massive amount water in large pores readily available for evaporation,
which does not end up in capillary strain. This fact may account for the low temperature region of dimensional

stability (Barbosa and MacKenzie 2003b). Once the freely evaporable water is taken from pores, the top part

of the gel structure increases as water is liberated from the outer lining of the gel, and small pores leading
to shrinkage are observed. In this instance, the gel contraction might be correlated with the decrease in

surface area (Duxson et al. 2007b).

Moisture evaporation results in deterioration of the geopolymer product which cannot develop satisfactory

strength. Furthermore, the addition of water improves the workability of the mortar (Chindaprasirt et al. 2007)

(Figure 7, 8 and 9).
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Figure 10 Si** ion concentration with fly ash/NaOH = 3:1 in 5, 10, and 15 M NaOH (Rattanasak and

Chindaprasirt 2009).




Furthermore, some authors (Rattanasak and Chindaprasirt 2009) studied the influence of NaOH solution

on the synthesis of fly ash geopolymer. To produce geopolymer paste, separate mixing and normal mixing
were used. For separate mixing, NaOH solution was blended with fly ash for the initial 10 min; the
subsequently sodium silicate solution was added to the mixture. For normal mixing, fly ash, sodium hydroxide
and sodium silicate solution were incorporated and mixed at the same time. Geopolymer were cured at 65°C
for 48 h. At 5 M NaOH, the dissolution was low because of the relatively low base condition. For 10 M
NaOH, the base condition was higher and the dissolution was, therefore, increased. For the 15 M NaOH,
the dissolution was again reduced owing primarily to a rise in coagulation of silica (Bergna and Roberts

2006) (Figure 10 and 11).
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Figure 11 A* jon concentration with fly ash/NaOH = 3:1 in 5, 10, and 15 M NaOH (Rattanasak and

Chindaprasirt 2009).

The water within geopolymer and its subsequent removal by evaporation plays a significant role in
obtaining a crack-free geopolymer, which means that rapid drying during curing ought to be avoided, while

curing at less relative humidity (e.g. 30%) is advised (Perera et al. 2004). Also, it had been found that when

the curing temperature is high (approximately 90°C), the geopolymer will substantially lose the moisture

(Bakharev 2005b).




Other researches (Khalil and Merz 1994; Van Jaarsveld et al. 2002) proved that curing for longer

amounts of time at elevated temperature generally seems to weaken the structure, suggesting that small
levels of structural water must be retained to be able to eliminate cracking and maintain structural integrity.
It appears that prolonged curing at elevated temperatures breaks down the cellular structure of the
geopolymer synthesis mixture, leading to dehydration and excessive shrinkage, while long procuring at room

temperature is good for strength development when utilizing fly ash as a raw material (Bakharev 2005b).

Furthermore, J.G.S Van Jaarsveld et al.2002 (Table 1) stated that initial curing at higher temperatures (above
50-80°C) does not increase compressive strength substantially above that accomplished by curing at room

temperature.

Generally speaking, it is needed to adequately cure to be able to achieve advanced mechanical and
durability performance. Additionally, the setting time is practically important as it defines enough time

necessary for transport, placing and compaction (Teixeira-Pinto et al. 2002). In order to raise the acceptance

of geopolymerization by the industry, curing conditions ought to be just like those utilized in OPC production.

Table 2 The effect of curing conditions on the compressive strength of a matrix containing Macquarie ﬂy

ash with compositional variables: clay (kaolinite) content = 15% (mass) (J.G.S. Van Jaarsveld et al. 2002).

Time (h) Temperature (°C)
30 50 70 30B | 50B | 70B
6 6 - 14 19 - 28
12 15 26 34 7 22 21
24 20 12 33 19 24 29
48 19 - 28 21 - 15
Average (12/24 h samples) 17 19 34 13 23 25

@ Samples were cured in an oven, open to the atmosphere except for samples denoted by “B” which were

cured in sealed plastic bags under the same conditions. Compressive strength values in MPa.

Based on researches (Hardjito et al. 2004) collected the consequence of geopolymer concrete

development. The binder in this concrete, the geopolymer paste, is formed by activating by-product materials,

for example low-calcium (Class F) fly ash. he found that numerous variables for instance curing temperature,



curing time, concentration of alkali solution, and delay time effected to compressive strength of geopolymer

concrete as follows;

The curing temperature in the range of 30 to 90°C increases, the compressive strength of geopolymer
concrete also increases. Higher curing temperature triggered larger compressive strength, although a rise

in the curing temperature beyond 60°C did not raise the compressive strength substantially (Figure 13).
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Figure 12 Effect of curing temperature on compressive strength (Hardjito et al. 2004).

The influence of curing time on the compressive strength indicate that a longer did not produce weaker

material as claimed by researches (Van Jaarsveld et al. 2002). However, the escalation in strength for curing

periods beyond 48 h is not significant (Figure 13).

100
90
80
70 1
60
50
40
30

:

10
0

Compressive strength at 7 days (MPa)

0 20 40 60 80 100 120
curing time (hrs)

Figure 13 Influence of curing time on compressive strength (Hardjito et al. 2004).

The concentration of sodium hydroxide as measured by Molarity (second column). Mixture A-3 with higher
concentration of NaOH yielded higher compressive strength than Mixture A-1. The same trend can also be

observed for the Mixtures A-2 and A-4 (Table 3).



Table 3 Effect of parameter on compressive strength (Hardjito et al. 2004).

Mixture Concentration of Sodium silicate/NaoH 7-day compressive
NaOH liquid in liquid ratio by mass strength after curing
molarity (M) at 60°C for 24 h.

(MPa)
A-1 8 M 0.4 17.3
A-2 8 M 2.5 56.8
A-3 14 M 0.4 47.9
A-4 14 M 2.517.3 67.6

The new concrete was permitted to stand at room temperature after mixing and just before being put into
molds for a particular amount of time. The new geopolymer concrete is easily handled as much as 120 min

without the sign of the setting and the degradation in the compressive strength (Figure 15).
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Figure 14 Influence of delay time on compressive strength (Hardjito et al. 2004).

The compressive strength does not vary with the age of concrete, when cured for 24 h. This
observation is in contrast to the well-known behavior of OPC concrete, which undergoes a hydration process

and hence gains strength over time (Figure 15).
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Figure 15 Compressive strength at different ages (Hardjito et al. 2004).
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Figure 16 Effects of modulus (M) and content of the mixed alkali activator on the compressive

strength of fly ash geopolymer cured at room temperature of 23°C for 28 days (Guo et al. 2010).
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Figure 17 Effects of modulus (M) and content of the mixed alkali activator on the compressive strength

of fly ash geopolymer cured at room temperature of 75°C for 4, 8, and 24 h (Guo et al. 2010).

Some authors (Guo et al. 2010) indicated that the high compressive strength was obtained once the class

C fly ash (CFA) was activated by the mixed alkali activator (sodium hydroxide and sodium silicate solution)
with the optimum modulus viz., molar ratio of SiO,/Na,O of 1.5. The appropriate content of the mixed activator
was 50% as evaluated by the mass proportion of Na,O to CFA. The compressive strength of those samples
was 63.4 MPa when these were cured at 75°C for 8 h accompanied by curing at 23°C for 28 days (Figure
16 and 17).

5.8 Microstructural techniques

Several easy or advanced techniques can be utilized to acquire maximum information and elucidate
geopolymerization mechanisms. The capability of AI-Si minerals to undergo geopolymerization might be
predicted by specific surface area measurements, which offer an indication of how much surface area

participates in heterogeneous reactions inside a solid—fluid system (Van Jaarsveld et al. 2002).

Optical microscopy provides a visible description of the microstructure because it is shown in scale the
physical size and model of the different aspects of geopolymer. X-ray fluorescence (XRF) spectrometry
works extremely well for elemental analysis of Al-Si minerals. X-ray diffraction (XRD) might be also a helpful
tool although the quantity of information which may be obtained is restricted as a result of substantial
amorphous nature of geopolymer. However it will provide information concerning the extent to which

crystalline starting materials have reacted (Van Jaarsveld et al. 2002). Figure 18 presents the XRD pattern

of geopolymer when fly ash is employed as raw materials and activated employing a NaOH (8M) solution

and cured at 85°C (20 h) (Fernandez Jiminez et al. 2004).




Scanning electron microscopy (SEM) allows visual examination of a product from millimeters to
micrometers to yield definitive topographical information along with good physical and mechanical description
of the microstructure of crystalline and amorphous materials, which may not be detected by other techniques

(Duxson et al. 2006; Lee 2002). Some authors (Jiminez et al. 2004) provided the geopolymer microstructures

(Figure 19 - 22) are characterized by way of a dispersion of distinctive morphologies in a large of
predominantly featureless hydration product (alumino-silicate gel). Occasionally, cracking in the item is
observed. This might be because of the thermal treatment carried out within the activation process,
mechanical damage during sample preparation or to drying shrinkage in the vacuum of the electron
microscope. The relatively low magnification images (Figure 19 and 20) offer a summary of the distribution

of numerous constituent phases with an increase of local detail being provided in Figure. 21 and 22.
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Figure 18  XRD spectra (a) un-reacted fly ash; (b) alkali-activated fly ash 20 h at 85°C Q=Quartz; M=

Mullite; F=Hematite; C=CaO; H=Herschelite; X=Hydroxysodalite (Fernandez Jiminez et al. 2004).

Figure 19 SEM micrograph of fracture surface of alkali-activated PFA geopolymer. Fe,O; is arrowed

(Jiminez et al. 2004).




Figure 20 SEM micrograph of fracture surface of alkali-activated PFA geopolymer (Jiminez et al. 2004).

Figure 21 SEM micrograph of fracture surface of alkali-activated PFA geopolymer showing PFA particle

with reaction shells and also unidentified spherical assemblages (arrowed) (Jiminez et al. 2004)

Figure 22 SEM micrograph of fracture surface of alkali-activated PFA geopolymer showing considerably

eroded PFA particle and also unidentified spherical assemblages (arrowed) (Jiminez et al. 2004).




Objectives

The objectives of this research are as follows:
1. To study a possibility of using Bagasse ash (BA) Alkali-activation modified with Calcium carbide residue
(CCR) to improve the strength of soft clay.
2. To calculate the carbon footprints of soft clay stabilized with Bagasse ash (BA) and Calcium carbide
residue (CCR) geopolymer and compare with soft clay stabilized with cement

3. To investigate the microstructure analysis of soft clay stabilized with BA and CCR geopolymer.

Research methodology
In this research, the research methodology consists of 5 parts.
Part 1: Literature review.

Part 2: Surveying and collecting materials.

Part 3: Strength Development of Soft Clay Stabilized with Bagasse Ash and Calcium Carbide Residue
Based Alkali-activated materials.

The influential factors include mixing ingredient (bagasse ash content, water content, liquid alkaline
activation content, Na,SiO,;/NaOH ratio, concentration of NaOH, CCR content) and curing time. The sample
preparation started with mixing soft clay and BA for 5 min in a mixer to ensure homogeneity of the mixture.
The mixer was stopped and the mixture was mixed with the liquid alkaline activator (L) and CCR for an
additional 5 minutes. The uniform soft clay-BA-L-CCR mixtures were transferred to cylinder molds of 38
mm in diameter and 76 mm in height for UCS test. The BA-CCR geopolymer stabilized soft clay samples
were dismantled, wrapped within vinyl sheet and then cured at room temperature for the required curing
duration. The UCS tests were carried out on the samples after 7, 14 and 28 of curing in accordance with
ASTM C69-09. For each curing time and ingredient, at least five samples were tested under the same
conditions to assure test result consistency. In most cases, the results under the same testing condition were
reproducible with low mean standard deviation, SD (SD/x b 10%, where x is mean strength value).

Part 4: The microstructure and carbon footprint of soft clay stabilized with BA and calcium carbide
residue (CCR) Alkali-activated materials.

Part 5: Writing and submit a journal paper entitled “Strength Development of Soft Clay Stabilized

with Bagasse Ash and Calcium Carbide Residue Based Alkali-activated materials”

Chapter Il



Result

2. MATERIALS AND METHODS
21 Materials
2.1.1 Bangkok Clay (BC)

Bangkok Clay (BC) samples were collected from Bangkok area at a depth of 3-5 m. BC consists of
4% sand, 29% silt and 67% clay that results come from Figure 1. The specific gravity and organic content
are 2.60 and 2.5%, respectively. Liquid Limit (LL) and Plastic Limit (PL) are approximately 64% and 26%,
respectively. Based on the Unified Soil Classification System (USCS), the BA is classified as highly plastic
(CH). The basic properties are shown in Table 1. The grain size distribution and chemical compositions of
BC obtained from hydrometer analysis and X-ray Fluorescence (XRF) analysis are shown in Figure 1 and

Table 2, respectively.
2.1.2 Bagasse Ash (BA)

BA was obtained from a local Thailand supplier. It grain size distribution is shown in Figure 1. Table
2 summarizes the chemical composition of BA using X-ray fluorescence (XRF). Total amount of the major

components (SiO,, Al,O5; and Fe,03) of BA is 94.40% while the CaO content is 1.68%.
2.1.3 Calcium Carbide Residue (CCR)

CCR is a by-product from an acetylene gas (C,H,) production process. The main oxide of calcium
carbide residue is calcium hydroxide (Ca(OH),) in a slurry form. CCR was dried by the sun and sent to
landfills as waste. The CCR was oven-dried at 100 °C for 24 h and was then ground using a Los Angeles
abrasion machine. The CCR was passed through a No. 40 sieve (425 ym). The specific gravity value is
2.32. Table 2 summarizes the chemical composition of CCR BA and BC, as obtained by conducting the X-
ray fluorescence studies. The high Ca(OH), and CaO contents of the CCR indicate that it can react with BA
and produce a cementitious material (Palomo et al., 1999). The grain size distribution of the CCR compared
with that of the BC is shown in Figure 1. The curves were obtained from laser particle size analysis, which
is applicable for materials that react with water. The average grain size (Dsy) of CCR is 0.01 mm, which is

bigger than that of BC.
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Fig. 1. Grain size distribution of clay and CCR.
Table 1 Basic properties of BC.
Properties Characteristics
Liquid limit, LL (%) 65%
Plastic limit, PL (%) 32%
Plasticity index, Pl (%) 33y
Grain size distribution Clay 71%; Silt 25%
Sand 4%
Organic content 2.40%
Specific gravity, Gs 26
pH 72

2.1.4 Liquid alkaline activator (L)

The liquid alkaline activator (L) is a mixture of Na,SiO5, which consists of 9% Na,O and 30% SiO,

by weight, and NaOH at various concentrations.



Table 2 Chemical properties of Bangkok Clay, Bagasse ash and CCR.

Chemical composition (%) BC Bagasse Ash CCR
ALOs; 12.760 15.380 6.941
SiO 66.953 66.800 19.423
SO; 7.893 1.500 1.230
Cl 0.576 0.010 0.056
K>O 1.387 5.500 0.721
CaO 5.642 4.000 69.660
TiOs 1.179 0.050 0.675
Cr0s 0.010 0.003 0.006
MnO> 0.022 0.051 0.065
Fe;03 3.523 3.600 1.041
CuO 0.026 0.005 0.030
ZnO 0.005 0.004 N.D.
PbO 0.010 0.004 0013
SrO 0.013 0.020 0.044
Rb20O N.D. 0.004 0.017
ZrOs N.D. 0.014 0.007

N.D. =none detected

2.2 Sample Preparation and Testing

There are 6 series of unconfined compression test to investigate the role of influencing factors such

as L content, BA content, L/BA, Na,SiO3;/NaOH and CCR content. The testing program is summarized in

Table 3






Table 3 Summary of the testing program.

Series 1 Series 2 Series 3 Series 4 Series 5 Series 6

2.5,5,7.5, 10,
NaOH (molar) 12.5.15 7.5 7.5 7.5 7.5
Naszsioz:NaOH @) 70:30 80:20, 70:30 70:30 70:30 70:30

60:40, 50:50
Alkaline content @L/BA) 1 05,10,1520 1 1 1
BA (%) 30 30 20, 30, 40 30 30
CCR (%) 0,3,6,9,12,15 0,12
Cement (%) 3,6,9
12, 15, 20,30

Water content of LL (%) 10,15,20 10,15,20 1 1 1 1
Curing temp. °C) 38 38 38 38 25 25
Curing time (days) 7,14, 28 7,14, 28 7 7,14, 28 7 7




2.2.1 BA geopolymer stabilized BC

The BA geopolymer binder was a combination of BA and liquid alkaline activator
(Na,SiO; and NaOH). The influencing factors were varied depending upon the test series.
The BA contents were 20, 30 and 40% by weight of dry soil. The Na,SiO3/NaOH ratios
were 80:20, 70:30, 60:40 and 50:50. The NaOH concentrations were 2.5, 5, 7.5, 10, 12.5
and 15 molars. The L/BA ratios were 1.0, 1.5 and 2.0. The initial water content (w) of BC
varied from 1 to 2 times LL to simulate the variation of in-situ water content. The curing

temperatures were 25 and 38 °C.

The sample preparation started with mixing BC and BA for 5 minutes in a mixer
to ensure homogeneity of the mixture. The mixer was stopped and the mixture was mixed
with the liquid alkaline activator (L) for an additional 5 minutes. The uniform BC-BA-L
mixtures were transferred to cylinder molds of 38 mm in diameter and 76 mm in height
for UCS test. The BA geopolymer stabilized BC samples were dismantled, wrapped within
vinyl sheet and then cured at target temperatures of 25 and 38 °C for the required curing
duration. The 38 °C temperature was used to simulate an average heat temperature in
countries with a tropical climate, including Australia and Thailand (Phetchuay et al., 2014).
The UCS tests were carried out on the samples after 7, 14 and 28 days of curing in
accordance with ASTM C69-09. For each curing time and ingredient, at least five samples
were tested under the same conditions to assure test result consistency. In most cases,
the results under the same testing condition were reproducible with low mean standard

deviation, SD (SD/)_C < 10%, where X is mean strength value).
2.2.2 CCR-BA geopolymer stabilized BC

The BA content was fixed at 30% by weight of dry soil and the Na,SiO;/NaOH
ratio, NaOH concentration, L/BA ratio and water content were fixed at the optimal
ingredient obtained from the test result of BA geopolymer stabilized BC. The CCR
contents were however varied to investigate the influence of CCR on UCS development.
The CCR contents were 3, 6, 9, 12 and 15%. The uniform BC-CCR-BA-L mixtures were
transferred to cylinder molds of 38 mm in diameter and 76 mm in height for UCS test.
The samples were also wrapped within vinyl sheets as the BA geopolymer stabilized BC
and subsequently cured at 38 °C. UCS values of BA-CCR geopolymer stabilized BC

were measured after 7, 14 and 28 days of curing.



2.2.2 Cement stabilized BC

The cement contents tested were 3, 6, 9, 12,15, 20, 25 and 30% by weight of dry
soil. The initial water content of BC was fixed at LL. First, check the initial water content.
second, add water from back calculation and mixing in a mixer then keep soil in close
bag for a night. Third, check water content and mixing BC and BA for 5 minutes in a
mixer to ensure homogeneity of the mixture. The BC-cement mixtures were transferred
to cylinder molds of 38 mm in diameter and 76 mm in height and then cured at 25 °c.
UCSs of cement stabilized samples were measured after 7 days of curing. The UCS

results were compared with those of BA based geopolymer stabilized BC.
3. RESULTS AND DISCUSSION
3.1 Strength of BA geopolymer stabilized BC

Figure 2 presents the effect of NaOH concentration on UCS development, which
shows the relationship between 7-day UCS versus NaOH concentration at Na,SiO5;/NaOH
= 70:30, BA = 30%, L/BA = 1, w = LL and 38 °C. The UCS increases with increasing
NaOH concentration due to more leaching of silica and alumina ions from BA for the
geopolymerization reaction. The increase of UCS with NaOH concentration in
geopolymeric system has been previously reported by several researchers (Allahverdi
and Khani, 2009; Hardjito et al., 2004; Yunfen et al., 2009; Guo et al., 2010). Figure 2
shows that the NaOH concentration of 7.5 molar is regarded as alkaline fixation point for

w = LL, beyond which the rate of UCS development declines.

250

Nay$i03/NaOH
—8— 70:30
—0— 60:40
—¥— 50:50
—A— 40:60

200 ~

UCS (kPa)
T
(=]

100 +

25 5.0 i 10.0 12.5 15.0

NaOH (Molars)

Fig. 2. Effect of solution of NaOH on compressive strength.



The effect of BA content on 7-day UCS of the BA geopolymer stabilized BC is
illustrated in Figure 3, which shows the UCS versus BA content of samples with
Na,SiO4/NaOH = 70:30 and w = LL for various NaOH concentrations. The SiO, and Al,O4
in BA are in the amorphous phase and can effectively react with NaOH and Na,SiO;. For
a particular NaOH concentration, the higher BA content results in higher consumed silica
and alumina oxides. Hence, the UCS of the BA geopolymer stabilized BC increases as
the BA content increases with the highest UCS found at the maximum input BA content
of 30%. Similar to the results presented earlier in Figure 2, a higher NaOH concentration
yields a stronger geo-polymerization reaction and subsequently higher strength. It is
evident from Figures 2 and 3 that the increase in both BA content and NaOH

concentration provides a positive impact on UCS values for all ingredients.
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Fig. 3. Effect of BA content on compressive strength.

The effect of initial water contents, curing times, Na,SiO3/NaOH ratios and L/BA
ratios on UCS development of BA geopolymer stabilized BC is summarized in Table 4.
For a particular curing time, Na,SiO3;/NaOH ratio and L/BA ratio, a higher w results in a
lower UCS. The higher water content causes a larger spacing between clay particles
(Horpibulsuk et al. 2011) and dilutes the concentration solution of NaOH
(Suksiripattanapong et al., 2015); hence, the maximum UCS of BA geopolymer stabilized
BC is found at w = LL. The maximum UCS of BA geopolymer stabilized BC is found at



w = LL, Na,SiO3/NaOH = 70:30, L/BA = 1.0 and 28 days of curing. Figure 4 shows the
effect of Na,SiO3/NaOH and L/BA ratios on the UCS of the BA geopolymer stabilized BC
at w = LL. For a particular L/BA, the UCS increases with increasing Na,SiO3/NaOH until
an optimal value and then decreases. The optimal Na,SiO3;/NaOH tends to increase with
increasing L/BA ratio. For example, at L/BA = 1, the optimal Na,SiO;/NaOH is 70:30
whereas at L/BA = 2, the optimal Na,SiO5;/NaOH is 70:30. Evidently, a higher BA content
(lower L/BA) requires a larger NaOH content for leaching SiO, and Al,O5 from BA for the

geo-polymerization reaction.

Table 4 UCS test result at 7.5 molar NaOH and 30% BA (kPa), curing 38 °C

Description | Na:Si 7 Days 14 Days 28 Days
OsNa L/FA L/FA L/FA
OH
10 15 | 20 | 10 15 | 20 | 10 | 15 20
1OLL 8020 | 439 | 248 | 225 | 2150 | 1120 | 985 | 6500 | 3152 | 2700

7030 | 694 | 326 277 | 2497 1263 | 1050 | 7185 | 3650 | 3054

6040 | 597 | 298 239 | 2354 1195 990 | 8647 | 3785 3100

50:50 | 416 | 230 137 | 2231 1020 754 | 5306 | 2506 | 2100
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Fig. 4. Effect of liquid alkaline activator.

The UCS versus L/BA relationship of 38 °C cured samples at various water

contents and curing times for a particular 7.5 molar NaOH and Na,SiO;/NaOH of 70:30



is shown in Figure 5 to illustrate the effect of water content on optimal L/BA. The UCS
for all L/BA and water contents tested increases with curing time for all water contents
tested. Typically, the UCS increases with L/BA until the optimal L/BA due to the increase
in binder content. Beyond the optimal L/BA, the UCS decreases because the excessive
L/BA ratio causes the precipitation at very early stage before poly-condensation process
in geopolymerization (Sukmak et al., 2013a and b). At w = LL, the UCS decreases
significantly when L/BA is greater than the optimal value of 1.0. Whereas at higher water
content (w > LL), the UCS gradually increases with increasing L/BA without the distinct
peak even after the optimal L/BA. The clay with higher water content needs more alkalinity
to produce optimal pH environment to dissolve silicon and aluminum in the amorphous

phase of BA; hence, the optimal L/BA tends to increase with water content.

1400 I | I
1200 Na,S10;/NaOH = 70:30 H
—A— 7 days 2.0LL

1000 | _ o 14 days B

800 - | —3— 28 days 7.5 molar NaOH, 30% BA _|

600 |- _
400 |- -
200 |

1400 !

1200 | Ne,Si0s/NaOH = 70:30

1.5LL
1000
800 | 7.5 molar NaOH, 30% BA _|

600 —
400 -
200
1400
1200
1000
800
600 —
400 —
200 —

0 | | | |
0 0.5 1 1.5 2 2.5

L/BA
Fig. 5. Effect of liquid alkaline activator / BA at different LL.

UCS (kPa)

Na,Si0s/NaOH = 70:30 [
1.0LL




1500 , — T , — 1500 — e e e T T
NaOH NaySiO; /NaOH=70:30 Nﬂ%s'(l)OLé/g?\()H 1.0 LL, 30% BA, 7.5 molar NaOH
r| A 2.5molar||1.0LL, 1.0 L/BA, 30% BA b [Als 80:20
B 5 molar i 70:30
1000 H v 7.5 molar - 1000 Ys fg;ﬁf
4 10 molar /8020
' [
500 | 500 -
0 ———— ——t 0 ;
NasSiO OH
750 HNaOH Na,Si0; /NaOH= 70:30 — 750 H af(‘) L%?\ |1.5 LL, 30% BA, 7.5 molar NaOH |
& 2.5 molar || LSLL10LBA30%BA| o L| & 8020
_ L 4 7030
< O 5 molar O 60:40
@ 500 4 ¥ 7.5 molar | 500 H nsLBa
~ <& 10 molar § ggfgg
n L :
8 - - 6040
= 250 L | 250 -
I 1 0 , L , ,
0 — -+ —— [ Nesouon] —————— 5
L Noom ——— 1 400 [ JorsA [20LL,30% BA, 7.5 molarNaOH|
400 H @ Smolar |[2.0LL 1.0 L/BA, 30% BA . Ll & 7030 LT
Fl ¥ 7.5 molar 1 300 4 L5uBA e
300 H © 10 molar = 1 & %63 AT
L 1 200 L] ® 0% et /:',/’.
200 - - I 8-
i 1 100 |
100 — I
O i 1 1 1 0 :
50 o
Curing time (days)
Curing time (days)
a) b)
T T T I T T T I T T T
1.2 H UCS yUCS %0268 InD ]

it| = 0.886

UCSD/UCS28
o
oo
T

N
~
I

r—--UCSp/UCS %0.039+0.283 InD
(Horpibulsuk et. al., 2011)

]

Fig. 6. Strength development with time for different NaOH, LL, ratio of Na,SiO;/NaOH, L/BA

5 10
Curing time (days)
©)

50

and their generalization.




The typical UCS development with curing time for the BA geopolymer stabilized
BC with various initial water contents, NaOH concentrations, Na,SiO;/NaOH ratios and
L/BA ratios at 30% BA is shown in Figure 6. The strength development with curing time
(days) in natural logarithmic scale can be expressed as a linear variation. The 28-day
UCS was taken for the examination of the normalized characteristic, as previously done
by Horpibulsuk et al. (2003, 2009, 2011a, 2011b, 2012b). Although the UCS values are
different for different NaOH concentrations, Na,SiO5;/NaOH ratios, L/BA ratios and water
contents, the normalized strength, UCSp/UCS.g, is essentially the same, where UCS;, is
the UCS at any curing time and UCS,g is the 28-day UCS. The normalized strength of
the geopolymer stabilized BC is also compared with that of the cement stabilized clays
(data from Horpibulsuk et al., 2011a) in Figure 6. It is evident that the normalized behavior
of BA geopolymer is similar to that of cement stabilized clays and the rate of UCS
development of BA geopolymer stabilized clay is comparable with that of cement

stabilized clay. The normalized UCSp/UCS,; is presented in the form:
UCSp/UCS,5 = 0.268 for 3 < curing time < 28 days (1)

with a high degree of correlation of 0.886. The proposed equation is useful to predict the

target UCS values for 30% BA at any curing time when 28-day UCS is known.

3.2 Strength of BA-CCR geopolymer stabilized BC

The effect of CCR content on UCS of BA-CCR geopolymer stabilized BC at
various curing times is shown in Figure 7. The UCS development is classified into three
zone (inactive, active and quasi-inert zones). For CCR content < 7%, the UCS values for
all curing times decrease with increasing CCR content while for CCR content > 12%, the
UCS values slightly increase with increasing CCR content. The CCR contents between
7 and 12% are regarded as active zone, which significantly improves the UCS of the BA-
CCR geopolymer stabilized BC; i.e., the UCS increases approximately 1.5 times of the
original value after adding 15% CCR. The addition of a sufficient quantity of Ca** to BA
based geopolymers in the form of CCR can lead to the existence of phase separated Al-
substitute calcium silicate hydrate (C-(A)-S-H) and geopolymer (N-A-S-H) gel (Yip et al.,
2005 and 2008; Granizo et al., 2002; and Xu and Van Deventer, 2005). Ca*" is also
capable of acting as charge-balancing cation within the geopolymeric binding structure
(Li et al., 2010) and provides extra nucleation sites for precipitation of dissolved species

and cause rapid hardening (Van Deventer et al., 2007; Lee and Van Deventer, 2002).



However, the role of Ca®" is more prevalent at relatively low alkalinity condition system
and the dissolution of Ca(OH), is hindered when the OH- concentration is high. As such,

the insignificant strength gain is noted when CCR content is excessive of 12%.
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Fig. 7. Effect of CCR content on compressive strength.
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The effectiveness of input CCR at room temperature (25 °C) is also illustrated by
the comparison of UCS development between the BA-CCR geopolymer stabilized BC
and BA-CCR geopolymer at two different curing temperatures (25 and 38 °C) but at the
same NaOH concentration (7.5 molar), L/BA ratio (1.0), Na,SiO;/NaOH ratio (70:30) and
water content (w = LL) in Figure 8. For both BA geopolymer and BA-CCR geopolymer,
the UCS increases significantly as the temperature increases because increased
temperatures enhance the geo-polymerization reaction (Suksiripattanapong et al., 2015).
The UCS of CCR-BA geopolymer stabilized BC is higher than that of the BA geopolymer
stabilized BC for both temperatures tested. It is of interest to mention that the UCS of
CCR-BA geopolymer stabilized BC at 25 °C is comparable with that of BA geopolymer
stabilized BC at 38°C, showing the effectiveness of input CCR on UCS development at

room temperature.

3.3 Microstructural analysis

To confirm the results of the analysis on the development of strength, this article
has taken samples to test SEM and finds the interested issues. The completely geo-
polymerization was showed at the suitable ratio of alkaline activator. Figure 9 (a) shows
the chemical attack at some points on the surface of the BA and soil particles, which
have a lot of small spine, exposing smaller particles, whether hollow or partially filled with

other yet smaller spine from geo-polymerization. In the case of Figure 9 (b) are formed

as the main reaction Geopolymer which can produce high early strength.

Fig. 9. SEM images of clay CCR-BA geopolymer at Na,SiO;:NaOH = 70:30, BA = 30%,
38°C curing after 28 days of curing.



3.4 Carbon footprint evaluation

The relationship between UCS and cement content at w = LL is shown in Figure
10. The UCS increases significantly with cement content when cement content is between
3 and 30%. The carbon footprint, defined as CO,-e emitted (kg CO,-e/ton), of BA
geopolymer and BA-CCR geopolymer stabilized BC is calculated and compared with that
of cement stabilized BC at the same UCS in Figure 11. The CO, emission calculation
considered the mining, processing and manufacturing of raw materials. Table 5 shows
the mix design of cement stabilized BC, BA geopolymer stabilized BC and BA-CCR
geopolymer stabilized BC at low to high UCS values of 400, 600 and 800 kPa. The
emission factors of materials are presented in Table 6. NaOH and BA have the highest
and lowest emission factor, respectively. The emission factor of CCR is assumed to be
equal to that of BA (0.007 kg CO,-e/ton), which has the similar energy consumption,
related to milling and grinding, drying, and transport. Figure 10 shows that the emission
CO,-e values of geopolymer binders (BA, Na,SiO; and NaOH) are 176 and 210 kg CO,-
e/ton for UCS values of 400 kPa and 600 kPa, respectively while they are 215 and 258
kg CO,-e/ton for cement stabilized BC. It is evident that the emission CO,-e of BA
geopolymer stabilized BC is 22% and 23% lower than that of cement stabilized BC at
UCS of 400 kPa and 600 kPa, respectively. Whereas the CO,-e of BA-CCR geopolymer
stabilized BC was approximately 43% lower than that of cement stabilized BC at the
same UCS of 800 kPa. In other words, the reduction in carbon footprints is evident as
UCS increases. Previous research on geopolymer concrete with high compressive
strength by McLellan et al. (2011) demonstrated that typical Australian geopolymer
concrete has 44-64% reduction in greenhouse gas emissions when compared to OPC
concrete. The research depicts the advantage of BA-CCR geopolymer over Portland
cement for sustainable soil improvement in term of engineering, economic and

environmental perspectives.
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Chapter lll

Conclusion and Discussion

The research investigates the strength development and carbon footprints of

BA-CCR geopolymer stabilized soft clay, namely soft Bangkok Clay (BC). The effects of

NaOH concentration, L/BA content, water content, BA content, CCR content,

temperature and curing time on strength development of geopolymer stabilized BC is

investigated. The following conclusions can be drawn from this research:

1.

A higher NaOH concentration can leach higher silica and alumina from BA for
geopolymerization reaction for a particular BA content. For a particular NaOH
concentration, the higher BA content results in higher consumed silica and alumina
oxides. As such, the increase in both NaOH concentration and BA content in the
geopolymeric system at a specific Na,SiO3/NaOH, L content and water content

improves significantly the UCS.

For a particular NaOH concentration, the optimal Na,SiOs/NaOH providing the
highest UCS is governed by L/BA; i.e., a higher BA content (lower L/BA) requires a
more higher NaOH content for leaching silica and alumina; hence, the optimal
Na,SiO3/NaOH decreases with BA content. The increase in L/BA initially improves
the UCS of the BA geopolymer but when the L/BA is excessive of the optimal
value, the UCS decreases due to the precipitation at very early stage before the
poly-condensation process in geopolymer. The optimal L/BA is dependent upon the
initial water content; i.e., the optimal L/BA increases with water content as the high
water content dilutes NaOH concentration. The results show that the optimal
ingredient providing the maximum UCS for w = LL is L/BA = 1 and Na,SiOs/NaOH
= 70:30.

The UCS development with time of BA geopolymer with various ingredients of water
content, Na,SiOs/NaOH, L/BA and NaOH concentration can be normalized by 28-
day UCS, similar to that of cement stabilized clays. The proposed normalized
equation is useful for approximating UCS at any curing time within 28 days. The

proposed equation is on sound principles and can be refined by more test data.

The role of CCR on UCS development in BA geopolymer stabilized BC is classified
into three zones: inactive, active and quasi-inert. The CCR contents between 7-12%

are in the active zone where significant UCS development is evident. The



dissolution of Ca(OH), concentration is hindered when CCR content exceeds the
active zone. As such, the rate of UCS development decreases in CCR increases in
the quasi-inert zone. The 12% CCR addition can improve UCS up to approximately

1.5 times of the original value.

The difference in CO, footprints between BA geopolymer stabilized BC and cement
stabilized BC increases as the UCS increases. The emission CO,-e of BA
geopolymer stabilized BC is 22%, 23% and 43% lower than that of cement
stabilized BC at UCS of 400 kPa, 600 kPa and 800 kPa, respectively. This shows
the benefit of BA-CCR geopolymer as a green and strong binder alternative to

Portland cement.
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STRENGTH DEVELOPMENT OF SOFT CLAY STABILIZED WITH
BAGASSE ASH AND CALCIUM CARBIDE RESIDUE BASED
GEOPOLYMER MATERIALS

ABSTRACT:

This research investigates strength development and the carbon footprint of Calcium Carbide
Residue (CCR) and Bagasse ash (BA) geopolymer stabilized soft clay. Bangkok clay, a soft
and highly compressible soft clay present in Bangkok, Thailand was investigated for
stabilization with the CCR and BA geopolymers. BA is a pozzolanic material which is very
rich in the oxides of silica and aluminum, and sometimes calcium. CCR is an industrial by-
product obtained from acetylene gas production, high in Ca(OH), and was used as a green
additive to improve strength of the BA based geopolymer binder. The liquid alkaline
activator used was a mixture of sodium silicate solution (Na»SiO3) and sodium hydroxide
(NaOH). The influential factors studied for the geopolymerization process were
Na»Si03/NaOH ratio, NaOH concentration, L/BA ratio, initial water content, BA content,
CCR content, curing temperature and curing time. The microstructural analyses of soft clay
stabilized with BA and CCR based geopolymers is undertaken using Scanning Electron
Microscopy (SEM) techniques to understand the role of influential factors controlling the
strength development. Moreover, the carbon footprints of BA and CCR based geopolymers
stabilized BC are calculated and compared with those of cement stabilized Bangkok clay at
the same UCS values practically used in the soil improvement. The outcome of this research
campaign the usage of BA-CCR geopolymer as a sustainable soil stabilizer alternative to high
carbon Portland cement, which benefits in term of engineering, economic and environmental

perspectives.

KEYWORDS: geopolymer, strength, soft clay, bagasse ash, calcium carbide residue,
Bangkok clay, carbon footprint.
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1. INTRODUCTION

Bangkok clay is one of the well-known soft clay deposits. It possesses high water
content close to its liquid limit with large potential for settlement and low inherent shear
strength. Several ground improvement techniques dealing with soft soil foundation have
been developed over the past 30 years (Bergado et al., 2003; Bouazza et al., 2006; Shen et al.,
2013a, b and ¢; Du et al., 2013 and 2014; Chai et al., 2014; Bo et al., 2015a and b; Wu et al.,
2015). In situ deep mixing is an effective means, which has been developed over two decades
primarily to effect columnar inclusions into the soft ground to transform soft ground to
composite ground. The deep mixing technology was simultaneously developed in Sweden
and Japan using quicklime as a hardening agent. Subsequently, ordinary Portland cement
slurry was used as a cementing agent because it is readily available at reasonable cost. The
influential factors, controlling the field strength of deep mixing columns such as penetration
and withdrawal rates, water to cement ratio, and rate of blade rotation were extensively
investigated by Horpibulsuk et al., (2004) (Ariake clay, Japan) and Horpibulsuk et al. (2011b
and 2012c) (Bangkok clay, Thailand). However, the manufacturing of Portland cement is a
resource exhausting and energy intensive process that releases large amount of the CO2 into
the atmosphere, which cause the greenhouse gases (Davidovits 1991; Davidovits and
Davidovics 2008). Therefore, the development of a new cementing agent and development of
recycled construction materials derived from waste materials with low carbon dioxide release
is considered an interesting issue. Commercial and industrial utilization of alkali-activated
alumino-silicate cements, known as ‘geopolymers’ has been increasingly well-known over
the past several decades as the search for high-performance and an environmentally
maintainable alternative for ordinary Portland cement (J. Davidovits 1991; Phetchuay et al.,

2016).
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Several ground improvement techniques dealing with soft soil foundation have been
developed over the past 30 years (Bergado et al., 2003; Bouazza et al., 2006; Arulrajah and
Bo, 2008; Shen et al., 2013a, b and c; Du et al., 2013 and 2014; Chai et al., 2014; Bo et al.,
2015a and b; Wu et al., 2015). In situ deep mixing is an effective means, which has been
developed over two decades primarily to effect columnar inclusions into the soft ground to
transform soft ground to composite ground. The deep mixing technology was simultaneously
developed in Sweden and Japan using quicklime as a hardening agent. Subsequently,
ordinary Portland cement slurry was used as a cementing agent because it is readily available
at reasonable cost. The influential factors, controlling the field strength of deep mixing
columns such as penetration and withdrawal rates, water to cement ratio, and rate of blade
rotation were extensively investigated by Horpibulsuk et al., (2004) (Ariake clay, Japan) and
Horpibulsuk et al. (2011b and 2012c) (Bangkok clay, Thailand). Previous studies also
reported the similar about factor control strength such as relation between UCS is strongly
depends on bulk density and pore structure in soil. In addition, many report is studied from
microstructure analysis and was founded the increase in cementitious products with time is
observed from the scanning electron microscope, mercury intrusion porosimetry and thermal
gravity test. With time, the large pore (>0.1 micron) and total pore volumes decrease while
the small pore (<0.1 micron) volumes increase because the products of cement hydration fill
the gaps between soil aggregates and divide each large pore into a number of smaller
ones.This shows the growth of the cementitious products filling up the large pores (Du et al.,
2014; Horpibulsuk et al., 2009; Zhang et al., 2014; Jiang et al., 2016; Cai et al.,2015; Chew et
al., 2004; Consoli et al, 2011).

The high unit cost and energy intensive process for the production of Portland cement
are the driving forces for the constant need within the industry to seek alternative

cementitious binders. The cement manufacturing process emits CO; into the atmosphere,
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which accounts for 5% of the total CO; released into the air (Horpibulsuk et al., 2013). The
development of a new cementing agent with low carbon dioxide releases is actively sought by
industry. Commercial and industrial utilization of alkali-activated aluminosilicate cements,
known as ‘geopolymers’ has increasingly well-known over the past several decades because
of their high performance (high strength and durability) and environmentally maintainable
alternative to the ordinary Portland cement (Davidovits, 1991). Geopolymers belong to a
group of materials with increased interest due to low CO> emission and energy consumption.
The hardening process of geopolymers at ambient temperature results in materials with
ceramic-like properties, such as resistance against acids and high temperatures. The silica-
rich materials such as clay like kaolin (Buchwald and Kaps 2002), fly ash, and bottom ash
(Davidovits et al., 1999) can be used as a precursor to react with the liquid alkaline activator.
Fly Ash (FA) provides the greatest opportunity for commercial utilization of this technology
due to the plentiful worldwide raw material supply, which is derived from coal-fired
electricity generation (Mohapatra and Rao, 2001; Van Jaarsveld et al., 1998). Even though
geopolymers have been recently used in building concrete application, its usage in
geotechnical application has been very limited.

It has been reported that the mechanical properties of FA based geopolymer could be
improved by high calcium additives due to the coexistence of geopolymerization products
(Sodium Alumino Silicate Hydrate, N-A-S-H) and Calcium Silicate Hydrate (C-S-H) (Phoo-
ngernkham et al., 2015; Phummiphan et al., 2015; Yip et al., 2005; Granizo et al., 2002; Yip
et al., 2008). The Bagasse (BA) is the fibrous waste produced after the extraction of the sugar
juice from cane mills. Bagasse ash is the residue obtained from the incineration of bagasse in
sugar producing factories. This material usually poses a disposal problem in sugar factories
particularly in tropical countries. In many tropical countries there are substantial quantities of

Bagasse is rich in amorphous silica indicated that it has pozzolanic properties. Bagasse ash is



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

a pozzolanic material which is very rich in the oxides of silica and aluminum, and sometimes
calctum (Guilherme, Romildo, Eduardo, Luis, and Cristiano, 2004). Pozzolans usually
require the presence of water in order for silica to combine 2 with calcium hydroxide to form
stable calcium silicate, which has cementitious properties. Calcium Carbide Residue (CCR) is
a waste material from acetylene gas factories, which has high calcium hydroxide [Ca(OH)2]
content. It has been previously used itself as a green soil stabilizer (Horpibulsuk et al., 2012;
Kampala et al. 2013 and 2014; Phetchuay et al., 2014; Vichan et al. 2013; Du et al., 2016 and
Jiang et al., 2016) but not as an additive for geopolymer binder. The usage of high calcium
CCR as a green additive in BA geopolymer stabilized clay is thus novel and significant in
geotechnical and pavement applications.

This research attempts to examine the viability of using BA and CCR based Alkali-
activated materials as a sustainable binder to improve strength of Bangkok clay. The
Unconfined Compressive Strength (UCS) is used as a practical indicator to investigate the
strength development. The influential factors studied include liquid alkaline activator, L
content, L/BA ratio, BA content, water content, curing time, curing temperature and CCR
content. The microstructural analyses of soft clay stabilized with BA and CCR based
geopolymers is undertaken using Scanning Electron Microscopy (SEM) techniques to
understand the role of influential factors controlling the strength development. Moreover, the
carbon footprints of BA and CCR based geopolymers stabilized BC are calculated and
compared with those of cement stabilized Bangkok clay at the same UCS values practically
used in the soil improvement. The outcome of this research campaign the usage of BA-CCR
geopolymer as a sustainable soil stabilizer alternative to high carbon Portland cement, which

benefits in term of engineering, economic and environmental perspectives.

2. MATERIALS AND METHODS
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2.1 Materials

2.1.1 Bangkok Clay (BC)

Bangkok Clay (BC) samples were collected from Bangkok area at a depth of 3-5 m.
BC consists of 4% sand, 25% silt and 71% clay that results come from Figure 1. The specific
gravity and organic content are 2.60 and 2.4%, respectively. Liquid Limit (LL) and Plastic
Limit (PL) are approximately 64% and 26%, respectively. Based on the Unified Soil
Classification System (USCS), the BA is classified as highly plastic (CH). The basic
properties are shown in Table 1. The grain size distribution and chemical compositions of
BC obtained from hydrometer analysis and X-ray Fluorescence (XRF) analysis are shown in

Figure 1 and Table 2, respectively.

2.1.2 Bagasse Ash (BA)

BA was obtained from a local Thailand supplier. It grain size distribution is shown in
Figure 1. Table 2 summarizes the chemical composition of BA using X-ray fluorescence
(XRF). Total amount of the major components (Si02, Al2O3; and Fe203) of BA 1s 94.40%

while the CaO content is 1.68%.

2.1.3 Calcium Carbide Residue (CCR)

CCR is a by-product from an acetylene gas (C>Hz) production process. The main
oxide of calcium carbide residue is calcium hydroxide (Ca(OH)) in a slurry form. CCR was
dried by the sun and sent to landfills as waste. The CCR was oven-dried at 100 °C for 24 h
and was then ground using a Los Angeles abrasion machine. The CCR was passed through a
No. 40 sieve (425 um). The specific gravity value is 2.32. Table 2 summarizes the chemical
composition of CCR BA and BC, as obtained by conducting the X-ray fluorescence studies.

The high Ca(OH), and CaO contents of the CCR indicate that it can react with BA and
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produce a cementitious material (Palomo et al., 1999). The grain size distribution of the CCR
compared with that of the BC is shown in Figure 1. The curves were obtained from laser
particle size analysis, which is applicable for materials that react with water. The average

grain size (Dso) of CCR is 0.01 mm, which is bigger than that of BC.

2.1.4 Liquid alkaline activator (L)
The liquid alkaline activator (L) is a mixture of Na>SiO3, which consists of 9% Na>O

and 30% Si10; by weight, and NaOH at various concentrations.

2.2 Sample Preparation and Testing
There are 6 series of unconfined compression test to investigate the role of
influencing factors such as L content, BA content, L/BA, Na>Si03/NaOH and CCR content.

The testing program is summarized in Table 3.

2.2.1 BA geopolymer stabilized BC

The BA geopolymer binder was a combination of BA and liquid alkaline activator
(Na2Si03 and NaOH). The influencing factors were varied depending upon the test series.
The BA contents were 20, 30 and 40% by weight of dry soil. The Na;Si03/NaOH ratios were
80:20, 70:30, 60:40 and 50:50. The NaOH concentrations were 2.5, 5, 7.5, 10, 12 and 15
molars. The L/BA ratios were 1.0, 1.5 and 2.0. The initial water content (w) of BC varied
from 1 to 2 times LL to simulate the variation of in-situ water content. The curing
temperatures were 25 and 38 °C.

The sample preparation started with mixing BC and BA for 5 minutes in a mixer to
ensure homogeneity of the mixture. The mixer was stopped and the mixture was mixed with

the liquid alkaline activator (L) for an additional 5 minutes. The uniform BC-BA-L mixtures
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were transferred to cylinder molds of 38 mm in diameter and 76 mm in height for UCS test.
The BA geopolymer stabilized BC samples were dismantled, wrapped within vinyl sheet and
then cured at target temperatures of 25 and 38 °C for the required curing duration. The 38 °C
temperature was used to simulate an average heat temperature in countries with a tropical
climate, including Australia and Thailand (Phetchuay et al., 2014). The UCS tests were
carried out on the samples after 7, 14 and 28 days of curing in accordance with ASTM C69-
09. For each curing time and ingredient, at least five samples were tested under the same
conditions to assure test result consistency. In most cases, the results under the same testing
condition were reproducible with low mean standard deviation, SD (SD/x < 10%, where x

is mean strength value).

2.2.2 CCR-BA geopolymer stabilized BC

The BA content was fixed at 30% by weight of dry soil and the Na>SiO3/NaOH ratio,
NaOH concentration, L/BA ratio and water content were fixed at the optimal ingredient
obtained from the test result of BA geopolymer stabilized BC. The CCR contents were
however varied to investigate the influence of CCR on UCS development. The CCR contents
were 3, 6,9, 12 and 15%. The uniform BC-CCR-BA-L mixtures were transferred to cylinder
molds of 38 mm in diameter and 76 mm in height for UCS test. The samples were also
wrapped within vinyl sheets as the BA geopolymer stabilized BC and subsequently cured at
38 °C. UCS values of BA-CCR geopolymer stabilized BC were measured after 7, 14 and 28

days of curing.

2.2.2 Cement stabilized BC
The cement contents tested were 3,6,9,12,15, 20, 25, and 30% by weight of dry soil.

The initial water content of BC was fixed at LL. First, check the initial water content. second,
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add water from back calculation and mixing in a mixer then keep soil in close bag for a night.
Third, check water content and mixing BC and BA for 5 minutes in a mixer to ensure
homogeneity of the mixture. The BC-cement mixtures were transferred to cylinder molds of
38 mm in diameter and 76 mm in height and then cured at 25 °C. UCSs of cement stabilized
samples were measured after 7 days of curing. The UCS results were compared with those of

BA based geopolymer stabilized BC.

3. RESULTS AND DISCUSSION

3.1 Strength of BA geopolymer stabilized BC

Figure 2 presents the effect of NaOH concentration on UCS development, which
shows the relationship between 7-day UCS versus NaOH concentration at Na>Si03/NaOH =
70:30, BA = 30%, L/BA =1, w = LL and 38 °C. The UCS increases with increasing NaOH
concentration due to more leaching of silica and alumina ions from BA for the
geopolymerization reaction. The increase of UCS with NaOH concentration in geopolymeric
system has been previously reported by several researchers (Allahverdi and Khani, 2009;
Hardjito et al., 2004; Yunfen et al., 2009; Guo et al., 2010). Figure 2 shows that the NaOH
concentration of 7.5 molar is regarded as alkaline fixation point for w = LL, beyond which

the rate of UCS development declines.

The effect of BA content on 7-day UCS of the BA geopolymer stabilized BC is
illustrated in Figure 3, which shows the UCS versus BA content of samples with
Na;Si03/NaOH = 70:30 and w = LL for various NaOH concentrations. The SiO2 and Al,O3
in BA are in the amorphous phase and can effectively react with NaOH and Na»SiOs. For a
particular NaOH concentration, the higher BA content results in higher consumed silica and
alumina oxides. Hence, the UCS of the BA geopolymer stabilized BC increases as the BA

content increases with the highest UCS found at the maximum input BA content of 30%.

10
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Similar to the results presented earlier in Figure 2, a higher NaOH concentration yields a
stronger geopolymerization reaction and subsequently higher UCS. It is evident from Figures
2 and 3 that the increase in both BA content and NaOH concentration provides a positive

impact on UCS values for all ingredients.

The effect of initial water contents, curing times, Na,;SiO3/NaOH ratios and L/BA
ratios on UCS development of BA geopolymer stabilized BC is summarized in Table 4. For a
particular curing time, Na>SiO3/NaOH ratio and L/BA ratio, a higher w results in a lower
UCS. The higher water content causes a larger spacing between clay particles (Horpibulsuk et
al. 2011) and dilutes the concentration solution of NaOH (Suksiripattanapong et al., 2015);
hence, the maximum UCS of BA geopolymer stabilized BC is found at w = LL. The
maximum UCS of BA geopolymer stabilized BC is found at w = LL, Na>SiO3/NaOH =
70:30, L/BA = 1.0 and 28 days of curing. Figure 4 shows the effect of Na>Si03/NaOH and
L/BA ratios on the UCS of the BA geopolymer stabilized BC at w = LL. For a particular
L/BA, the UCS increases with increasing Na>SiO3/NaOH until an optimal value and then
decreases. The optimal Na;SiO3/NaOH tends to increase with increasing L/BA ratio. For
example, at L/BA = 0.5, the optimal Na>Si03/NaOH is 70:30 whereas at L/BA = 2, the
optimal Na;SiO3/NaOH 1is 70:30. Evidently, a higher BA content (lower L/BA) requires a
larger NaOH content for leaching SiO> and AlLOs; from BA for the geopolymerization

reaction.

The UCS versus L/BA relationship of 38 °C cured samples at various water contents
and curing times for a particular 7.5 molar NaOH and Na;SiO3/NaOH of 70:30 is shown in
Figure 5 to illustrate the effect of water content on optimal L/BA. The UCS for all L/BA and
water contents tested increases with curing time for all water contents tested. Typically, the

UCS increases with L/BA until the optimal L/BA due to the increase in binder content.

11
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Beyond the optimal L/BA, the UCS decreases because the excessive L/BA ratio causes the
precipitation at very early stage before poly-condensation process in geopolymerization
(Sukmak et al., 2013a and b). At w = LL, the UCS decreases significantly when L/BA is
greater than the optimal value of 1.0. Whereas at higher water content (w > LL), the UCS
gradually increases with increasing L/BA without the distinct peak even after the optimal
L/BA. The clay with higher water content needs more alkalinity to produce optimal pH
environment to dissolve silicon and aluminum in the amorphous phase of BA; hence, the

optimal L/BA tends to increase with water content.

The typical UCS development with curing time for the BA geopolymer stabilized BC
with various initial water contents, NaOH concentrations, Na>SiO3/NaOH ratios and L/BA
ratios at 30% BA is shown in Figure 6. The strength development with curing time (days) in
natural logarithmic scale can be expressed as a linear variation. The 28-day UCS was taken
for the examination of the normalized characteristic, as previously done by Horpibulsuk et al.
(2003, 2009, 2011a, 2011b, 2012b). Although the UCS values are different for different
NaOH concentrations, Na>SiO3z/NaOH ratios, L/BA ratios and water contents, the normalized
strength, UCSp/UCS3s, is essentially the same, where UCSp is the UCS at any curing time
and UCSyg is the 28-day UCS. The normalized strength of the geopolymer stabilized BC is
also compared with that of the cement stabilized clays (data from Horpibulsuk et al., 2011a)
in Figure 6. It is evident that the normalized behavior of BA geopolymer is similar to that of
cement stabilized clays and the rate of UCS development of BA geopolymer stabilized clay is
comparable with that of cement stabilized clay. The normalized UCSp/UCS2s is presented in

the form:

UCSp/UCS28 =0.268 for 3 < curing time < 28 days (1)

12
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with a high degree of correlation of 0.886. The proposed equation is useful to predict the

target UCS values for 30% BA at any curing time when 28-day UCS is known.

3.2 Strength of BA-CCR geopolymer stabilized BC

The effect of CCR content on UCS of BA-CCR geopolymer stabilized BC at various
curing times is shown in Figure 7. The UCS development is classified into three zone
(inactive, active and quasi-inert zones). For CCR content < 7%, the UCS values for all curing
times decrease with increasing CCR content while for CCR content > 12%, the UCS values
slightly increase with increasing CCR content. The CCR contents between 7 and 12% are
regarded as active zone, which significantly improves the UCS of the BA-CCR geopolymer
stabilized BC; i.e., the UCS increases approximately 1.5 times of the original value after
adding 15% CCR. The addition of a sufficient quantity of Ca** to BA based geopolymers in
the form of CCR can lead to the existence of phase separated Al-substitute calcium silicate
hydrate (C-(A)-S-H) and geopolymer (N-A-S-H) gel (Yip et al., 2005 and 2008; Granizo et
al., 2002; and Xu and Van Deventer, 2005). Ca*" is also capable of acting as charge-
balancing cation within the geopolymeric binding structure (Li et al., 2010) and provides
extra nucleation sites for precipitation of dissolved species and cause rapid hardening (Van
Deventer et al., 2007; Lee and Van Deventer, 2002). However, the role of Ca®" is more
prevalent at relatively low alkalinity condition system and the dissolution of Ca(OH) is
hindered when the OH- concentration is high. As such, the insignificant strength gain is noted

when CCR content is excessive of 12%.

The effectiveness of input CCR at room temperature (25 °C) is also illustrated by the
comparison of UCS development between the BA-CCR geopolymer stabilized BC and BA-

CCR geopolymer at two different curing temperatures (25 and 38 °C) but at the same NaOH
13
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concentration (7.5 molar), L/BA ratio (1.0), Na>xSi03/NaOH ratio (70:30) and water content
(w=LL) in Figure 8. For both BA geopolymer and BA-CCR geopolymer, the UCS increases
significantly as the temperature increases because increased temperatures enhance the
geopolymerization reaction (Suksiripattanapong et al., 2015). The UCS of BA-CCR
geopolymer stabilized BC is higher than that of the BA geopolymer stabilized BC for both
temperatures tested. It is of interest to mention that the UCS of BA-CCR geopolymer
stabilized BC at 25 °C is comparable with that of BA geopolymer stabilized BC at 38°C,

showing the effectiveness of input CCR on UCS development at room temperature.

3.3 Microstructural analysis

To confirm the results of the analysis on the development of strength, this article has
taken samples to test SEM and finds the interested issues. The completely geo-
polymerization was showed at the suitable ratio of alkaline activator. Figure 9 (a) shows the
chemical attack at some points on the surface of the BA and soil particles, which have a lot of
small spine, exposing smaller particles, whether hollow or partially filled with other yet
smaller spine from geo-polymerization. In the case of Figure 9 (b) are formed as the main

reaction Geopolymer which can produce high early strength.

3.4 Carbon footprint evaluation

The relationship between UCS and cement content at w = LL is shown in Figure 10.
The UCS increases significantly with cement content when cement content is between 3 and
30%. The carbon footprint, defined as CO»-e emitted (kg CO2-eton), of BA geopolymer and

BA-CCR geopolymer stabilized BC is calculated and compared with that of cement stabilized
14
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BC at the same UCS in Figure 11. The CO, emission calculation considered the mining,

processing and manufacturing of raw materials. Table 5 shows the mix design of cement

stabilized BC, BA geopolymer stabilized BC and BA-CCR geopolymer stabilized BC at low
to high UCS values of 400, 600 and 800 kPa. The emission factors of materials are presented

in Table 6. NaOH and BA have the highest and lowest emission factor, respectively. The
emission factor of CCR is assumed to be equal to that of BA (0.007 kg CO»-eiton), which has
the similar energy consumption, related to milling and grinding, drying, and transport. Figure
11 shows that the emission CO»-¢ values of geopolymer binders (BA, Na,SiO3 and NaOH) are
176 and 210 kg COz-etton for UCS values of 400 kPa and 600 kPa, respectively while they
are 215 and 258 kg CO»-eton for cement stabilized BC. It is evident that the emission CO»-e

of BA geopolymer stabilized BC is 22% and 23% lower than that of cement stabilized BC at

UCS of 400 kPa and 600 kPa, respectively. Whereas the CO»-e of BA-CCR geopolymer

stabilized BC was approximately 43% lower than that of cement stabilized BC at the same
UCS of 800 kPa. In other words, the reduction in carbon footprints is evident as UCS
increases. Previous research on geopolymer concrete with high compressive strength by
McLellan et al. (2011) demonstrated that typical Australian geopolymer concrete has 44-64%
reduction in greenhouse gas emissions when compared to OPC concrete. The research depicts
the advantage of BA-CCR geopolymer over Portland cement for sustainable soil

improvement in term of engineering, economic and environmental perspectives.

4. CONCLUSIONS

The paper investigates the strength development and carbon footprints of BA-CCR

geopolymer stabilized soft clay, namely soft Bangkok Clay (BC). The effects of NaOH
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concentration, L/BA content, water content, BA content, CCR content, temperature and

curing time on strength development of geopolymer stabilized BC is investigated. The

following conclusions can be drawn from this research:

1.

A higher NaOH concentration can leach higher silica and alumina from BA for
geopolymerization reaction for a particular BA content. For a particular NaOH
concentration, the higher BA content results in higher consumed silica and alumina
oxides. As such, the increase in both NaOH concentration and BA content in the
geopolymeric system at a specific Na>xSiO3/NaOH, L content and water content

improves significantly the UCS.

For a particular NaOH concentration, the optimal Na>SiO3/NaOH providing the
highest UCS is governed by L/BA; i.e., a higher BA content (lower L/BA) requires a
more higher NaOH content for leaching silica and alumina; hence, the optimal
NaxSi03/NaOH decreases with BA content. The increase in L/BA initially improves
the UCS of the BA geopolymer but when the L/BA is excessive of the optimal value,
the UCS decreases due to the precipitation at very early stage before the poly-
condensation process in geopolymer. The optimal L/BA is dependent upon the initial
water content; i.e., the optimal L/BA increases with water content as the high water
content dilutes NaOH concentration. The results show that the optimal ingredient

providing the maximum UCS for w = LL is L/BA = 1 and Na>Si03/NaOH = 70:30.

The UCS development with time of BA geopolymer with various ingredients of water
content, Na;Si03/NaOH, L/BA and NaOH concentration can be normalized by 28-day
UCS, similar to that of cement stabilized clays. The proposed normalized equation is
useful for approximating UCS at any curing time within 28 days. The proposed

equation is on sound principles and can be refined by more test data.
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. The role of CCR on UCS development in BA geopolymer stabilized BC is classified

into three zones: inactive, active and quasi-inert. The CCR contents between 7-12%
are in the active zone where significant UCS development is evident. The dissolution
of Ca(OH), concentration is hindered when CCR content exceeds the active zone. As
such, the rate of UCS development decreases in CCR increases in the quasi-inert
zone. The 12% CCR addition can improve UCS up to approximately 1.5 times of the

original value.

. The difference in CO» footprints between BA geopolymer stabilized BC and cement

stabilized BC increases as the UCS increases. The emission COz-e of BA geopolymer

stabilized BC is 22%, 23% and 43% lower than that of cement stabilized BC at UCS

of 400 kPa, 600 kPa and 800 kPa, respectively. This shows the benefit of BA-CCR

geopolymer as a green and strong binder alternative to Portland cement.
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Figure Captions
Figure 1 Grain size distribution of clay BA and CCR.
Figure 2 Effect of NaOH concentration on unconfined compressive strength.
Figure 3 Effect of BA content on unconfined compressive strength at different NaOH
contents.
Figure 4 Effect of Na,SiO3/NaOH on unconfined compressive strength at different L/BA
ratio.
Figure 5 Effect of L/BA on unconfined compressive strength at different water contents and
age.
Figure 6 Strength development with time for different NaOH, LL, ratio of Na>Si03/NaOH,
L/BA and their generalization.
Figure 7 Effect of CCR content on unconfined compressive strength.
Figure 8 Effect of temperature on strength at w = LL
Figure 9 SEM images of clay CCR-BA geopolymer at Na;SiO3:NaOH = 70:30, BA = 30%,
38°C curing after 28 days of curing.
Figure 10 Relationship between strength and cement content at w = LL.

Figure 11 Total CO»-e of cement, BA geopolymer and BA- CCR geopolymer stabilized BC

Table Captions
Table 1 Basic properties of BC.
Table 2 Chemical properties of BC, BA and CCR.
Table 3 Summary of the testing program.
Table 4 UCS test result at 7.5 molar NaOH and 30%BA. (kPa)
Table 5 Mixture proportions of cement, BA geopolymer and BA-CCR geopolymer for dry
soil of 1 ton at various strength.

Table 6 The emission factor of material.
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Table 1 Basic properties of BC.

Properties

Characteristics

Liquid limit, LL (%)
Plastic limit, PL (%)
Plasticity index, Pl %)

Grain size distribution

Organic content
Specific gravity, Gs
pH

65%
32%
33y
Clay 71%; Silt 25%
Sand 4%
2.40%

26
72

Table 2 Chemical properties of Bangkok Clay, Bagasse ash and CCR.

Chemical composition (%) BC Bagasse Ash CCR
AlO3 12.760 15.380 6.941
Si02 66.953 66.800 19.423
SO; 7.893 1.500 1.230
Cl 0.576 0.010 0.056
K20 1.387 5.500 0.721
CaO 5.642 4.000 69.660
TiO; 1.179 0.050 0.675
Cr03 0.010 0.003 0.006
MnO: 0.022 0.051 0.065
Fe203 3.523 3.600 1.041
CuO 0.026 0.005 0.030
Zn0O 0.005 0.004 N.D.
PbO 0.010 0.004 0.013
SrO 0.013 0.020 0.044
Rb20 ND. 0.004 0017
710, N.D. 0.014 0.007

N.D. =none detected



Table 3 Summary of the testing program.

Series 1 Series 2 Series 3 Series 4 Series 5 Series 6

2.5,5,7.5, 10,
NaOH (molar) 12.5.15 7.5 7.5 7.5 7.5
Naysios:NaOH ) 70:30 80:20, 70:30 70:30 70:30 70:30

60:40, 50:50
Alkaline content LBA 1 10,15,20 1 1 1
BA (%) 30 30 20, 30, 40 30 30
CCR (%) 0,3,6,9,12,15 0,12
Cement (%) 3,6,9
12, 15, 20,30

Water content of LL (%) 1.0, 15,20 10,15,20 1 1 1 1
Curing temp. ©C) 38 38 38 38 25 25
Curing time (days) 7,14, 28 7,14, 28 7 7,14, 28 7 7




Table 4 UCS test result at 7.5 molar NaOH and 30% BA (kPa), curing 38 °C

Description | Na:SiOs: 7 Days 14 Days 28 Days
NaOH L/FA L/FA L/FA
1.0 15 2.0 1.0 15 2.0 1.0 15 20
1.0LL 8020 439 248 225 2150 1120 985 6500 3152 2700
7030 694 326 277 2497 1263 1050 7185 3650 3054
60:40 597 298 239 2354 1195 990 8647 3785 3100
5050 416 230 137 2231 1020 754 5306 2506 2100




Table 5 Mixture proportions of cement, geopolymer and CCR-geopolymer binders for dry soil of 1 ton at various

strength.
Material geopolymer CCR & geopolymer Cement
400 (kPa) 600 (kPa) 800 (kPa) 400 (kPa) 600 (kPa) 800 (kPa)
Bagasse ash kg 300 300 300 - - -
Sodium hydroxide kg) 18.95 37.9 37.9 - - -
Sodium silicate (kg) 105.35 105.35 105.35 - - -
Calcium carbide Residue
- - 42 - - -
(kg)
Cement (kg) - - - 250 300 350

Table 6 The emission factor of material.

Material Emission factor (kg CO»-eton) Key References
Bagasse ash kg) 0.007 McLellan et al., 2011)
Sodium hydroxide kg) 1915 (Turner and Collins, 2013)
Sodium silicate (kg) 1514 (Turner and Collins, 2013)
Calcium carbide residue (kg 0.007

Cement (kg) 0.86 (McLellan et al,, 2011)
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Abstract

This research presents the unconfined compressive strength
of the bagasse ash geopolymer admixed in soft clay Bangkok.
The study on varies according to variables to find the possibility
of using geopolymer improvement soft soil instead of using
cement. Bagasse ash (BA), an industrial by-product, was used as
a precursor of geopolymer. A mixture of sodium hydroxide
(NaOH) and sodium silicate (Na,SiO;) was used as a liquid
alkaline activator. This research was studied the suitable ratio
between alkaline activator and sodium hydroxide concentration.
The soil moisture content at the liquid limit and bagasse ash
content at 30% per weight of dry soil were used in this research.
The study found the highest 28 days unconfined compressive

strength at the ratio of sodium hydroxide to sodium silicate at

60:40, the sodium hydroxide concentration at 7.5 molars,

bagasse ash content at 30% and Liquid Limit (LL) of soil.

Keywords: Soft clay, Bagasse ash, Unconfined compressive

strength, Geopolymer.
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