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ABSTRACT
MIX OPTIMIZATION AND EXPERIMENTAL EVALUATION OF
LIGHTWEIGHT GEOPOLYMER MORTARS

OLEIWI, Safie Mahdi Oleiwi
Ph.D. in Civil Engineering
Supervisor: Assoc. Prof. Dr. Kasim MERMERDAS
March 2017, 163 pages

The main purpose of this thesis is to propose a comprehensive procedure to obtain
optimum mixture proportions for lightweight geopolymer mortar (LWGM) through
experimental evaluation and analytical optimization method. In the first stage of the
study, the effect of binder content, curing temperature and curing time on the
compressive strength of LWGM were investigated. The base materials used for
LWGM are ground granulated blast furnace slag (GGBFS) and fly ash (FA). The
main components of LWGM are lightweight pumice aggregate and alkali activated
FA or GGBFS binder. Effectiveness of aforementioned parameters was examined in
terms of variation of the compressive strengths of LWGMs. The experiments were
performed on LWGM cubes under curing temperatures of 60, 80, 100 and 120 °C
with curing period of 2, 6, 8, 24, 48 and 72 h. The alkaline activator is a mix of 12 M
NaOH solution with sodium silicate in ratio of 1:2.5. The ratio of alkaline solution to
binder was taken as 0.50. 7 binder contents were taken between 650 to 1250 kg/m?
with 100 kg/m® increment. Full factorial experimental program was adopted to
observe compressive strength development of LWGMs. Therefore, 336 data samples
were obtained. The second stage of the study is to optimize those experimental
parameters through response surface method (RSM). Test results indicate that the
increment in the binder content increases the compressive strength of LWGM. The
strength increases with the increase of curing temperature and curing period of
LWGM. The experimental verification indicated a good agreement with optimized
results. The third stage of the study is to examine the effect of different sodium
hydroxide concentration and sodium silicate to sodium hydroxide (Na,;SiOs/NaOH)
ratio on the workability and strength properties of LWGMs. Moreover, this stage
covers another optimization study by RSM. The experiments were performed on
LWGM cubes under curing temperatures and curing periods obtained from
optimization study in the second stage. The alkaline activator is a mix of 8, 10, 12
and 14 M NaOH solutions with sodium silicate in ratio of 1:0.5, 1:1, 1:1.5, 1:2 and
1:2.5. The ratio of alkaline solution to binder was taken as 0.50. A fixed binder
contents were taken 950 kg/m® for the base materials. Test results indicate that the
increment in the Na,SiO3/NaOH ratio up to an optimum value increases the strength
and decreases water absorption of LWGM. The increment in NaOH concentration
from 8 to 14 M increases the strength and decreases water absorption of LWGM. The
strength of GGBFS-based LWGM with different NaOH concentration and
Na,SiO3/NaOH ratio is greater than that of FA-based LWGM.

Keywords: Curing regime, Geopolymer, Fly ash, Compressive strength, Lightweight
mortar, Response surface method, Optimization



OZET

HAFIiF GEOPOLIMER HARCLARIN DENEYSEL OLARAK
INCELENMESI VE KARISIM OPTIMIZASYONU

OLEIWI, Safie Mahdi Oleiwi
Ingaat Muhendisligi Doktora Tezi
Danmsman: Dog¢. Dr. Kasim MERMERDAS
Mart 2017, 163 sayfa

Bu tezin temel amaci, deneysel degerlendirme ve analitik optimizasyon teknigi ile
hafif geopolimer har¢ (HGH) i¢in optimum karisim oranlarini elde etmek igin
kapsamli bir yontem Onermektir. Calismanin ilk asamasinda, baglayici igeriginin,
kirleme sicakligmin ve kirleme suresinin HGH'min basing dayanimina etkisi
arastirildi. Geopolimer baglayici i¢in kullanilan ana malzemeler, 6giitiilmiis yliksek
firin ciirufu (YFC) ve ucucu kildir (UK). HGH'nin ana bilesenleri hafif pomza
agregas1t ve alkali ile aktive edilmis UK veya YFC baglayicisidir. Bahsedilen
parametrelerin etkinligi, HGH'lerin basing dayanimlarinin degisimi acisindan
incelenmistir. Deneyler 2, 6, 8, 24, 48 ve 72 saatlik kir periyodu ile 60, 80, 100 ve
120 °C’lik kiir sicakliklarinda HGH kiipleri iizerinde gerceklestirilmistir. Alkali
aktivator, 12 M NaOH c¢o0zeltisinin 1:2.5 oraninda sodyum silikat ile karisimidir.
Alkali ¢ozeltisinin baglayiciya oran1 0.50 olarak almmustir. 7 baglayici icerigi 650
kg/m? ila 1250 kg/m?® arasinda 100 kg/m? artigla alinmustir. Tam faktoriyel deneysel
bir program HGH'lerin basing dayanimi gelisimini gézlemlemek i¢in uygulanmistir,
Bu nedenle, 336 veri 6rnegi elde edilmistir. Calismanin ikinci asamasi tepki ylizey
metodu (TYM) ile bu deneysel parametreleri optimize etmektir. Test sonuclar:
baglayici igeriginin artis1 ile HGH basing dayaniminin arttigini gostermektedir.
HGH'nin dayaniminin kirleme siresi ve sicakhiginin artmasiyla arttigi tespit
edilmistir. Deneysel dogrulama, optimize edilmis sonuglarla iyi bir uyum oldugunu
gostermektedir. Calismanin ti¢lincii asamasi, farkli sodyum hidroksit konsantrasyonu
ve sodyum silikatin sodyum hidroksit (Na,SiO3/NaOH) oraninin HGH'lerin
islenebilirligi ve mukavemet O&zelliklerine olan etkisini incelemektir. Ayrica
calismanin bu asamasinda TYM kullanilarak baska bir optimizasyon c¢alismasi da
verilmistir. Bu asamadaki deneyler, ikinci asamadaki optimizasyon g¢alismasindan
elde edilen kiirleme sicakliklar1 ve kirleme sureleri alinarak HGH kupleri Gzerinde
gerceklestirilmistir. Alkali aktivator 8, 10, 12 ve 14 M NaOH sollsyonunun 1:0.5,
1:1, 1:1.5, 1:2 ve 1:2.5 oraninda sodyum silikat ile karisimidir. Taban malzemeleri
i¢in sabit bir baglayici igerigi 950 kg/m3 alinmistir. Test sonuglari, optimum degere
kadar Na,SiO3/NaOH oranindaki artisin dayanimi artiracagimi ve HGH'nin su
emilimini azalttigin1 gostermektedir. NaOH konsantrasyonunun 8'den 14 M degerine
¢ikmast HGH'nin mukavemetini arttirir ve su emmesini azaltir. Farkli NaOH
konsantrasyonuna ve Na,SiO3/NaOH oranina sahip YFC tabanli HGH'nin
mukavemeti, UK esasli HGH'den daha yuksektir.

Anahtar Kelimeler: Kur rejimi, Geopolimer, Ugucu kil, Basing dayanimi, Hafif
harg, Tepki ylzeyi yontemi, Optimizasyon
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CHAPTER 1
INTRODUCTION
1.1 General

The huge demand for concrete using Ordinary Portland Cement (OPC) has resulted
in high volume of carbon dioxide (CO,) emission, and lead to ecological imbalance
due to continuous depletion of natural resources. The reality of air pollution through
CO; emission into the atmosphere from the production of cement is well known. The
contribution of OPC manufacturing to greenhouse gas emission is approximated as
6% of the total greenhouse gas emissions (Davidovits, 1995)

It is very important to develop alternative binders to minimize the carbon footprint of
the construction industries and to utilize the industrial by-product materials.
geopolymer (GP), a new environment friendly inorganic binder, is a developed
alternative binder for concrete that utilizes industrial by-products. The geopolymer
binder is produced by the reaction between the base materials which are affluent with
silicon and aluminum with the alkaline solution. Many base materials such as FA,
metakaolin and GGBFS could be utilized to produce GP. Blast furnace slag mixed
with FA could also be used as base material for GP. Rice husk ash can be considered
as base material as well. Product of the reaction between the base materials and the
alkaline solution is the geopolymer concrete which bonds the concrete ingredients
together.

The most commonly used source materials of these aluminosilicate binders are fly
ash and ground granulated blast furnace slag, because of the presence of soluble
silica and alumina species. When mixed with alkaline activators, these materials set
and harden, delivering a material with very effective binding properties.

A huge amount of fly ash, produced by coal-fired power stations, could be used
efficiently in manufacturing of geopolymer to minimize the carbon footprint of

concrete productions. GGBFS is another waste material that is abundant worldwide.



GBFS is a by-product of the metallurgical industry and consists chiefly of lime and
calcium—magnesium aluminosilicates.

The use of GGBFS as cement replacement material in geopolymer concrete reduces
the CO, emission. Table 1.1 shows the comparison of CO, emission between the
OPC and GGBFS and it shows that one ton of GGBFS releases only about 70 kg of
CO, while it is 970 kg for OPC, the CO, emission of GGBFS is only 7 % of that of
OPC for the same quantity of material produced (Islam et al. 2014).

The source materials, activating alkali, and the curing regime are the most influential
factors on the properties of the resulting product. The focus of this study touches on
all these aspects, by exploring the influence of binder content (fly ash, slag, or both),
the effect of the alkali concentration of Sodium hydroxide and percentage of

hydroxide to silicates moreover, the influence of curing regime.

Table 1.1 CO, emissions for OPC and blast furnace slag (Islam et al., 2014)

CO, emission/t OPC (kg) | CO, emission/t GGBFS (kg)
Calcination of CaCO; 540 0
Fossil fuel (coal) 340 20 (drying)
Electricity generation 90 50
Total 970 70

1.2 Objectives and Scope of the Work

In this study, an experimental research was conducted to explore the effects of curing
temperature levels and various curing periods on compressive strength of
geopolymer based lightweight mortars. Two popular by-products, FA and GGBFS,
were selected as base materials for alkali activation. Alkaline activator is a mix of
Na,SiO3; and NaOH solutions. Benefiting from the available technical literature back
ground, comprehensive ranges of curing temperatures and curing times were
assigned for geopolymerization process. The performance criterion was selected as
compressive strength of the mortars. The effects of binder content, curing
temperature and curing duration on the compressive strength of LWGM were
investigated. Furthermore, the optimization study on the parameters of binder

content, curing temperature and curing time were conducted using response surface
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method (RSM) to provide the maximized compressive strength for the LWGMs
incorporated with FA and GGBFS.

The purpose of this work is to produce new binding material (geopolymer) that can
bind components of light weight mortar (pumice and crushed limestone) instead of
Portland cement depending on local materials (GGBFS and FA).

This was accomplished by studying:

a) The effects of different binder content, binder type, curing temperature and
curing duration on the compressive strength of LWGM samples.

b) Identification and evaluation of the optimum compressive strength with
minimum curing time and curing temperature of LWGMs.

c) The short-term engineering properties of fresh and hardened fly ash and
ground granulated blast furnace slag -based geopolymer mortars after
optimized test parameters.

d) The effect of sodium hydroxide concentration and SS/SH ratios on
properties of LWGM. Additionally, the response surface method (RSM) is
adopted in this study to optimize the parameters considered in the
experimental analysis presented.

1.3 Thesis Layout

The thesis divides into eight chapters:

1. Chapter 1 presents an introduction to the subject and the objectives of this work.

2. Chapter 2 includes a literature review of previous researches on geopolymer
mortar.

3. Chapter 3 deals with the materials mix proportions, methods of testing and
experimental program details.

4. Chapter 4 discusses the findings of the studies with respect to the influence of
binder content, curing temperature and curing duration on the compressive strength
of light-weight geopolymer mortar (LWGM).

5. Chapter 5 includes the optimization by RSM and verification of optimum curing
period and curing temperature on the compressive strength of GGBFS and FA based

geopolymer mortar, including sorptivity, water absorption.



6. Chapter 6 discusses the findings of the studies with respect to the influence of
NaOH concentration and Na,SiO3;: NaOH ratio on the strength and absorption of
LWGM. Moreover, this chapter covers another optimization study by RSM to
evaluate the optimum values of above mentioned parameters.

7. Chapter 7 reports the study of the statistical analysis and modeling of test results.
8. Chapter 8 introduces the conclusions derived from this study and

recommendations for further research work.



CHAPTER 2
LITERATURE REVIEW
2.1 Introduction

Portland cement production increases global greenhouse gas emissions through the
calcination of clinker in coal heated furnaces. Traditionally, reduction in cement
consumption has been attained by the use of industrial by products such as fly ash
and ground granulated blast furnace slag (GGBFS) as partial cement replacement
materials. Nowadays with the increasing importance on sustainability, researchers
have tried to use industrial by-products such as fly ash and slag as the sole binding
material in concretes instead of partial replacement of ordinary Portland cement.
Alkali activated binder concretes, also known as geopolymer concretes is a result of
this approach. Due to their excellent mechanical properties, the use of geopolymeric
materials in construction is gaining importance. This class of materials was originally
developed in France in the 1980’s as the result of a search to develop new fire
resistant building materials. In order to effectively apply these composites as
engineering resources, it is essential to understand the properties, microstructure and
performance characteristics of these materials. Numerous studies have been
conducted over the last few decades to determine the composition-microstructure-
property relationships in such systems. This research will assist in a better
understanding of the material and provide valuable information to adapt the material

for specific applications in the infrastructure sector.



2.2 Mechanism of Geopolymerization

Geopolymerization is an exothermic polycondensation reaction involving alkali
activation by a cation in solution. Glukhovsky (1994) suggests a model of alkali
activated mechanism for the material having silica and alumina. This model was
divided into three steps of geopolymerization:

a) destruction—coagulation.

(b) coagulation—condensation.

(c) condensation—crystallization.

Figure 2.1 presents a highly simplified model of reaction mechanisms including
converting solid particles to the gel by using high alkaline solution (Duxson et al.,
2007).

Dissolution of the solid aluminosilicate source by the alkaline hydrolysis produces
aluminate and silicate species .It starts when Si-Al from raw materials contacts
alkaline solution, to produce Si and Al species, allowing for an ionic interface
between species and breaking the covalent bonds to liberate the silicon, aluminum
and oxygen atoms (Petermann, et al., 2010). Similar to OPC reactions, this step
usually generates rapid and intense heat, and is directly proportional to the pH level
and concentration of the activating solutions. The rate of dissolution is also a
function of the amount and composition of the source material and pH of the

activating solution (Fernandez-Jiménez, et al., 2006).

Once dissolution is complete, the species released are incorporated into the aqueous
phase, which may already contain free silicate from the activating solutions,
providing a complete mixture of silicate, aluminate and aluminosilicate species.
When activating solutions with a high pH are used, the dissolution is rapid and
creates a supersaturated aluminosilicate solution. When the concentration reaches a
substantial level, a gel starts to form as the oligomers in the aqueous phase form
large networks consisting of Si-O-Al-O bonds through condensation. At this stage,
water that was consumed during dissolution is released and plays the role of a
reaction facilitator, residing within the pores of the gel. The formed gel is initially
aluminum-rich and contains alkaline cations that compensate for the deficit charges

produced with the aluminum-for-silicon substitution (Petermann, et al., 2010).



After gelation, the system continues to rearrange and reorganize as the connectivity
of the gel network increases, resulting in a three-dimensional aluminosilicate
network, as represented in Figure 2.1 with the presence of multiple “gel stages”.
(Duxson et al., 2007).
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Figure 2.1 Geopolymerization process (Duxson et al., 2007).




2.3 Structure of Geopolymer

Structure of geopolymer is a poly (sialate) network consisting of silica (SiO;) and
alumina (Al,O;) tetrahedral connected together by sharing oxygen atoms (figure 2-
3). Sialate is an abbreviation for silicon-oxo-aluminate (Si-O-Al) which form the
basic polymeric precursor product (Davidovits, 2011; Bondar, 2013). Structure of the
polymeric precursor formed depends on the ratio of silica to alumina (Si/Al) in the
starting materials and can be classified according to this ratio:

a. sialite, poly (sialite) Si:Al =1

b. sialate-siloxo, poly (sialate-siloxo) Si:Al = 2

c. sialate-disiloxo, poly (sialate-disiloxo) Si:Al =3

d. Sialate link, poly (sialate-multisiloxo) (Si:Al >3)

Figure 2.2 shows an illustration of the four polymeric structures that form

geopolymer.
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Figure 2.2 Polymeric precursor that form geopolymer (Davidovits, 2011).



2.4 Materials of Geopolymer Mortar
2.4.1 Alkali Activation of Fly Ash

Fly ash is a by-product of coal combustion, generally captured by electrostatic
precipitators before the flue gases reach the chimneys of thermal power plants. It is
the preferred supplementary cementitious material and has extensively been used to
replace part of cement in concrete. Unused fly ash is usually disposed into landfills
contributing to soil, water and air pollution (Duxon et al., 2007). Fly ash is usually
classified as low-Ca fly ash or Class F fly ash and high Ca - FA or Class C fly ash.
Class F fly ash is generally preferred for synthesis of GP concretes due to the high
availability of reactive silica and alumina. Alkali activation of FA takes place
through an exothermic reaction with dissolution during which the covalent bonds (Si-

O-Si and Al-O-Al) in the glassy phase pass through the solution.

Reaction product

Figure 2.3 Mechanism of gel formations in alkali activated fly ash binder

(Fernandez-Jimenez et al., 2005).

The products generated from dissolution start to accumulate for a certain period of
time (called the induction period) during which the heat release is really low.

Isothermal calorimetric studies (explained in a forthcoming section) are used to
distinguish the extent of the induction period in systems proportioned using different
activator and binder types, concentration, and dosages. A condensation of the

structure is produced (a highly exothermal stage), which involves the creation of a
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cementitious material with a poorly ordered structure, but high mechanical strength.
The product is an amorphous alkali aluminosilicate gel having a structure similar to
that of zeolitic precursors. This formation of reaction product as a layer around the
fly ash particles is explained as the mechanism of geopolymerization and is depicted
in Figure 2.3. Most research reveals that the activation of fly ash with alkalis requires
heat curing to gain reasonable mechanical properties. The type of solution used for
the activation of the fly ash is essential in the development of reactions. When the
alkali solution contains soluble silicates (sodium or potassium silicate), the reactions
occur at a higher rates than when hydroxides are used as the activators.

2.2.2 Alkali Activation of Slag

The aluminosilicates reaction mechanism containing a calcium bearing compound is
different than the geopolymeric reaction as illustrated in the previous section. It was
reported that the type of calcium bearing compound in the starting material is playing
a major role in the alkali activation of the materials. An example of such is the alkali
activation of slag. Alkalis first attack the slag particles breaking the outer layer and
then a polycondensation of reaction products takes place. Wang et al. (1995)
proposed that though the initial reaction products form due to dissolution and
precipitation, at later ages, a solid state mechanism is followed where the reaction
takes place on the surface of the formed particles, dominated by slow diffusion of the
ionic species into the unreacted core. Alkali cation (R") acts as a mere catalyst for the
reaction in the initial stages of hydration as shown in the following equations, via

cation exchange with the Ca ** ions (Glukhovsky, 1994).

=Si-O- + R" — =Si-O-R (2.1)
=Si-O-R + OH- — =Si-O-R-OH" (2.2)
=Si-O-R-OH- + Ca ¥ — =Si-O-Ca-OH + R" (2.3)

The alkaline cations act as structure creators. The nature of the anion in the solution
also plays a determining role in activation, particularly in early ages and especially
with regard to paste setting (Fernandez-Jiménez and Puertas, 2001; Fernandez-

Jiménez and Puertas, 2003).
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2.4.3 Sodium Hydroxide, NaOH

Sodium hydroxide is the most commonly used alkali hydroxides in the production of
geopolymer, due to its low price and wide availability of the alkali hydroxides. The
concentration of sodium hydroxide is a significant factorin controlling the leaching
of alumina and silica from source material particles, subsequent geopolymerization
and mechanical properties of hardened geopolymer.

Hanjitsuwan et al. (2014) studied the effect of NaOH concentrations on high calcium
FA geopolymer pastes. NaOH concentrations effect on geopolymer pastes was
investigated using different concentration of NaOH (8, 10, 12, 14, 16 and 18M).
Compressive strength of geopolymer cement increased with increasing NaOH
concentration for 7 days age specimen. There results indicated in Figure 2.4, show
that the compressive strength increases with NaOH concentration up to the studied
value of 18 M.

RPN
4 4 4
SEPEDE] ENEIES
£ & 4 % 4 4
SERENE EREIE
50 4 Le e 5, Fe, 1,
£ 4 4 £ 4 4 4 4 %
BN RN EE
£ 4 4 £ & 4 % 4 4
— EBERENE SERENE EREIE
— £ % % 4 £ % % €% % fo_% 4 %
= pEILILD L Fe?e?s® IEPLIEN
By Ca EE ERERE ETE EEE
L £ & & 4 £ 4 4 £ & % £ & %
- EBERENE ERENE EBERENE SEENE EREE
. 40 25255 40,49 25,54 L4 6%, £ %04
4 4 4 £ 4 4 4 £ 4 4 £ 4 4 4 4 4
EBERENE EREN ERERENE NN EREE
= 4 & 4 £ 4 % 4 £ 4 4 £ & % ]
= EDERENE EREN EBEIENE SERENE ENEE
=L 250 NSNS 250 et Fafafpt
g I SO Ry Lest, [oe.e.e
= L £ & & 4 £ 4 4 £ & % £ & %
1™ EBEDEDE EBEIE EBERERE Y EDEDE]
1-13[]_ L £ % % 4 £ % % L o & <
o BN PO BN RN EE
4 4 4 £ 4 4 4 £ 4 4 £ 4 4 4 4 4
u EBERENE EREN ERERENE NN EREE
= 4 & 4 £ 4 % 4 £ 4 4 £ & % ]
ERERERE ERERE EREIERE N ERERE
- L £ 4 4 4 £ 4 4 £ 4 4 4 4 %
w BN PO BN RN EE
e 4 % 4 £ 4 4 4 £ 4 4 £ & 4 % 4 4
2 EBERENE ERENE EBERENE SERENE EREIE
= L £ % % 4 £ % % €% % fo_% 4 %
20 Lt pEILILD L Fe?e?s® IEPLIEN
2 < 2200 244 25 %4 biatats 254
g Telele] eleld Teraed] [eleoe rerele
- 4 & 4 £ 4 % 4 £ 4 4 £ & % ]
= ERERERE ERERE EREIERE N ERERE
[} 4 4 4 £ 4 4 4 £ 4 4 £ 4 4 4 4 4
(- EBERCIE EREN ENEIEIE R ENEIES
4 % 4 £ 4 4 4 £ 4 4 £ & 4 % 4 4
EBERENE ERENE EBERENE SERENE EREIE
L £ % % 4 £ % % €% % fo_% 4 %
EBEREE ERENE BN SEPEN EREIE
lﬂ_ LI £ 4 4 4 £ 4 4 £ 4 4 4 4 4
EBERENE EREN ERERENE NN EREE
L £ & & 4 £ 4 4 £ & % £ & %
EDEDENE EBENE EBEIENE SERENE ENEE
L £ % % 4 £ % % L o & <
BN PO BN RN EE
4 4 4 £ 4 4 4 £ 4 4 £ 4 4 4 4 4
EBERENE EREN ERERENE NN EREE
4 & 4 £ 4 % 4 £ 4 4 £ & % ]
ERERERE ERERE EREIERE N ERERE
L £ 4 4 4 £ 4 4 £ 44 s 4 %

0 T T T T 1
G8 G10 Gl2 Gl35 GI8

NaOH concentration

Figure 2.4 Compressive strength of FAGP with various NaOH concentrations
(Hanjitsuwan et al., 2014).
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Somna et al. (2011) reported the effect of NaOH concentration on properties of
Ground fly ash (GFA), with a median particle size of 10.5 Im, was used as source
material. The mass ratio of the solid material and liquid activator for the geosynthetic
reaction is optimized as 3.3:1. The NaOH solution was used as an alkali activator.
When concentration of NaOH increasing from 4.5 to 14 mol /L the compressive
strength increased. The explanation is that NaOH solution has the ability to dissolve
surface layer of GFA particulates, with the increase of NaOH concentration beyond
this point resulted in a reduction in the paste strength due to early precipitation of
aluminosilicate products. Figure 2.5 illustrates more details.
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Figure 2.5 Relation between NaOH concentrations (Molar) with compressive
strength at 60 days (Somna et al., 2011).
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2.4.3 Sodium Silicate, Na,SiO3

Sodium silicates manufactured by fusing sand (SiO,) with sodium or potassium
carbonates (Na,CO3 or K,CO3) at temperatures ranging from 1100 to 1200°C and
using steam pressure for dissolving the product to produce water glass (Jimenez et
al., 2005).

Sodium silicate is usually mixed with sodium hydroxide to enhance its alkalinity to
ensure increased dissolution and product formation. Sodium silicate is rarely used
alone due to its weak ability to initiate reaction.

Yahya et al. (2015) studied the effect of Na,SiOs/NaOH and solid/liquid ratios on
compressive strength of Palm Oil Boiler Ash (POBA) based GP. The geopolymer
samples were prepared with different S/L ratios (0.5, 1.0, 1.25, and 1.75) and SS/SH
ratios (0.5, 1.0, 1.5, 2.0, and 3.0). The maximum compressive strength obtained with
SS/SH and S/L ratio equal to 2.5 and 1.5, respectively. Figure 2.6 shows more
details.
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Figure 2.6 Effect of SS/SH and S/L ratio on compressive strength (Yahya et al.,
2015).
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Helmy (2016) studied the effect of two types of sodium silicate (low viscous and
high viscous) on the fly ash geopolymer mortar compressive strength with different
NaOH concentrations (8, 12 and 16M). For each NaOH concentration, the
compressive strength increased as the total number of curing hours increased for both
types of sodium silicate. At the end of any curing step specimens with low viscous
sodium silicate showed lowering compressive strength as compared with high
viscous sodium silicate at the same NaOH concentration (12M, 14 and 16M). This
indicates that high viscous type sodium silicate is suitable for all molarity NaOH,
because the low viscous sodium silicate having Na,O /SiO, and SiO2/Al,03 less than

high viscous Sodium silicate, Figure 2.7 shows more details.
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Figure 2.7 Compressive strength at different ages (Helmy, 2016).

Morsy et al. (2014) studied the effect of sodium silicate to sodium hydroxide ratios
of 0.5, 1.0, 1.5, 2.0 and 2.5 on strength of fly ash geopolymer mortar. Maximum
compressive strength value is reached when the ratio is 1.0, then the strength
reduced. Table 2.1 shows compressive strength value at different ratios of
Na,SiO3/NaOH.
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Table 2.1 Effect of Na,SiO3/NaOH ratio on compressive strength (Morsy et al.,

2014).
Mixes | NaySiOz/NaOH | Compressive strength MPa. at 3days
Ml 0.5 34.7
M2 1.0 61.6
M3 1.5 40.4
M4 2.0 40.5
M5 2.5 22.3

Patcharapol et al. (2015) studied the effect of sodium silicate to sodium hydroxide
ratio on compressive strength and density of lightweight high calcium fly ash
geopolymer concrete. By increasing this ratio from 0.33 to 1.00, compressive
strength increased to reach to the maximum. The sodium silicate to Sodium
hydroxide ratio is 1.00, it causes increasing geopolymerization rate of geopolymer
concrete due to the increased silica content of mixture. However, when the sodium
silicate to sodium hydroxide ratio was increased to 1.5, the strength started to drop
due to the difficulty in compaction Figure 2.8 shows compressive strength and
density at different ratios of Na,SiO3/NaOH.
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Figure 2.8 Compressive strength and density at different ratios of Na,SiOs/NaOH
(Patcharapol, 2015)
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2.5 Mixing Geopolymer Mortar

There is not yet a standard method for mixing geopolymer components, and effect of
mixing on its properties.

Huseien et al. (2016) used a procedure for mixing geopolymer mortar. It includes dry
mixing of waste materials (FA, POFA and GBFS) homogenously in pan mixer, then
fine aggregate added and mixed well. The alkaline liquid was prepared and mixed
together before 24 hours, and then the liquid is added to solid components and mixed
for another four minutes. The GPMs were synthesized by hand to achieve a
homogeneous.

Helmy (2016) mentioned a procedure for mixing geopolymer mortar by using Fly
ash. Mixing, the alkaline liquid activator and Fly ash to form the binder for 1.5 to 2
min in a pan mixer, then sand is added and mixed for at least 2 min or until a
homogenous mortar mixture is formed.

Gorhan and Kurklu (2014) reported a new method for mixing fly ash geopolymer
mortar, which include mixing fly ash powder with NaOH for 3 min to allow leaching
of ions. Then sodium silicate solution was added to the mixture and mixed for 1 min.
lastly, sand was added to the mixture and mixed for 3 min.

Patcharapol et al. (2015) stated mixing procedure for fly ash geopolymer concrete.
The fly ash and NaOH solution are mixed in a pan mixer together for five minutes,
then the Sand is added and mixed for another four minutes. After that, sodium
silicate solution is added and mixed for five minutes, followed by added coarse

aggregate and mixed for 1.5 min.

2.6 Curing of Geopolymer Mortar

The effect of curing temperatures on geopolymer behavior has been studied by many
researchers. Heating is used to accelerate the geopolymerization reaction. Generally,
high temperature curing is usually recommended.

Sindhunata et al. (2006) investigated the effect of curing temperatures on
geopolymerization, they found that increasing the temperature from 30 to 50°C
lowers the setting time and raises the nucleation rates and polycondensation of GP.
Moreover, it has been observed that the ratio of silicon to aluminum decreased from

50 to 75°C, which indicate that the reactivity is low at 75°C comparing with 50°C.
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Hardjito et al. (2008) studied the effect of curing temperature on the
geopolymerization process of FA-based GP. They found that the elevated curing
temperature accelerates the hardening of geopolymer mortar and increases the rate of
geopolymerization process. However, above some critical elevated temperatures
levels deterioration of compressive strength of geopolymer mortar can be observed.
Gorhan and Kurklu (2014) studied the effect of curing temperature and curing time
for Class F fly ash based geopolymer on the development of compressive strength.
The specimens were cured at temperatures (65 and 80°C) using electrical oven for 2,
5, and 24hr and then kept at ambient temperature 20°C until the 7 day of testing. The
compressive strength values of 21.3 MPa and 22 MPa were obtained from the sample
cured at 65°C and from the sample cured at 85°C, respectively.

The influence of curing time at elevated temperatures on strength show that by
increasing time of curing leads to accelerate the developing strength at 24 hours.
Strength development of geopolymer cured at 65 and 80°C is too close. As shown in

Figure 2.9.
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Figure 2.9 The compressive strength of geopolymer mortars (Goérhan and Kurkl,
2014).

Mijarsh et al. (2015) reported the effect of curing temperatures of 65, 75 and 85 °C,
for one day on compressive strength development of different geopolymer mortar the
samples were keeping at ambient at 27°C temperature till the day of testing.
Geopolymer mortar manufacturing by using treated palm oil fuel ash (TPOFA), they
found that both curing time and curing temperature played a very important role in
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compressive strength development. By increasing the temperature to 85°C, the initial
compressive strength was increased, when compared to the temperatures 65 and 75
°C. However, for mixtures cured at 85°C for 28 days curing time, the compressive
strength was lower than those cured at 65 and 75°C. The result of the compressive
strength development at 28 days indicated that the best curing temperature was 75°C
as shown in figure 2.10. The reduction in compressive strength by increased curing

temperature for longer period time may be because of weakening the structure.
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Figure 2.10 Effect of curing temperature on fc development (Mijarsh et al., 2015).

Salih et al. (2015) studied the effect of curing conditions on strength of palm oil fuel
ash paste. Two types of curing are used in this research: ambient curing at 25- 30°C
and hot curing (in oven at 60°C, 70°C and 80°C for duration of 2 h). The compressive
strength at 7days for ambient curing specimens was almost 15.8%, 17%, and 15%
lower than that of oven cured specimens at 60°C, 70°C, and 80°C, respectively, this
is attributable to a higher degree of geopolymerization due to heat which may

increase the amount of reaction products. Figure 2.11 shows more details.
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Figure 2.11 Effect of curing type on compressive strength (Salih et al., 2015).

Huseien et al. (2016) studied the effect of curing temperature and calcium content on
geopolymer mortars. The specimens were cured at temperatures (27 °C ambient
temperature, 60 °C and 90 °C) with curing periods 24 hours, then the specimens kept
at room temperature with 21°C until testing day (1, ,7 and 28 day). They found that
compressive strength increase to 38.9, 46.3 and 50.0 MPa with increasing curing
temperatures at 27, 60 °C and 90 °C, respectively. The binder activated with high
amount of calcium showed lower strength at higher curing temperature compared
with the strength results of samples cured at ambient temperature The degradation in
compressive strength occurred when increasing curing temperature led to the GPM
microstructure much coarser, Porous with many cracks. Figure 2.12 illustrates

compressive strength with different Ca/ Si ratio and curing temperature.
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Figure 2.12 Effect of Ca/Si on compressive strength at different curing temperatures
(Huseien et al., 2016).

Al Bakri et al. (2012) reported the effect of curing time and curing temperature on
compressive strength of fly ash based geopolymer concrete. When curing
temperature and time increase, compressive strength increases. The maximum
strength value optioned with curing temperatures range from 60 - 90°C within a
period from 24 - 72 hours.
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2.7 Mechanical Properties of Geopolymer Mortar

2.7.1 Compressive Strength

Compressive strength is the most common property used to describe a concrete.
Since other properties of concrete often correlate well with the compressive strength,
it is used as an indicator of the other mechanical properties.

Hardjito and Fung (2010) studied the effect of bottom ash content on the
compressive strength of fly based geopolymer mortar. The specimens are cured at 60
°C for 24 hours then kept in room temperature at 25°C to the day of testing. They
found 10% of river sand can be replaced by bottom ash as fine aggregates in fly ash-
based geopolymer mortar without any significant decrease in compressive strength.
Further the compressive strength decreased with increase in bottom ash content. This
refers to the higher porosity of the bottom ash caused the lower compressive strength
to the geopolymer mortar. Also they found that the compressive strength of fly based
geopolymer mortar at 7 and 28 days are very close. Figure 2.13 illustrate the effect of

replaced river sand by bottom ash on compressive strength.
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Figure 2.13 Effect of Bottom Ash content on geopolymer compressive strength at 7
days and 28 days (Hardjito and Fung, 2010).

21



Sinha et al. (2013) synthesis fly ash, bottom ash and granulated blast furnace slag
(GBFS) with alkaline liquid. The alkaline liquid that been used in geopolymerisation
is the combination of sodium hydroxide (NaOH) and sodium metasilicate (Na,SiO3).
The specimens cured for 24hrs at 60°C with different percent of Si/Al ratios (2, 2.5
and 3) and NaOH (4, 6 and 8%). At Si/Al ratio 3 and alkali 8%, highest compressive
strength was found for both Si/Al ratio and NaOH (alkali) as compared with other
ratios. In general higher concentration of reactive Si in the geopolymerisation
process typically leads to a higher compressive strength. With increase in NaOH %,
the peak intensity of crystalline phases decreased. This is probably enhanced
dissolution of crystalline peaks in higher alkali concentration. Figure 2.14 illustrates

compressive strength with different Si/Al ratio and NaOH (alkali) %.
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Figure 2.14 Relationship between compressive strength and Si/Al ratio with different
percent of alkali %. (Sinha et al., 2013).

Manware et al. (2016) studied the effect of molarity, Na,SiO3/NaOH, and curing time
on compressive strength of fly ash geopolymer mortar. The specimens used were
(70.6x70.6x70.6 mm) cubes cured at 60°C for three different duration 24h, 48h, and

72 hours in hot air oven and tested at 7 days age.. They found that compressive
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strength increase with increasing concentration of sodium hydroxide in alkaline
solution and curing time. Table 2.2 shows effect of NaOH molarity and curing time

on compressive strength of geopolymer mortar.

Table 2.2 Compressive strength at different molarity and curing time (Manware et

al., 2016).
NaOH Na,SiO3z/NaOH | Compressive strength for different
concentration durations (MPa)
24 hrs 48 hrs 72 hrs
(molar)
6 0.5 12.43 15.1 15.65
8 1.0 14.52 18.25 19,20
10 15 19.82 21.38 22.86
12 2.0 24.12 28.72 30.32
14 2.5 25.6 30.10 33.18

Islam et al. (2014) studied the effect of GGBFS mixed with palm oil fuel ash (POFA)
and FA on the compressive strength of the geopolymer mortar. The specimens cured
in an oven at 65°C for 24 h. and tested at7, 14, 21 and 28 days ages. The compressive
strength increased by increasing GGBFS content till 70 percent, then reduction in
strength occur by increasing GGBFS content, also the addition of POFA up to 30%
with GGBS produced the highest strength and hence it is recommended for strength
beyond 60 MPa. Figure 2.15 illustrates compressive strength with different GGBFS

content.
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Figure 2.15 The effect of GGBFS on the compressive strength of mortar mixed with
POFA and FA at the age of 28-day (Islam et al., 2014).
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Abdulkareem et al. (2014) studied the effect of elevated temperature on compressive
strength of fly ash geopolymer paste, mortars and lightweight aggregate geopolymer
concrete (LWAGC).The unexposed FA geopolymer paste and mortar has higher
compressive strength as compared to unexposed LWAGC. This is due to the high
geopolymerization reaction rates. Also, they found that the compressive strength
decreased after exposed to the elevated temperatures of 400, 600 and 800°C as shows

in Figure 2.16.
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Figure 2.16 Compressive strength of the unexposed and exposed geopolymers to the
elevated temperatures 400, 600 and 800 °C (Abdulkareem et al., 2014).
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2.7.2 Splitting Tensile Strength

Hardjito and Rangan (2005) reported same to conventional OPC, tensile splitting
strength of GPC was only a fraction of the compression strength. Actually, the tensile
strength of FA based GPC is greater than the recommended values by Neville (1995)
that it is f, = 0.23f.”* for OPC concrete, and CEB-FIP (1990) which is f; = 0.3f.** and
ACI Building Code which is f; = 0.59f.*2.

Yellaiah et al. (2014) studied the effect of curing temperature and alkaline activator
to binder ratio on splitting tensile strength for geopolymer mortar using fly ash.
They found that by increasing alkali activator to fly ash ratio from 0.3 to 0.4 the
splitting tensile strength increased at 28 days from 3.03to 3.44 MPa for curing at
temperature of 30°C and from 3.15 to 4.91 MPa for curing at temperature of 60°C

with constant curing period of 24 hour as shown in figure 2.17.
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Figure 2.17 Splitting tensile strength with different of alkaline activator to FA
(Yellaiah et al., 2014).

Zhang et al. (2016) studied the effect of curing temperature on splitting strength of
geopolymer mortar (GM) and compare it with Portland cement mortar (CM) and
polymer modified cement mortar (PMCM). The specimens cured at constant
temperatures (22°C) for 6 days, after that exposure to 100, 300, 500 and 700 °C).
They found the optimum temperature was 100°C that give maximum strength of GM.
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Splitting tensile strength of geopolymer mortar increases over cement mortar by 1.85
times at ambient temperature, after that, the difference in tensile strength between
GM and CM decreases with increase in temperature. Figure 2.18 shows the effect of

curing temperature on splitting strength.
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Figure 2.18 Splitting tensile strength at different curing temperature (Zhang et al.,

2016).

Huseien et al. (2016) studied the effect of solution types and curing temperature on
tensile strength of GPM at 7 days of age using FA, POFA and GGBFS. The result
referred to the tensile strength increased when the specimens were activated with
Sodium silicate and cured in oven up to 60°C for 24hrs, while the specimens
activated by combination of Sodium hydroxide and Sodium silicate and cured at
curing temperature above 27°C results in a decrease in the tensile strength, moreover
the GPM activated by Sodium silicate has higher tensile strength than GPM activated
by Sodium hydroxide and Sodium silicate as shown in Figure 2.19.
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Figure 2.19 Effect of solution types and curing temperature on tensile strength of
GPM (Huseien et al., 2016)

Partha et al. (2014) studied the effect of mixing GGBFS with class F Fly ash on
splitting strength. They found that maximum splitting strength occurs when mixing
20 percent GGBFS with 80 percent Fly ash, also by decreasing of SS/SH ratio from
2.5 to 1.5 where splitting strength increased by 55 percent with 20% GGBFS and
SS/SH ratio of 1.5 when compared with mixes that have 10% GGBFS and SS/SH
ratio of 2.5 at 28 days. Figure 2.20 shows splitting tensile strength for different
percentage of GGBFS and SS/SH ratio at different ages.
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Figure 2.20 Splitting strength for different SS/SH ratio and GGBFS content (Partha
etal., 2014).
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2.7.3 Sorptivity and Water Absorption

Ghosh and Ghosh (2012) studied the effect of %Na,O and %SiO, on water
absorption and sorptivity of fly ash based geopolymer mortar. The specimens used
were cured in ambient temperature and humidity in ranging from 25°C to 40°C and
75% to 90% respectively. They found that water absorption and sorptivity decrease
with increasing of alkali and silica content. Tables 2.3 shows effect of %Na,O and

%Si0, on water absorption and sorptivity of fly ash based geopolymer mortar.

Table 2.3 Water absorption and sorptivity at different silica and alkali content
(Ghosh and Ghosh, 2012).

%Si0, | % Na,O | % water absorption | Sorptivity mm/min%, x10™
0.00 8.00 11.23 5.80
4.25 8.00 9.02 5.00
8.50 8.00 8.11 4.10
12.75 | 8.00 7.41 3.84
17.00 | 8.00 7.23 3.62
8.00 4.25 11.70 7.34
8.00 6.25 10.10 6.84
8.00 8.25 7.30 4.12
8.00 10.25 6.90 3.96

Thokchom et al. (2011) studied the Sorptivity and water absorption of geopolymer
paste and mortar produced using fly ash with different range of silica fume from
2.5% to 5% and cured for 48hrs at 85 °C. They found that the Addition of silica fume
decreased the water absorption and sorptivity for geopolymer mortar while it caused
an increase in case of paste specimens. This is because the addition of silica fume
enhances pore characteristics for mortar specimens whereas it reduces in the paste
specimens. Figure 2.21 shows the effect of silica fume on water absorption and

sorptivity.
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Figure 2.21 Effect of silica fume on water absorption and sorptivityof FA based

geopolymer (Thokchom et al., 2011).

Mazumder et al. (2016) studied the effect of replacement GGBFS from 0 percent to
30 percent with FA to produce geopolymer mortar with different sodium hydroxide
concentration from 2M to 8M .When replaced GGBFS to 30 percent the water
absorption decrease by 17 percent at 7 days as compared with 0 percent GGBFS, due
to the increase GGBFS in matrix lead to increase amount of calcium content. The
Ca" ions may act as a charge balancer of aluminum atoms. While unreacted GGBFS
particles may act as reinforcing agent. Figure 2.22 shows the effect of GGBFS

percent on water absorption.

Water absorption

water absorption in percentage

2M SODIUM SILICATE +2M 2M SODIUM SILICATE +#4M  2M SODIUM SILICATE +6M 2M SODIUM SILICATE +8M
SODIUM HYDROXIDE SODIUM HYDROXIDE SODIUM HYDROXIDE SODIUM HYDROXIDE

W GGBS0% ™ GGBS10% GGBS20% ™ GGBS30%

Figure 2.22 Effect of GGBFS and NaOH concentration on water absorption
(Mazumder et al., 2016).
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Deb et al. (2016) investigated the effect of nano-silica on sorptivity of the fly ash
only, OPC and GGBFS blended fly ash geopolymer mortars cured at 20 °C. They
found sorptivity coefficient of the mixes without nano-silica was in the range of
3.575 x10™ mm/s*? to 3.980 x10® mm/s"? and that of the mixes with 2% nano-silica
was in the range of 1.247 x 10 mm/s'? to 2.157 x10° mm/s¥2. Thus, it is apparent
from the results that the sorptivity coefficient decreased with 2% nano-silica in the
all mortar mixes in addition to increasing compressive strength, as shown in Figure
2.23. That is due to the particle packing of nano-silica in the wide distribution of
binder particle sizes resulted in a denser matrix and the reaction of nano-silica in
geopolymerization process produced further amount of aluminosilicate gel along

with the reaction products from the main source materials.
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Figure 2.23 Effect of nano-silica on sorptivity coefficient (Deb et al., 2016).
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2.8 Concluding Remarks

From the previous studies the following remarks can be concluded:

1. The better geopolymerization and higher reactivity can be achieved for curing
temperatures lie between 60 and 90 °C. Curing of GP for more time at high
temperature weakens its microstructure.

2. Increasing NaOH concentration lead to improve the properties of geopolymer
concrete and mortar.

3. The properties of sodium silicate (Na,SiO3) depending on the percent of SiO, to
Na,O and water.

4. The presence of calcium in the GGBFS performs hydration and forms C-S—H gel
that develops the strength properties.

5. The ratio of Na,SiO3 to NaOH plays important role in the properties of

geopolymer concrete and mortar.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL WORK

This chapter includes the detailed description of properties of materials used in this

work, mix proportions, mixing procedure, curing, and various testing procedures.

3.1 Materials
3.1.1 Aggregate

During preliminary study it was found out that using lightweight fine aggregate
(LWFA) alone caused no workability and uniformity of the mix. Moreover, the other
problems such as segregation, demolding of the samples and very low compressive
strength values measured led the authors to decide on utilization of crushed lime
stone aggregate in production of the mortar samples. Therefore, 70% and 30% of the
volume of aggregates were comprised of locally available LWFA and crushed
limestone aggregate, respectively. The specific gravity of 1.48 and 2.42 were
measured for the former and the latter. The aggregates were sieved from 4 mm sieve
to obtain maximum particle size of 4 mm. Figure 3.1 indicates the grading of the
aggregates. From the grading curves it is understood that the LWFA is coarser than
crushed limestone aggregate. The aggregates were immersed in water to obtain 100%
saturation. The excessive moisture on the surface of the aggregates was dried to get
SSD condition. 24 hours immersion decided to be enough for full saturation. The
result of the experimental study on the water absorption capacity of LWFA was
shown in Figure 3.2. It was observed that maximum saturation level (26.6%) can be

reached at the end of 24 hours.
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Figure 3.2 Water absorption of LWFA.

3.1.2 Pozzolanic Materials

Two pozzolanic materials, FA and GGBFS, were utilized as binding materials to
develop lightweight geopolymer mortar in an alkaline environment. Fly ash (FA) of
class F according to ASTM C618 (ASTM C618-08, 2002) was supplied from
Ceyhan Sugozu thermal power plant, and ground granulated blast furnace slag
(GGBFS) conformed to ASTM C 989 were used. The physical and chemical
properties of FA and GGBFS are given in Table 3.1 as obtained by X-ray
fluorescence (XRF).
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Table 3.1 Properties of FA and GGBFS.

z)%ycal and chemical analysis EA GGBES
CaO 2.2 34.12
SiO; 57.2 36.41
Al,O; 24.4 10.39
Fe,O5 7.1 0.69

MgO 2.4 10.26
SO3 0.3

K,O 3.4 0.97

Na,O 0.4 0.35

Loss of ignition 1.5 1.64

Specific gravity 2.25 2.61

Specific surface area (m“/kg) 379 418

3.1.3 Sodium Hydroxide, NaOH

The sodium hydroxide, with 98 percent purity, in flake form is local available. The
solids must be dissolved in distilled water to make a solution with the required
concentration. Sodium hydroxide is used to prepare solution of geopolymer mortar.
NaOH in flakes form with 98% purity shown in figure 3.3 was purchased from local
chemical supplier has been used to produce NaOH solution. Table 3.2 shows more
details for the used sodium hydroxide solution in the present work according to
ASTM E291-09. The reaction of sodium hydroxide with water was exothermic (it
should take care) therefore, it recommended to cooling by water especially during

mix.
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Figure 3.3 Sodium hydroxide flakes.

Table 3.2 Composition of sodium hydroxide (%).

Item Speciflizcza;ilcigéé\ STMH - Results
NeOH). min. 7 -
Totsime | o0 | o

Sodium c?}lqc;r):.de (NaCl), 0.15 0.07
Iron omg]zs;( .(Fe203), 0.01 0.005

3.1.4 Sodium Silicate, Na,SiO3

The concentration of sodium silicate is depending on the ratio of Na,O to SiO, and
H,O. This type of sodium silicate shown in figure 3.4 was manufactured in Turkey.
The composition of sodium silicate solution (water glass) is 29.4% SiO,, 14.7%
Na,O, and 55.99% water (by mass). Table 3.3 illustrates the properties of used

sodium silicate.
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Table 3.3 Properties of sodium silicate.

Description Value
Ratio of SiO, to Na,O 2.0+£0.05
Na,O percent by weight 14.7
SiO, percent by weight 29.4
Density - 20° 51+ 0.5
Specific Gravity 1.48
Viscosity (CP) at 20°C 600-1200
Appearance Hazy

Figure 3.4 Sodium silicate solution (water glass).

3.1.5 Superplasticizer

The plasticizer is utilized to improve the workability of geopolymer mortar without
adding water and it is taken as 5% of binder, a polycarboxylic ether based high range
water reducing super plasticizer, supplied by Master Builders Technologies, Perth,
Turkey, under the brand name of Glenium 51, was used in all of the mixtures. This
type of superplasticiser is a liquid and complies with the ASTM C494-2005. Table

3.4 shows the main properties of superplasticizer SP1.
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Table 3.4 Properties of superplasticizer (SP1).

Property Description

Color Dark brown / black liquid
Specific gravity 1.07 at 25°C

Air entrainment Maximum 1%

Chloride content <0.1%

Alkaline content <3%

Freezing point 0%

3.1.6 Distilled Water

This type of water is used to dissolve sodium hydroxide to make NaOH solution.

3.2 Mix Proportions

Fourteen LWGM mixtures were designed with varying GGBFS and FA content to
study the compressive strength response of LWGM under different curing period,
curing temperature and binder content. The binder content in the mixtures is total
amount of alkaline solutions and the base material (FA or GGBFS). The selected
binder contents are 650, 750, 850, 950, 1050, 1150, and 1250 Kg/m°. The
experiments were conducted on LWGM cubes under curing temperature of 60, 80,
100 and 120 °C with curing period of 2, 6, 8, 24, 48 and 72 hrs. The mixture
proportions of LWGM are presented in Table 3.5. The alkaline solution was the only
liquid component in all mixtures (without adding water). Super-plasticizer with
specific gravity of 1.07 is added to the mix to improve the workability and to make

GP mix homogeneous.
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Table 3.5 Geopolymer lightweight mortar mix designs.

LWGM v | (kg (ko) | (kai) | o | gy | koim)
MS650* | 624.03 | 41545 | 433.29 154.7 | 61.88 21.66
MS750 574.45 | 382.44 | 499.95 1785 | 71.40 24.99
MS850 524.88 | 349.44 | 566.61 202.3 | 80.92 28.33
MS950 47530 | 316.43 |633.27 226.1 | 90.44 31.66
MS1050 | 42572 | 28342 |699.93 249.9 | 99.96 34.99
MS1150 | 376.14 | 25041 | 766.59 273.7 | 109.48 38.32
MS1250 | 32656 | 217.41 |833.25 297.5 | 119.00 41.66
MF650** | 598.94 | 398.74 | --- 43329 |154.7 |61.88 21.66
MF750 54550 | 363.16 | --- 499.95 | 1785 |71.40 24.99
MF850 492.06 | 32759 |- 566.61 | 202.3 | 80.92 28.33
MF950 43862 | 292.01 | -- 633.27 |226.1 |90.44 31.66
MF1050 |385.18 |256.43 | --- 699.93 | 249.9 | 99.96 34.99
MF1150 | 33174 |220.85 |-- 766.59 | 273.7 | 109.48 38.32
MF1250 | 27830 | 18528 | -- 833.25 | 297.5 |119.00 41.66

*MS650: GGBFS based mixture with geopolymer binder 650 kg/m®
**MF650: Fly ash based mixture with geopolymer binder 650 kg/m®

3.3 Experimental Study

Experimental investigation is primarily focused on three stages. The first stage is

devoted to manufacture of geopolymer mortar by using local GGBFS and FA-based

geopolymer mortar and the compressive strength development under different curing

period, curing temperature and binder content .The alkaline activator is a mix of 12M

NaOH solution with sodium silicate in ratio of 1:2.5.The ratio of alkaline solution to

binder equal to 0.50.

The second stage studies the optimization and verification of optimum curing period

and curing temperature on the compressive strength, splitting tensile strength, water

absorption and sorptivity.
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The systems “A Central Composite Experimental Test” was designed to find the
optimum parameters for geopolymer mortar made with this type of fly ash and
GGBFS. There were 24 tests that were set up for one binder content and 168 tests for
all levels of fly ash bind and the same of GGBFS with the following three fixed
factors: Alkali type: Sodium silicate and sodium hydroxide , sodium hydroxide to
silicate ratio: 1 to 2.5 and activator solution-to-fly ash or GGBFS ratio 1 to 2.

Finally, investigates the effect of molarity and different ratios of Na,SiO3/NaOH on
mechanical properties and absorption of Fly ash and GGBF geopolymer mortar.

3.4 Stage I: Manufacturing GGBFS and FA Based Geopolymer Mortar and
Studying the Compressive Strength Development under Different Curing

Period, Curing Temperature and Binder Content
3.4.1 Preparation Alkaline Solution for Geopolymer

The solution of geopolymer mortar is constituted of sodium hydroxide and sodium
silicate. Sodium hydroxide, in flakey form and high purity, more than 98 percent, can
be dissolved in distilled water to make a solution with the appropriate concentration.
Sodium hydroxide is a mix of 12M solution. The mass of sodium hydroxide solids in
a solution with a concentration of 12 Molar consists of 12x40=480 grams of NaOH
solids per liter of the solution, where 40 is the molecular weight of NaOH; Na=23,
0=16, and H=1. The mass of NaOH solids is measured as 361 grams per kg of
NaOH solution.

The sodium silicate solution is commercially available in different grades.
Throughout this work, the used sodium silicate solution has a ratio of SiO, to Na,O
by mass which equals 2.0. The proportions, by mass of components, are 29.4%,
14.7% and 55.99% for SiO,, Na,O, and water, respectively.

After preparing NaOH as a solution, it is added to the Na,SiOsz solution. The
combination of sodium hydroxide (NaOH) solution and sodium silicate solution is
considered as the alkaline liquid. It is recommended that the alkaline liquid is
prepared by mixing both the solutions together at least 24 hours before using
(Rangan, 2011).
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3.4.2 Mixing, Casting, and Curing Regime

The binder is the main difference between geopolymer Mortar and Portland cement
Mortar. The silica and aluminum oxide in FA and GGBFS react with alkaline liquid
solution (Na,SiO3; and NaOH) to form a paste of geopolymer that binds the coarse
and fine aggregates with other materials together to form the geopolymer mortar. The
procedure of mixing has a major effect on workability and strength of geopolymer
mortar. Many researchers stated that geopolymer Mortar and concrete can be
manufactured by adopting the conventional techniques used in the manufacture of
Portland cement concrete (LIoyd and Rangan, 2009; Sanni and Khadiranaikar, 2013).
Base material and fine aggregate first are mixed together in dry form in a mixer for
three minutes (Figure 3.5). The aggregates are prepared in saturated surface dry, SSD
condition (Figure 3.6).

The alkaline liquid was mixed with the superplasticiser without water for not less
than two minutes. Then the liquid component of the mixture is added to the dry
materials in the pan of the mixer (Fig. 3.7) and the mixing continued usually for
another four minutes (Huseien et al., 2016). Figure 3.8 show homogenous

geopolymer mortar.

Figure 3.5 Dry materials for geopolymer mortar.
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Figure 3.7 Mixer used for manufacturing geopolymer mortar.
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The fresh FA-based geopolymer mortar was dark in colour and shiny in appearance
(Figure 3.11). The mixtures were usually cohesive. The workability of the fresh
mortar was measured by means of the conventional flow table test.

The fresh LWGM was poured in two layers in the moulds (mould size is 50 x 50 x
50 mm). After casting LGWM in the specimen moulds and to remove the air voids,
the moulds were vibrated using vibrating table for 30s. Figure 3.9 shows compaction
table. The specimens were wrapped with thin plastic film (heat resistant) as shown in

Figure 3.10 to avoid loss of water due to evaporation.
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Figure 3.9 Geopolymer compacting and placing.
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Figure 3.10 Mortar sealing with a heat resistant film.

Next, all the mixtures were cured in an oven under curing temperature of 60, 80, 100
and 120 °C for 2, 6, 8, 24, 48 and 72 h. Figure 3.11 shows the specimens curing in
the oven. Then specimens were demolded after the curing process and the specimens
were tested. Considering full factorial combination of 2 base materials, 4 curing
temperatures, 6 curing periods, and 7 binder contents; a total of 336 data samples

were obtained.

Figure 3.11 Mortar curing.
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3.4.3 Fresh Density Test

Fresh density conducted for geopolymer mortar according to ASTM C 138- 0la.
3.4.4 Compressive Strength Test of Geopolymer Mortar Cubes

The compressive strengths of the mortars are determined in accordance with ASTM
C 109. The compressive strengths of the all the mixtures were cured in an oven under
curing temperature of 60, 80, 100 and 120 °C for 2, 6, 8, 24, 48 and 72 h. After the
specimen has been cured for the proper length of time in the oven, remove and let to
cool down before testing. Place the specimen in the compressive strength machine,
as seen in Figure 3.12. The compressive strength tests are usually performed on three

specimens for better accuracy and the average value is taken as the final result.

Figure 3.12 Mortar cube compressive strength test.
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3.5 Stage Il: Studying the Optimization and Verification of Optimum Curing
Period and Curing Temperature on the Compressive Strength

Several standardized tests of fresh geopolymer mortars properties were followed to
evaluate the properties of the raw materials and hardened geopolymer mortars

properties followed to study optimization. These tests included:

3.5.1 Fresh Density Test

Fresh density conducted for geopolymer mortar according to ASTM C 138- 0la.
3.5.2 Mortar Flow Test
The flow of the geopolymer mortars was determined using a flow table and flow

mold conforming to the requirement of specification ASTM C 230 (2003). The flow
test was conducted on each geopolymer mixture following ASTM C 109 (2002).

Figure 3.13 Flow table test apparatures.
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Figure 3.14 Photographic view of mortar flow.

3.5.3 Compressive Strength Test of Geopolymer Mortar Cubes

The compressive strength of the specimens in the response surface method (RSM)
was determined after the different curing period and one curing temperature of 60°C
as show in Table 3.6 get from optimization program. Additional 2" cube specimens
were cast as required to determine the effect of age on the compressive strength of
the GPM mixtures. Measurements were recorded at 7 days. Compressive testing was
performed with a compressive machine in accordance with ASTM C109 (2005).
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Table 3.6 Design expert results.

Designation ten?;erigtgure Curing time Compressive Desirability

LWGM (°C) (hours) strength (MPa)

MS650* 60 21.547 27.712 0.784
MS750 60 20.908 29.171 0.805
MS850 60 20.391 30.432 0.823
MS950 60 19.949 31.47 0.837

MS1050 60 19.634 32.315 0.849

MS1150 60 19.372 32.935 0.857

MS1250 60 19.228 33.363 0.862

MF650** 60 21.856 10.767 0.669
MF750 60 22.381 11.904 0.689
MF850 60 22.823 13.05 0.708
MF950 60 23.244 14.218 0.727

MF1050 60 23.590 15.386 0.745

MF1150 60 23.926 16.573 0.761

MF1250 60 24.208 17.759 0.778

Split tensile strength:
Equation: f;, = p—)

Where:

3.5.4 Splitting Tensile Strength Test
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The tensile strength is important because it determines the ability of concrete to resist
to cracking. Several tests can be used to determine indirect tensile strength but the
one used in this study is the ASTM C 39, 2012: “Methods for Splitting Tensile
Strength of Cube Concrete Specimens”. The mortar cube is placed on its side . It is
then subjected to diametrical compressive force along its length. This test can be
performed on the same machine as the compressive strength test but a bearing bar
can be added. The load is then applied; the value at which a longitudinal failure

occurs is then recorded. The following equation is used to calculate the value of the




fsp is the split tensile strength value in MPa
P is the maximum load during test in N

a is the dimension of the cube in mm.

Figure 3.15 Cube specimens after split tensile test.

3.5.5 Saturated Water Absorption

Saturated water absorption test was conducted on 50 x 50 x 50 mm cubes at the age
of 7days. The specimens were weighed before drying in hot air oven at 105° C. The
drying process was continued, until the difference in mass between two successive
measurements at 24 hours interval closely agreed. The dried specimens were cooled
at room temperature and then immersed in water. The specimens were taken out at
regular intervals of time, surface dried and weighed. The differences between the
saturated mass and the oven dried mass expressed as the percentage of oven dried
mass gives the saturated water absorption. (Thokchom et al., 2009).

Saturated Water Absorption = [(Ws— W4a) / Wy ] % 100

Where

W; = weight of specimen at fully saturated condition.

W, = weight of oven dried specimen.
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3.5.6 Sorptivity

The sorptivity test is a simple and rapid test to determine the tendency of concrete to
absorb water by capillary suction. The test was developed by Hall (1989) and is
based on Darcy’s law of unsaturated flow.

The samples were pre-conditioned for 7 days in hot air oven at curing temperature 60
C and drying temperature 100 C. The sides of the specimen were sealed in order to
achieve unidirectional flow. Locally available silicon resin was used as sealant.
Weights of the specimen after sealing were taken as initial weight. The initial mass
of the sample was taken and at time 0 it was immersed to a depth of 3-5 mm in the
water. At selected times (typically 1, 4, 9, 16, 25, 36, 49, and 64 minutes) the sample
was removed from the water, the stop watch stopped, excess water blotted off with a
damp paper towel or cloth and the sample weighed. It was then replaced in water and
stop watch was started again. The gain in mass per unit area over the density of water
is plotted versus the square root of the elapsed time. The slope of the line of best fit
of these points (ignoring the origin) is reported as the sorptivity. ASTM C1585 were
followed to conduct the test.

The experimental set up for the sorptivity test as conducted on mortar is shown in
Figure 3.16.

Figure 3.16 Sorptivity test setup.
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3.6 Stage Il: Studying the Effect of Molarity and Different Ratios of
Na,SiO3/NaOH on Mechanical Properties and Absorption of Fly Ash and
GGBF Geopolymer Mortar

The tests conducted in this stage were fresh density measurement, flow table test,
compressive strength test, splitting tensile strength test, sorptivity and water
absorption test for the mixtures of FA and GGBFS geopolymer mortars cured in an
oven under curing temperature of 60 °C for initial curing (IC) of 23.2 hr. and 19.9 hr.
respectively.

Moreover, this stage covers new combinations of alkaline solutions with different
molarities and Na,SiO3/NaOH ratios. The details of the mixtures are given in
Chapter 6.

After examining the LWGMs experimentally, a new optimization study was
conducted to find optimum molarity and Na,SiO3/NaOH ratio for the optimum

curing time and curing temperature predefined in Stage II.
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CHAPTER 4
TEST RESULTS AND DISCUSSION
4.1 General

In this chapter, the results are presented and discussed for all the experimental work
described in first part in chapter three. The discussion presents the results of
geopolymer mortar which are fresh density and flow table in addition to hard state
tests including compressive strength have been studied and discussed. The effects of
binder content, curing temperature and curing duration on the compressive strength

of LWGM were investigated.
4.2 Fresh Properties Tests

4.2.1 Flow Table Test

Table 4.1 and Figures (4.1 and 4.2) shows the results of the workability tests (flow
table) for different mortar mixes used in this investigation.

The results show that it is possible to have a homogeneous mix for all the studied
mixes using fly ash geopolymer binder (750-1250 kg/m3) and GGBFS mix with
geopolymer binder content (950-1250 kg/m3) except for M1 of fly ash which was
(650 kg/m3) and M1,M2&M3 of GGBFS. Flow percentage increase with the
increment of binder content in the mixture due to lesser friction between particles.
On the other hand, Workability is high for fly ash geopolymer mortar when
compared to GGBFS geopolymer mortar.

Fly ash has smooth spherical particles whereas slag is composed of angular particles
of varying sizes (Figure 3.5) combined with the lubricating effect of sodium silicate
solution increase the flow ability and leads to increase the flow diameter of the fresh
mortar specimens during the flow table test.
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Table 4.1 Flow table of of LWGM.

) Binder content Flow table of

Mix no. 5 Flow table of FA (mm)

(kg/m) GGBFS (mm)
M1 650 0 110
M2 750 0 162
M3 850 121 178
M4 950 155 185
M5 1050 164 200
M6 1150 190 220
M7 1250 200 225
250 ~ EMS1 mMS2 EMS3 BMS4 mMS5 B MS6 = MS7

T 200

S

5 150 -

@

g

5 100 1

3

T 50 -

Binder Content (kg/m?3)

Figure 4.1 Flow table of GGBFS geopolymer mortar.
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Flow Diameter (mm)
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4.2.2 Fresh Density Test

Fresh density of GGBFS and FA based geopolymer mortar was conducted directly
after mixing. The measured density was for the all mixtures Table 4.2 presents the
density of the fresh unit weight of LWGM. As shown in Table 4.2 there was
insignificant increase in mortar unit weight with the increase of binder content
because the LWFA has less specific gravity than binder. On the other hand, the fly

ash based geopolymer mortar exhibits a reduction in fresh unit weight density

compared with GGBFS based geopolymer mortar.

Figure 4.2 Flow table of FA geopolymer mortar.

Table 4.2 Fresh unit weight of LWGM.

Mix no. Binder coptent Fresh unit weigh§ Fresh unit Wegght of
(kg/m®) of GGBFS (kg/m"®) FA(kg/m®)
M1 650 1726.6 1685.3
M2 750 1760.8 1702.6
M3 850 1800.6 1722.0
M4 950 1830.2 1739.6
M5 1050 1844.0 1749.3
M6 1150 1868.0 1760.0
M7 1250 1885.1 1771.3
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4.3 Compressive Strength Test

Compressive Strength is the most important physical property of mortar. In many
ways compressive strength predicts the behavior of mortar in gross. The obtained
results from compressive strength test are presented here. The strength obtained at
different binder content of mortar with different curing temperature and curing

duration.

4.3.1 Effect of the Binder Content on the Strength of Slag Based Geopolymer
Mortar

Figures 4.3 show the results of compressive strength developed in GGBFS-based
LWGM with variable geopolymer binder content. It could be concluded that the
compressive strength raised proportionally with the increment of binder content.
Compressive strength of GGBFS-based LWGM at 24 hours increased gradually from
26.02, 27.81, 24, and 22.5 MPa to 34.1, 32.71, 30.6 and 28.8 MPa for binder contents
of 650 Kg/m® and 1250 kg/m®, respectively. Similar trend was observed at 48 hours
as increasing from 27.5, 29.8, 29.8, and 22.71 MPa to 38.01, 35.54, 32.51 and
31.2MPa for 650 kg/m® and 1250 kg/m?® binder content.

Compressive strength at the end of 2,6, 8, 24,48 and 72 hours thermal curing
is shown in Figures no. 4.1which clearly show that strength increases with increase
in  binder content. At lower ground granulated blast furnace slag content, the
quantity of the geopolymer gel formed during the process of geopolymerization
may not be adequate to bind all loose aggregates and reduction in compressive

strength was observed.
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Figure 4.3 Compressive strength development of GGBFS based geopolymer mortar
cured at 60°C for 650.750, 850,950.1050,1150 and 1250 kg/m?® binder.

4.3.2 Effect of the Binder Content on the Strength of Fly Ash Based Geopolymer
Mortar

Figure 4.4 show the compressive strength of fly ash geopolymer mortars cured at 60
°C., 80 °C, and 100 °C. and 120 °C after 2, 6, 8, 24, 48 and72 hours, respectively The
results show that the increase in content of fly ash from 650 to 1250 kg/m3 no effect
on compressive strength at 2 hour curing time but leads to a slight increase in
compressive strength (4.7-6.81 MPa) at 60°C for 6 hour. There is a 50 percent
difference in strength between mixes MF1 and MF7 at 8 and 24 hours for 60°C and
about 50 percent at 6 to 24 hours for another curing temperatures . Increasing the fly
ash content could lead to an increase in (Si) and (Al) content and may increase
geopolymer gel that binds aggregate and increase compressive strength (Djobo and
Tchakoute, 2014). On the other hand, lowering the fly ash content leads to a
reduction in compressive strength because of the deficiency in Si and Al content. The
lowering of fly content from 1250 to 650 kg/m? leads to a decrease in compressive
strength by (45.3,26.8,32.08 and 30.9 percent) at 72 hours and (39.7,23,43.9 and 39.2
percent) at 48 hours for (60,80,100 and 120) °C., respectively. Increasing fly ash to
1250 kg/m3 lead to improving in compressive strength while the cost will be higher.
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Compressive strength is high for GGBFS geopolymer mortar when compared to fly
ash geopolymer mortar because of the presence of lower amounts of reactive glassy

phases in fly ash as compared to slag (Kumar et al., 2010).
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Figure 4.4 Compressive strength of fly ash geopolymer mortar cured at 60°C for
650.750,850,950, 1050, 1150 and 1250 kg/m?® binder.

Figure 4.5 indicates the variation binder content and the highest compressive strength
value mainly depend on curing temperature and duration. The figure also indicates
change in the fresh unit weights of LWGMSs. Since the LWFA has less specific
gravity than binder, as the amount of binder increases in the mix the fresh unit
weight increased accordingly. Accordingly, higher density causes a higher
compressive strength (Aguilar et al., 2010). The highest unit weight measured 1885
Kg/m® for GGBFS based LWGM while the lowest value was 1685 Kg/m® for FA
based one. The most critical observation of Figure 4.5 is that almost all of the
mixtures satisfy the definition of structural lightweight concrete specified by
American Concrete Institute. ACI 213R committee report defines structural
lightweight concrete as 28 day compressive strength value of higher than 17.2 MPa
and dry density of 1850 Kg/m®.
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Figure 4.5 Effect of binder content on the variations of maximum compressive
strength and fresh unit weight of LWGMs.

4.3.4 Effect of Curing Duration and Curing Temperature
4.3.4.1 GGBFS Based Geopolymer Mortar

It is important to increase the curing temperature for the samples to gain strength
quickly when higher strengths are intended to be achieved during a shorter period of
time (De Vargas et al., 2011). The thermal curing process applied for more than a
few hours at high temperatures had a positive effect on compressive strength of the
material (Van Jaarsveld et al., 2007). The strengths of the samples increased as a
result of the curing times and the reactions between silica and alumina in the alkaline
ions (Somna et al., 2011).

The compressive strength response of GGBFS-based LWGM under different curing
period and curing temperature is shown in Figure 4.6 -4.12 and Table 4.3-4.9. It
could be concluded from Figure 5 that the compressive strength increases with the
increase in curing duration. The samples gained the maximum strength at the first six
hours of curing as can be clearly observed from Figure 5; however, the gain in

strength beyond 8 h is not important.
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The highest compressive strength was observed at samples cured at 60°C for 48 h
with different GGBFS content except for mixture of 650 kg/m® GGBFS content
produced the highest compressive strength at 80°C for 72 h. At the first 2 and 4 h of
curing, the maximum compressive strength was noticed in the specimens cured at
100 and 120 °C. It can be concluded that the strength of LWGM can be obtained
quickly by increasing the curing temperature with reduced duration of heating.

Considering the results, the compressive strength increased when the curing
temperature was increased. However, the value of compressive strength decreased
when the curing temperature greater than 60 °C for 24 h. (Hardjito et al., 2004)
concluded that the increase in curing temperature for more than 60 °C doesn’t
increase the compressive strength. So that, some researches recommended that the

curing temperature for geopolymers must be 60° C.
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Table 4.3 Compressive strength development of GGBFS based geopolymer with 650

kg/m*binder content at different curing duration and curing temperature.

Compressive strength of geopolymer mortar
Binder | Curing (MPa)

Mix
content temp.
NO k / 3 OC
(kg/m®) : 2h. | 6h. | 8h | 24h | 48h. | 72h.
60 6.89 | 18.45 | 19.80 | 26.02 | 27.50 | 29.40
80 | 11.16 | 20.28 | 23.28 | 27.81 | 29.80 | 31.47
MS1 | 650
100 | 14.74 | 2151 | 23.39 | 24.00 | 26.10 | 26.69
120 | 1837 | 20.22 | 21.00 | 2250 | 22.71 | 21.20
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Figure 4.6 Compressive strength development of GGBFS based lightweight
geopolymer mortar with 650 kg/m® binder content.
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Table 4.4 Compressive strength development of GGBFS based geopolymer with 750

kg/m?® binder content at different curing duration and curing temperature.

Compressive strength of geopolymer mortar
Mi Binder | Curing (MPa)
iX
content | temp.
No- 1 (kgim?) | °c
(kg/m) | 2h. | 6h. | 8h | 24h | 48h. | 72h.
60 856 | 21.33 | 23.39 | 28.13 | 30.76 | 31.40
80 12.00 | 23.70 | 24.74 | 28.41 | 29.30 | 30.88
MS2 750
100 | 20.92 | 26.29 | 27.21 | 29.36 | 29.79 | 30.08
120 | 21.39 | 23.71 | 24.00 | 24.47 | 24.62 | 23.98
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Figure 4.7 Compressive strength development of GGBFS based lightweight
geopolymer mortar with 750 kg/m® binder content.
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Table 4.5 Compressive strength development of GGBFS based geopolymer with 850

kg/m?® binder content at different curing duration and curing temperature.

Compressive strength of geopolymer mortar
Binder | Curing (MPa)

Mix
content temp.
NO- | (kaim®) | °C
(kg/m”) : 2h. | 6h. | 8h | 24h. | 48h. | 72h.
60 | 912 | 2450 | 26.14 | 29.12 | 32.07 | 31.67
80 | 12.63 | 21.27 | 27.00 | 30.16 | 31.00 | 30.32
MS3 | 850
100 | 22.00 | 27.00 | 29.00 | 30.00 | 30.60 | 30.10
120 | 2319 | 25.42 | 26.73 | 27.00 | 27.49 | 26.97
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Figure 4.8 Compressive strength development of GGBFS based lightweight
geopolymer mortar with 850 kg/m® binder content.
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Table 4.6 Compressive strength development of GGBFS based geopolymer with 950

kg/m?® binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO conter;t t%mp.
© | (kg/m?) C. 2 h. 6 h. 8 h. 24h. | 48h. | 72h.

60 10.68 | 22.75 | 28.05 | 31.08 | 33.98 | 32.71
80 11.08 | 24.34 | 27.33 | 29.52 | 30.88 | 30.20

MS4 950
100 | 22.51 | 29.96 | 30.04 | 30.72 | 31.00 | 31.04
120 | 22.47 | 25.34 | 24.82 | 25.00 | 26.57 | 24.94
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Figure 4.9 Compressive strength development of GGBFS based lightweight
geopolymer mortar with 950 kg/m® binder content.
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Table 4.7 Compressive strength development of GGBFS based geopolymer with

1050 kg/m? binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO conter;t t%mp.
" (kg/m?) C. 2 h. 6 h. 8 h. 24h. | 48h. | 72h.
60 845 | 2430 | 29.60 | 31.83 | 32.6 | 33.82
80 16.73 | 27.93 | 29.40 | 31.83 | 32.27 | 33.42
MS5 | 1050
100 25.62 | 27.97 | 29.32 | 30.35 | 30.90 | 31.40
120 27.16 | 27.73 | 26.93 | 27.33 | 28.00 | 30.32
40
__g— —/l—_‘.
30 o / M

I}
S
|

Slag-1050

-@- 60°C

Compressive Strength (MPa)

S
|

- so°C
i 100 °C
—>& 120°C
0 T T T T T T T T T T T T
0 12 24 36 48 60 72
Curing Time (h)

Figure 4.10 Compressive strength development of GGBFS based lightweight
geopolymer mortar with 1050 kg/m? binder content.
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Table 4.8 Compressive strength development of GGBFS based geopolymer with

1150 kg/m? binder content at different curing duration and curing temperature.

Binder

Curing

Compressive strength of geopolymer mortar

Mix (MPa)
No Conter;t teomp.
' (kg/m?) C. 2 h. 6 h. 8 h. 24h. | 48h. | 72h.
60 10.80 | 27.53 | 28.92 | 32.91 | 35.98 | 35.40
80 11.35 | 26.93 | 28.25 | 3291 | 34.10 | 35.26
MS6 1150
100 26.39 | 29.40 | 29.72 | 31.27 | 31.95 | 32.83
120 27.37 | 27.77 | 27.49 | 28.00 | 28.50 | 29.46
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Figure 4.11 Compressive strength development of GGBFS based lightweight

geopolymer mortar with 1150 kg/m? binder content.

65




Table 4.9 Compressive strength development of GGBFS based geopolymer with

1250 kg/m® binder content at different curing duration and curing temperature.

Binder

Curing

Compressive strength of geopolymer mortar

Mix No. | content | temp. (MPa)
(kg/m* | °C. 2h. | 6h. | 8h. | 24h. | 48h. | 72h.
60 12.55 | 28.45 | 29.44 | 34.10 | 38.01 | 36.49
80 16.37 | 30.16 | 31.12 | 32.71 | 35.54 | 36.06
MS7 1250
100 | 23.89 | 27.86 | 29.96 | 30.60 | 32.51 | 29.64
120 | 28.25 | 27.85 | 28.61 | 28.80 | 31.2 | 28.65
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Figure 4.12 Compressive strength development of GGBFS based lightweight

geopolymer mortar with 1250 kg/m? binder content.

66




4.3.4.2 Fly Ash Based Geopolymer Mortar

The compressive strength response of FA-based LWGM under different curing
period and curing temperature is shown in Figures 4.13 to 4.19 and Tables 4.10 to
4.16. It was noticed that for the same temperature of curing, compressive strength
increases with the increase of heating duration. At 60, 80, 100 and 120 °C, the rate of
gain of strength is constant up to 24 hrs of the curing duration, but after that the
strength increases with reduced rate. At curing temperature of 120 °C, it is also
observed that LWGM gained more strength at just 24 hours of heating than strength
achieved after 72 hours.

The results indicate that longer curing time did not decrease the compressive
strength of fly ash geopolymer mortar as claimed by van Jaarsveld et al (2002).

As shown in figures 4.13 to 4.19 and tables 412 to 4.18, it was noticed that for the
same period of curing, compressive strength increases with the increase of heating
temperature. There is considerably small difference in 48 hours and 72 hours beyond
80 °C of curing. Hence, maximum compressive strength can be achieved within 24
hour of curing at 120°C, 48 hour of curing at 80°C, 100°C and 72 hour of curing at
60 °C.

High curing temperature is essential for FA-based geopolymers as increasing the
temperature leads to an increase in the extent and rate of reaction however it becomes
less significant after the geopolymers have set.

It is demonstrated that the strength of GGBFS-based LWGM with different
temperature and duration is greater than that of FA-based LWGM. It can be
attributed due to lower SiO,/ Al,Oj ratio of the binder mix. General range for SiO,/
Al,O3 is 3.3-4.5 as mentioned by Islam et al., 2014). It has been reported that Al,O3
dissolves faster than SiO, and the reaction between aluminate and silicate types is
faster than the reaction between only silicate types (Silva et al., 2007). The Ca
presented in the GGBFS performs hydration and forms C-S—H gel that develops the
strength properties (Kumar et al., 2010).
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Table 4.10 Compressive strength development of fly ash based geopolymer with 650

kg/m*binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO contegt teomp.
" | (kg/m?) C. 2 h. 6 h. 8 h. 24h. | 48h. | 72h.

60 0.00 | 4.70 4.86 9.44 13.47 | 14.10
80 462 | 597 | 650 | 11.28 | 17.68 | 18.08

MF1 650
100 458 | 8.05 | 9.32 11.6 | 13.75 | 17.29
120 469 | 9.82 | 11.45 | 15.00 | 15.15 | 16.50
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Figure 4.13 Compressive strength development of fly ash based geopolymer with
650 kg/m?® binder content at different curing duration and curing temperature.
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Table 4.11 Compressive strength development of fly ash based geopolymer with 750

kg/m?® binder content at different curing duration and curing temperature.

Mix Binder | Curing Compressive strength of geopolymer mortar
No. content | temp. (MPa)
(kg/m® [°C.. [2h. [6h. [8h. |24h. [48h. |72h.

60 0.00 | 442 | 538 | 10.32 | 14.50 | 15.30
80 406 | 6.61 | 837 | 14.70 | 18.00 | 19.00
100 550 | 940 | 10.20 | 14.10 | 15.58 | 18.65
120 546 | 11.12 | 12.00 | 17.80 | 18.29 | 18.90
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Figure 4.14 Compressive strength development of fly ash based geopolymer with
750 kg/m? binder content at different curing duration and curing temperature.
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Table 4.12 Compressive strength development of fly ash based geopolymer with 850

kg/m?® binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO contegt teomp.
" | (kg/m?) C. 2 h. 6 h. 8 h. 24h. | 48h. | 72h.

60 0.00 | 474 | 586 | 12.71 | 15.66 | 17.97
80 402 | 9.12 | 948 | 1534 | 1850 | 21.56

MF3 850
100 5.14 | 13.07 | 1450 | 16.02 | 18.84 | 22.47
120 6.49 | 1243 | 14.02 | 18.76 | 20.72 | 21.12
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Figure 4.15 Compressive strength development of fly ash based geopolymer with
850 kg/m? binder content at different curing duration and curing temperature.
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Table 4.13 Compressive strength development of fly ash based geopolymer with 950

kg/m?® binder content at different curing duration and curing temperature.

) Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
No content | temp.
© | (kaim®) | °C. 2h. | 6h. | 8h. | 24h. | 48h. | 72h.

60 0.00 | 5.62 | 6.14 | 13.78 | 18.69 | 19.68
80 450 | 10.44 | 12,15 | 17.21 | 20.32 | 22.76

MF4 950
100 5.46 | 13.75 | 14.65 | 18.00 | 23.43 | 23.94
120 7.41 | 13.82 | 14.86 | 20.00 | 19.08 | 19.84
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Figure 4.16 Compressive strength development of fly ash based geopolymer with
950 kg/m?® binder content at different curing duration and curing temperature.
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Table 4.14 Compressive strength development of fly ash based geopolymer with

1050 kg/m? binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO conter;t teomp.
' (kg/m?) C. 2 h. 6 h. 8h. | 24h. | 48h. | 72h.

60 0.00 | 526 | 590 | 14.38 | 18.88 | 21.71
80 414 | 13.03 | 14.14 | 19.28 | 21.00 | 22.8

MF5 1050
100 598 | 14.86 | 15.18 | 18.97 | 22.11 | 23.15
120 8.41 | 14.06 | 17.53 | 22.43 | 20.52 | 21.31
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Figure 4.17 Compressive strength development of fly ash based geopolymer with
1050 kg/m? binder content at different curing duration and curing temperature.
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Table 4.15 Compressive strength development of fly ash based geopolymer with

1150 kg/m? binder content at different curing duration and curing temperature.

Binder | Curing |  _OTPressive Stre”%mgg)geopowmer mortar

Mix No. | content | temp.
(kg/m*) | °C. 2h. | 6h. | 8h. | 24h. | 48h. | 72h.

60 0.00 | 5.78 | 825 | 1845 | 21.12 | 23.51

80 474 | 13.85 | 14.40 | 19.50 | 22.10 | 24.3

MF6 1150
100 7.85 | 17.37 | 1853 | 19.84 | 24.22 | 25.34

120 | 11.00 | 16.77 | 1793 | 239 | 2355 | 21.91
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Figure 4.18 Compressive strength development of fly ash based geopolymer with
1150 kg/m? binder content at different curing duration and curing temperature.
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Table 4.16 Compressive strength development of fly ash based geopolymer with

1250 kg/m3 binder content at different curing duration and curing temperature.

_ Binder | Curing Compressive strength of geopolymer mortar
Mix (MPa)
NoO conter31t t%mp.
' (kg/m?) C. 2 h. 6 h. 8h. | 24h. | 48h. | 72h.

60 0.00 | 6.81 | 9.20 | 18.13 | 22.35 | 25.78
80 482 | 14.60 | 15.60 | 21.64 | 23.00 | 24.72

MF6 1250
100 | 10.92 | 17.50 | 18.90 | 21.43 | 24.54 | 25.46
120 | 13.86 | 18.05 | 20.32 | 23.71 | 24.94 | 23.90
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Figure 4.19 Compressive strength development of fly ash based geopolymer with
1250 kg/m? binder content at different curing duration and curing temperature.
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CHAPTERS
OPTIMIZATION OF TEST PARAMETERS AND VERIFICATION
5.1 General

The response surface method (RSM) (Whitcomb P.J. and Anderson M.J., 2004) is an
optimization procedure that combines statistical and mathematical methods of
experiment design, regression analysis and optimization. RSM has been conducted
on the 3 independent and 1 dependent variables considered in the presented
experimental study. These three independent variables (or factors) are binder content,
curing temperature and curing time, and the dependent variable (or response) is
considered as compressive strength. RSM is useful to visually analyse the effect of
factors on the responses. The procedure is initiated with the response surface
modelling in which a proper model is selected to fit the collection of data by
considering the adequacy of the chosen model. This stage is followed by the
optimisation process subjected to determine the required best solution using the

response surface of the chosen model.

5.2 The Optimization Procedure Applied Experimental Data

The response surface design for 24 tests of one binder content ran is shown in Table
5.1.
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Table 5.1 Response surface Parameters.

Factor 1 Factor 1 Factor 1 Response
Run No. Curing curing Ti Binder Compressive
Temperature uring time content strength
Unit °Cc hours kg/m® MPa
1 60 2 650 6.89
2 60 6 650 18.45
3 60 8 650 19.80
4 60 24 650 26.02
5 60 48 650 27.50
6 60 72 650 29.40
7 80 2 650 11.16
8 80 6 650 20.28
9 80 8 650 23.28
10 80 24 650 27.81
11 80 48 650 29.80
12 80 72 650 31.47
13 100 2 650 14.74
14 100 6 650 2151
15 100 8 650 23.39
16 100 24 650 24.00
17 100 48 650 26.10
18 100 72 650 26.69
19 120 2 650 18.37
20 120 6 650 20.22
21 120 8 650 21.00
22 120 24 650 22.50
23 120 48 650 22.71
24 120 72 650 21.20

5.3 Optimization Results

The optimization study aims to identify the optimum values of binder content, curing
temperature and curing time while maximizing the compressive strength of
lightweight geopolymer mortar. For this purpose, the response influenced by the
multiple factors was optimized using the procedure of RSM in which the desirability
function is defined for the target response to optimize the response (e.g. [Whitcomb
P.J.& Anderson M.J., 2004 and Pradeep G., 2008]). After establishing relationship
between the factors and the response and building the regression model, the factors

are varied simultaneously and independently to optimise the objective functions. The
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desirability functions (d, ) are defined in the process of RSM for each response and
they are used to optimize the responses simultaneously (e.g. [Pradeep G., 2008,
Myers R.H., 2009]). A desirability function (d,) is quantified within the range of
0<d, <1. When the response or the factors falls outside the desirability range, the

overall function becomes zero.

The desirability is defined by the following expressions for maximising and

minimising the individual response, (Egs. 1 and 2), respectively.

0 Y, <min f,
Y —minf, |"
d = i L and 0<d, <1 min f, <Y, < max f, (5.1)
max f, —min f,
1 Y, > max f,
1 Y, <min f,
max f,—Y. |
d =4 ——1— | and O<d, <1 min f, <Y, < max f, (5.2)
max f, —min f,
0 Y, > max f,

Where,

d;,Y;, minf, and max f; are the desirability function, the fitted value, and minimum

and maximum actual values of 1 th response, respectively. The power value Wt; is a

weighting factor for the i th response.

Desirability is an objective function that ranges from zero to one which respectively
indicates that the optimisation is outside the range and the goal of optimisation is
satisfied. The desirability is targeted to be maximized to achieve a point in the
numerical optimization. The weighting factor of a response may be altered to define
the important characteristics of a goal. The target response was defined as a
desirability function by using the procedure provided by Myers and Montgomery
(Myers et al., 2009). The characteristic goals of the factors and the response for the
simultaneous optimization process are shown in Table 5.2.

As shown in Table 5.2, two optimisation processes were conducted separately on the

responses of compressive strength data obtained from the light-weight geopolymer
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mortars incorporated with FA and GGBFS. The characteristic goals of these
responses are maximized. Since the performed optimisations tend to identify the
optimum binder content, curing temperature and curing time for the light-weight
geopolymer mortars incorporated with FA and GGBFS separately, the characteristic
goals for the factors of binder content, curing temperature and curing time were
minimized. Accordingly, the numerical optimization with the defined desirability

function on the target response was performed to optimize the responses.

Table 5.2 Definitions for the factors and the responses in the optimization problem.

Name of factors and Goal Lower limit Upper limit
response
Binder content (kg/m3) minimize 650 1250
Curing temperature .
(0C) minimize 2 72
Curing time (h) minimize 60 120
Compressive strength .
for FA (MPa) maximize 0 25.78
Compressive strength .
for GGBFS (MPa) maximize 6.89 38.01

Figs. 5.1 and 5.2 demonstrate the variation of desirability function obtained from the
optimisation analyses performed on the responses of the light-weight geopolymer
mortar incorporated with FA and GGBFS, respectively. The obtained optimum
solutions for these two separate optimisations are provided in Table 5.3 which
indicates that the defined upper and lower limits are satisfied and the desirability
values are in the acceptable range. If the comparison is made between the light-
weight geopolymer mortars incorporated with FA and GGBFS as shown in Table
5.3, the optimum results for the factors of binder content, curing temperature and
curing time are similar and the maximum compressive strength values are obtained
as 10.8 MPa and 27.7 MPa, respectively.
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Table 5.3 Optimization results for the light-weight geopolymer mortars with FA and

GGBFS.
Factors and response FA GGBFS
Binder content (kg/m3) 650 650
Curing temperature (oC ) 60 60
Curing time (h) 21.856 21.566
Compressive strength (MPa) 10.767 27.712
Desirability 0.740 0.833
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Figure 5.1 Variation of desirability function for the response of compressive strength

based on the light-weight geopolymer mortars incorporated with FA.

79



1.01

0.8

o
o

Desirability

o
~

o
()

0.0

Figure 5.2 Variation of desirability function for the response of compressive strength
based on the light-weight geopolymer mortars incorporated with GGBFS.

Figures 5.3 and 5.4 demonstrate the variation of the considered factors in terms of
the desirability and the responses of the compressive strength for the light-weight
geopolymer mortars incorporated with FA and GGBFS, respectively. Figure 5.3
shows that the increase in the binder content decreases the desirability value and the
dramatic reduction is observed especially beyond the binder content of
approximately 1150 kg/m®, this increase corresponds a slight increase in the
compressive strength for the light-weight geopolymer mortars incorporated with FA.
Figure 5.3 shows that generally the compressive strength has an increasing tendency
in terms of the increasing curing time, but this increase is almost negligible between
the curing times of approximately 22 h and 52 h. There is a dramatic increase in the
compressive strength up to 22 h and the slight increase in the compressive strength is

observed beyond the curing time of 52 h. In the considered range of curing time, the
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desirability is increased dramatically up to the curing time of 22 h, the desirability
decreases gradually up to the curing time of 62 h, and the dramatic reduction in the
desirability is observed beyond this curing time. Figure 5.3 demonstrates that the
increase in the curing temperature has a decreasing tendency on the desirability.
While a slight decrease is observed in the desirability up to the curing temperature of
110 °C, a dramatic reduction in the desirability is observed beyond this value. The
increase in the curing temperature slightly increases the compressive strength up to
the curing temperature of 110 °C and beyond this temperature the increase in the
compressive strength is negligible. Although, Figure 5.4 demonstrates the similar
behaviour of the factors on the desirability for the light-weight geopolymer mortar
incorporated with GGBFS, their effect on the variation of the compressive strength
response is varied compared to Figure 5.3. Figure 5.4 shows that a slight increase in
the compressive strength is observed up to the binder content of 1150 kg/m3 and
beyond this value the increase in the compressive strength is negligible. The
compressive strength is gradually increased up to the curing time of 32 h and a slight
reduction is observed beyond this value of curing time. Figure 5.4 shows that the
compressive strength is almost not affected by the curing temperature up to 100 C°
and the curing temperature slightly causes a reduction in the compressive strength
beyond this value.

Further experimental study is conducted to verify the obtained optimum results for
the factors obtained from the performed optimisations in order to identify whether in
reality they could provide the maximized compressive strength responses for the
light-weight geopolymer mortars incorporated with FA and GGBFS. By using the
same materials and mixture proportions with the implementation of the identical
experimental conditions, the additional adequate numbers of mortar specimens were
prepared and tested to obtain the compressive strength values. The results obtained
from these experimental tests are given in Table 5.4. Table 5.4 shows that the
obtained compressive strength results indicate that the proposed optimum curing
time and temperature provide relatively good results compared to the experimental

results which suggest that the proposed optimisation results are valid.
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Table 5.4 The obtained optimum values and the results from the experimental

verification tests for the light-weight geopolymer mortars incorporated with FA and

GGBFS.
Binder Experimental
Binder content Optimum values and expected results for
type (kg/m®) response optimum
values
Curing Curing Compressive | Compressive

time (h) tempéarature strength strength

(°C) (MPa) (MPa)
650 21.856 60 10.76 8.17
750 22.381 60 11.90 9.56

850 22.823 60 13.05 12.95

FA 950 23.244 60 14.21 13.19
1050 23.590 60 15.38 15.66

1150 23.926 60 16.57 16.45

1250 24.208 60 17.75 17.97

650 21.547 60 27.70 26.36

750 20.908 60 29.17 27.29

850 20.391 60 30.43 27.77
GGBFS 950 19.949 60 31.47 30.0
1050 19.634 60 32.31 31.08

1150 19.372 60 32.93 32.55

1250 19.228 60 33.36 33.27
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Figure 5.3 The variation of the factors in terms of the desirability and the response

for the light-weight geopolymer mortars incorporated with FA.
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Figure 5.4 The variation of the factors in terms of the desirability and the response

for the light-weight geopolymer mortars incorporated with GGBFS.
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5.4 Additional Tests
5.4.1 Compressive Strength

This section will discuss the effect of the age 7 day on the development of the
geopolymer mortars compressive strength. Figures (5.5 and 5.6) and Table 5.5 show
the results of compressive strength developed in GGBFS-based LWGM prepared
with variable curing period and one curing temperature of 60 °C get from the
response surface method (RSM). As shown in both Figures (5.5 and 5.6), the
geopolymer lightweight mortars showed no major change in compressive strength
after the initial curing. The increase in strength at the age of 7 days was less than 8%
and 5.8% for all the light-weight geopolymer mortars incorporated with FA and
GGBFS tested in this study. This seems to agree with the finding of previous studies
by Kong and Sanjayan (2008); Lloyd and Rangan (2009).

Table 5.5 Compressive strength results from the experimental verification tests for

the light-weight geopolymer mortars incorporated with FA and GGBFS.

Binder (I:B()Ir?t(i irt Optimum values and Experimental results for
type (kg/m3) expected response optimum values
Curing Curing Compressive | Compressive
time (h) tempéerature stre_ngth after | strength after 7
O curing (MPa) day (MPa)
650 21.856 60 8.17 8.69
750 22.381 60 9.56 10.36
850 22.823 60 12.95 13.98
FA 950 23.244 60 13.19 14.94
1050 23.590 60 15.66 15.98
1150 23.926 60 16.45 18.69
1250 24.208 60 17.97 18.76
650 21.547 60 26.36 27.64
750 20.908 60 27.29 28.51
850 20.391 60 27.77 29.15
GGBFS 950 19.949 60 30.00 32.31
1050 19.634 60 31.08 33.23
1150 19.372 60 32.55 34.40
1250 19.228 60 33.27 35.04
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Figure 5.5 Compressive strength of FA based geopolymer mortar at initial curing and
7 day ages.
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Figure 5.6 Compressive strength of GGBFS based geopolymer mortar at initial

curing and 7 day ages.
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5.4.2 Splitting Tensile Strength Test

Splitting tensile strength conducted by using cube of (50x50) mm tests at age 7day
according to ASTM C-39. The results summarized in. The experimental results of
splitting tensile strength and compressive strength are shown in Table 5.6, from
which is clear that increasing compressive strength will lead to an increase in
splitting tensile strength.

It can be seen from the figures 5.7 and 5.8 that tensile strength increased with the
increase of binder content for all the mixtures. This trend is similar to the trend
shown by the development of compressive strength. In GGBFS and FA based
geopolymer mortar mixture M7 with 1250 kg/m3 binder content gained 34% and
44% higher 7-day tensile strength than M1 with 650 kg/m3 binder content, the
strength increased gradually during geopolymer formation.

Generally the value of splitting tensile strength of FA based geopolymer mortar was
low. That refers to lowering geopolymerization process and which may reflect
ineffective the lightweight aggregate.

On the other hand, the average splitting tensile strength is found to be 0.11 and 0.16
times the compressive strength of GGBFS and FA based geopolymer mortar.

The experimental results of splitting tensile strength and compressive strength are
shown in Table 5.6, from which is clear that increasing compressive strength will

lead to an increase in splitting tensile strength.

Table 5.6 Splitting tensile strength results, and their relationships with age and

compressive strength.

Binder Tensile Compressive | Tensile | Compressive
Mix no. | content strength of | strength of | strength of | strength of
(kg/m®) GGBFS at | GGBFS at7 | FA at7 FAat7
7 day(MPa) | day(MPa) | day(MPa) | day(MPa)
M1 650 2.85 27.64 1.80 8.69
M2 750 3.23 28.51 2.00 10.36
M3 850 3.36 29.15 2.30 13.98
M4 950 3.56 32.31 2.41 14.94
M5 1050 3.64 33.23 2.60 15.98
M6 1150 3.77 34.40 2.80 18.69
M7 1250 3.82 35.04 2.90 18.76
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Figure 5.7 Splitting tensile strength of GGBFS based geopolymer mortar.
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Figure 5.8 Splitting tensile strength of FA based geopolymer mortar.
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5.4.2.1 Relationship between Compressive and Splitting Tensile Strength of
LWGM

The following two equations may be suggested to fit the relationship between
compressive strength and splitting tensile strength for GGBFS and FA geopolymer
mortar but with low accuracy for these equations because of a little number of
models that gives higher value of (R2) as shown in Figures 5.9 and 5.10. The
relevant empirical expression obtained from this study is;

1. fs=0.1083 fc +1.0528 (with R? = 0.90 for GGBFS).

2. f,=0.1042 fc +1.8919 (with R® = 0.9889 for FA).

Where:

fs: Predicted splitting tensile strength in MPa.

fc: Compressive strength in MPa.

45 +

y =0.1083x + 0.0528
4 - R2 =0.9003

w
w Ul
1 1

o
a1
1

Tensile Strength (MPa)

1.5 T T T T T 1
24 26 28 30 32 34 36

Compressive Strength (MPa)

Figure 5.9 Relationship between compressive and splitting tensile strength of

GGBFS based geopolymer mortar.
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Figure 5.10 Relationship between compressive and splitting tensile strength of FA

based geopolymer mortar.

The conversion table from the strength of 50 mm cubic specimen to standard

cylindrical specimen (@150 * 300 mm) is given in Table 5.7 (Neville, 2004). As for
comparison, Figures 5.11 and 5.12 showed relationship obtained by other study and
this study for GGBFS and FA after Converted. Based on the figures, the best
regression line from this study approximates to the empirical relation suggested by
ACI Building Code (ACI 363R-92). The empirical relation is expressed as;
f:=0.59fc’® (5.1)

Eqg. 2, 3 and 4 are made by CEB-FIP (1990), TS 500 (2000) and Neville (2004),
respectively;

fs =0.3 fc 23 (5_2)
fs =0.5 fc °° (5.3)
fs=0.23fc>%’ (5.4)
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Table 5.7 Conversion for compressive and splitting tensile strength according to size

and shape of the specimen (Neville, 2004).

From TO conversion
150*300
50*50*50 o
) cylindrical
compressive ) fc, 8150 = 0.752f¢, 50
) compressive
strength specimen
strength
fs,®150 = 0.1083fc, 150 +
o 150*300 _
50*50*50 splitting o 0.0528 from fig. 5.9
cylindrical

tensile strength o ]
) splitting tensile
specimen fs,0150 = 0.1042f¢, 9150 +

strength
0.8919 from fig. 5.10

¢ EXperimental WACI ATS XCEB XNeville

y =0.1179x0-979

R2=1
g 3.5
= y = 0.59%05 (ACI-363)
£ 3
D 1 - .
2 y = 0.5x95 (TS500)
»n
Q
7 257 y = 0.3x08667 (CEB)
o
<3
g 27 B
= =TT = 0.67 i
& o= USSP 3 y =0.23x%67(Neville)
515 -
[0}
2
>
g
1 T T T T T T 1
20 21 22 23 24 25 26 27

Equivalent Compressive Strength (MPa)

Figure 5.11 Comparison of splitting tensile strength of GGBFS geopolymer

(experimental and theoretical).
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Figure 5.12 Comparison of splitting tensile strength of FA geopolymer (experimental
and theoretical).

The results of experimental and predicted splitting tensile strength from Eq. 1 to 4
listed in Table 5.7. Based on the table, the average experimental/predicted splitting
tensile strength is calculated. Significantly, the empirical expression from Eq.1 (ACI
Building Code, 1992) is approximately give a closer value to the experimental result
of FA geopolymer, while, the experimental result of GGBFS geopolymer obtained in
this study is in agreement with the value for empirical expression from Eq.2 (TS500,
2000) and the value from Eg.1. Meanwhile, Eq. 4 that proposed by Neville

significantly underestimates all the split tensile strength.
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Table 5.8 Comparison of splitting tensile strength (experimental and theoretical).

Experimental for GGBFS & Predicted fst (MPa) Experimenta_tllpredicted
Mix FA (MPa) ratio
no- : , | Ea | Eq | Eq | Eq | Eq | Eq | Eq

50 | %) | e | gt Ole | a6l ole| e BH®
MS1 | 27.64 | 20.78 | 285 | 230 | 268 | 2.26 | 227 | 1.75 | 0.85 | 1.01 | 1.01 1.31
MS2 | 2851 | 21.44 | 323 | 237 (273 | 231 | 231|179 |0.86 | 1.02 | 1.02 1.32
MS3 | 29.15 | 21.92 | 336 | 242 | 276 | 234 | 234|182 |0.87 | 1.03 | 1.03 1.33
MS4 | 32.31 | 2429 | 356 | 268 | 290 | 251 | 246 | 195|092 | 1.06 | 1.08 1.37
MS5 | 33.23 | 2498 | 364 | 275 | 294 | 256 | 249|198 | 093 | 1.07 | 1.10 1.38
MS6 | 344 | 25.86 | 3.77 | 2.85 |3.00 | 2.62 | 254 | 2.03 | 0.95 | 1.08 | 1.12 1.40
MS7 | 35.04 | 26.35 | 3.82 | 290 |3.02 | 2.65 | 256 | 205 | 0.95 | 1.09 | 1.13 141
MF1 | 8.69 6.53 1.8 157 | 150 | 1.04 | 1.27 | 0.80 | 1.04 | 1.49 | 1.23 1.94
MF2 | 10.36 | 7.79 2 170 | 164 | 117 | 139|091 | 1.03 | 144 | 122 1.87
MF3 | 13.98 | 10.51 | 2.3 198 (191 | 143 | 162|111 | 103|138 | 1.22 1.78
MF4 | 1494 | 11.23 | 241 | 206 | 197 | 150 | 1.67 | 1.16 | 1.04 | 1.37 | 1.23 | 1.77
MF5 | 1598 | 12.01 | 2.6 214 | 204 | 157 | 173|121 |1.04 | 136 | 1.23 1.76
MF6 | 18.69 | 14.05 | 2.8 | 235 | 221 | 1.747 | 1.87 | 1.35 | 1.06 | 1.34 | 1.25 | 1.74
MF7 | 18.76 | 14.10 | 2.9 236 | 221 175 | 187 | 135|112 | 134|125 2.14
5.4.3 Sorptivity

The measurement of sorptivity has primary importance in durability assessment of

geopolymer. The experimental results on water sorptivity are shown in Table 5.9,

generally for all the light-weight geopolymer mortars incorporated with FA and

GGBFS tested in this study has low water sorptivity and increased by the

conditioning of specimens at 105°C.

From Figures 5.13 and 5.14 the water sorptivity of FA geopolymer mortar decreased

with increasing binder content because fly ash acts as a filler material which fills the

pores and there by reduces the water sorptivity. Also the sorptivity for all samples of

LWGM was slightly low that could be attributed to increased silica content formed
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higher quantity of aluminosilicate gel and the silicate occupies the void spaces
between the binder particles resulting in lower water sorptivity.

It could be concluded that the water sorptivity of geopolymer lightweight mortar
specimens are significantly affected by binder content and source material of
geopolymer mix. The water sorptivity value of GGBFS geopolymer mortar increased
with increasing binder content as shown in Figure (5.15 and 5.16) and was
significantly larger than FA geopolymer mortar at higher level of binder. This could
be because the GGBFS geopolymer mortar is more porous of fly ash geopolymer

mortar.

Table 5.9 Water sorptivity results from the experimental verification tests for the

light-weight geopolymer mortars incorporated with FA and GGBFS.

_ Sorptivity value olf Sorptivity valug of FA
Binder GGBFS (mm/min *) (mm/min %)
Mix no. content
(kg/m3) drying at | drying at dryingat | drying at
60°C 105°C 60°C 105°C
M1 650 0.0027 0.0967 0.0640 0.1880
M2 750 0.0040 0.1040 0.0320 0.1336
M3 850 0.0060 0.1236 0.0180 0.0696
M4 950 0.0073 0.1963 0.0047 0.0680
M5 1050 0.0085 0.2400 0.0039 0.0660
M6 1150 0.0087 0.2923 0.0030 0.0610
M7 1250 0.0093 0.3730 0.0027 0.0587
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Figure 5.13 Water sorptivity of FA based geopolymer mortar without drying at 105
0
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Figure 5.14 Water sorptivity of FA based geopolymer mortar drying at 105 °C.
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Figure 5.15 Water sorptivity of GGBFS based geopolymer mortar without drying at
105 °C.
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Figure 5.16 Water sorptivity of GGBFS based geopolymer mortar drying at 105 °C.
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The following equations may be suggested to fit the relationship between
compressive strength and sorptivity for FA and GGBFS based geopolymer mortar
.The equation of the GGBFS mortar has a coefficient of determination R? = 0.927
and 0.93 for drying specimens at 105 °C in oven and without drying, respectively .
This coefficient of determination is superior to that suggested from linear regression
(0.81 and 0.82) for FA mortar at the same condition with GGBFS. As shown in
Figures 5.17 and 5.18.

Y=0.0336X- 0.8536 (R2=0.92) for GGBFS with drying specimens.
Y=0.0008X-0.189 (R2=0.93) for GGBFS without drying specimens.

Y=0.0116X+ 0.2608 (R2=0.81) for FA with drying specimens .

Y=0.0054X+ 0.0962 (R2=0.82) for FA without drying specimens.

where:

X: Compressive strength in MPa.

Y: Sorptivity in mm/min **

¢ GGBFS drying B GGBFS wiyhout drying
0.4 -
L 4

0.35 -
S 03 - y =0.0336x - 0.8536
= R2=0.927
c
'€ 0.25
£
E 021
2
S 015
g
3 0.1 1 L 4 y =0.0008x - 0.0189

R2=0.9308
0.05 -
0o+ = ‘ L e ‘
25 27 29 31 33 35 37
Compressive Strength (MPa)

Figure 5.17 Relationship between compressive strength and sorptivity of GGBFS

geopolymer.
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Figure 5.18 Relationship between compressive strength and sorptivity of FA

geopolymer.
5.4.4 Water Absorption

The specimens for water absorption test were cubes (50x50x50 mm). The test was
conducted at age 7 days .The optimum curing temperature 60 °C was adopted in this
study for the light-weight geopolymer mortars incorporated with FA and GGBFS.
The results of water absorption on the binder content from 650 to 1250 kg/m * are
presented in table 5.10 and figures (5.19 and 5.20). From the table 5.10 it was noted
that the water absorption percentage of fly ash based geopolymer mortar is higher
than GGBFS based geopolymer mortar. From the table it is clear that M1 is
showing better result than M7. Water absorption value increases as the binder
content of mortar increases that may be because of a higher volume of paste is
observed as the mixture containing the lower volume of aggregate has the higher
absorption (Javier et al., 2011).

On the other hand, the percentage of water absorption for all samples was slightly
higher. The physical properties of lightweight fine aggregate (LWFA) itself and a lot
of embedded network capillary in the particle are the main reason behind the
increasing magnitudes of water absorption. The irregularity in shape and the highly

porous surface contributed to the increment of water absorption percentage.
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Table 5.10 Water absorption results from the experimental verification tests for the

light-weight geopolymer mortars incorporated with FA and GGBFS.

Mix no binder content % water absorption % water absorption
' (kg/m?) value of GGBFS value of FA

M1 650 10.81 13.10
M2 750 11.24 13.80
M3 850 11.36 14.20
M4 950 11.59 14.60
M5 1050 11.71 14.80
M6 1150 11.87 15.54
M7 1250 12.00 15.83
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Figure 5.19 Water absorption percentage of FA based geopolymer mortar with

different binder content.
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Figure 5.20 Water absorption percentage of GGBFS based geopolymer mortar with
different binder content.
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The following equations may be suggested to fit the relationship between
compressive strength and water absorption for FA and GGBFS based geopolymer,
this equations gives higher value of (R?), as shown in Figure 5.21.
Y=0.2432X+11.03 (R?*=0.0648 for GGBFS).

Y=0.13X+7.4261 (R%=0.918 for FA).

¢ GGBFS BFA
18 y =0.2432x + 11.03
2 =

16 | R2=0.9648
14 4
S
c 127 ‘_“/Q'W
=t
e 10 4
(-
2
S 8- y =0.13x + 7.4261
< R2=0.918
g 67
(]
= 4

2 4

O T T T T T T 1

5 10 15 20 25 30 35 40
Compressive Strength (MPa)

Figure 5.21 Relationship between compressive strength and water absorption of
LWGM.
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CHAPTER 6

EXPERIMENTAL STUDY AND OPTIMIZATION OF EFFECT OF
MOLARITY AND Na,SiO3/NaOH RATIO

6.1 Introduction

In this chapter, an experimental research was conducted to explore the effects of
NaOH concentration and various SS/SH ratio on fresh flow table diameter, fresh unit
weight, compressive strength, tensile strength, water absorption and sorptivity of
geopolymer based lightweight mortars. Two popular by-products, FA and GGBFS,
were selected as base materials for alkali activation

One of governing factors on properties of the gel and its formation is type and dosage
of alkali activators. So far, liquid sodium silicate (water glass) (Na,SiOs) and liquid
NaOH were the most used activating solutions in geopolymer. According to
(Komnitsas and Zaharaki, 2007) alkali hydroxide is required for dissolution of
aluminosilicate sources while water glass solution acts as a binder, alkali activator
and dispersant or plasticizer. However, because of the soluble silicate available in the
liquid water glass, it is a preferred activating solution, which tends to increase the
rate of the polymerization reaction. Alkaline solutions induce a certain amount of Si
and Al atoms to dissolve the aluminosilicate sources, forming monomers in

solutions, and then poly-condense to form a rigid framework (Singh et al., 2005).

6.2. Mix Proportions

Forty LWGM mixtures were designed with constant GGBFS and FA content to
study the fresh and hardened properties response of LWGM with different
concentration of the solution expressed in terms of molar, M. (8,10,12 and 14) and
sodium silicate to sodium hydroxide ratio (0.5,1.0,1.5,2.0,and 2.5) under constant
curing temperature and curing duration. The binder content in the mixtures is total
amount of alkaline solutions and the base material (FA or GGBFS). The selected

binder content is 950 Kg/m®. The experiments were conducted on LWGM cubes

101



under curing temperature of 60°C with curing period 23.244 hr. for FA and 19.949
hr. for GGBFS, this optimum values obtained from chapter five.

The mixture proportions of LWGM are presented in Table 6.1. The alkaline solution
was the only liquid component in all mixtures (without adding water). Super-
plasticizer with specific gravity of 1.07 is added to the mix to improve the
workability and to make GP mix homogeneous. The mass of sodium hydroxide
solids in a solution with a concentration of 8 Molar consists of 8x 40 = 360 grams of
NaOH solids per liter of the solution, where 40 is the molecular weight of NaOH;
Na=23, 0=16, and H=1. The mass of NaOH solids is measured as 260 grams per kg
of NaOH solution. . Similarly, the mass of NaOH solids per kg of the solution for
other concentrations were measured as 10M: 314 grams, 12M: 361 grams, and 14M:
404 grams (Hardjito and Rangan, 2005). The above calculations are tabulated in
Table 6.2 . The LWGM were prepared as explained in Chapter 3.

It was observed that the mixes activated with high level of NaOH concentration
(14M) and lower ratio of Na,SiOz/NaOH (0.5and1.0) hardened during mixing in
mixer specifically in the third minute as shown in figure 6.1 .That may be because of
high percentage of (Na) that have ability to dissolve of (Si) in the source material and
the increase in OH- ions due to the increase in alkali hydroxide content result in
increased source material dissolution, this allows to form reaction products earlier.
However if the Na,Sios/NaOH ratio is too low, the increased solid content of the
paste starts to become a destabilizing factor while most added Na ion cannot be

accommodated in the final structure (van Jaarsveld & van Deventer, 1999).
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Table 6.1 Geopolymer lightweight mortar mix designs.

Designation Pumice .Crushed GGBES A Na28?03 Solution of Sp.
LWGM agg.3 Ilmestosne (kgin®) | (kg/d) squtlc:n NaOI;I (kg/n)
(kg/m?) | (kg/m") (kg/m) (kg/mr)
MF8-0.5 413.27 | 286.424 633.27 | 105.45 210.9 31.66
MF8-1.0 422.27 | 281.127 633.27 | 158.27 158.27 31.66
MF8-1.5 428.37 | 285.191 633.27 | 190 126.635 31.66
MF8-2.0 431.61 | 287.345 633.27 | 210.9 105.45 31.66
MF8-2.5 434.12 | 289.021 633.27 | 226.1 90.44 31.66
MF10-0.5 418.75 | 278.787 633.27 | 105.45 210.9 31.66
MF10-1.0 426.39 | 283.874 633.27 | 158.27 158.27 31.66
MF10-1.5 431.07 | 286.986 633.27 | 190 126.635 31.66
MF10-2.0 434.39 | 289.201 633.27 | 210.9 105.45 31.66
MF10-2.5 436.46 | 290.577 633.27 | 226.1 90.44 31.66
MF12-0.5 423.79 | 282.138 633.27 | 105.45 210.9 31.66
MF12-1.0 430.17 | 286.388 633.27 | 158.27 158.27 31.66
MF12-1.5 434.03 | 288.961 633.27 | 190 126.635 31.66
MF12-2.0 436.915 | 290.877 633.27 | 210.9 105.45 31.66
MF12-2.5 438.62 | 292.014 633.27 | 226.1 90.44 31.66
MF14-0.5 428.46 | 285.251 633.27 | 105.45 210.9 31.66
MF14-1.0 433.67 | 288.722 633.27 | 158.27 158.27 31.66
MF14-1.5 436.82 | 290.817 633.27 | 190 126.635 31.66
MF14-2.0 439.25 | 292.433 633.27 | 210.9 105.45 31.66
MF14-2.5 440.60 | 293.450 633.27 | 226.1 90.44 31.66
MS8-0.5 449.95 | 299.555 633.27 105.45 210.9 31.66
MS8-1.0 458.97 | 305.564 | 633.27 158.27 158.27 31.66
MS8-1.5 464.42 | 309.191 633.27 190 126.635 31.66
MS8-2.0 468.31 | 311.782 633.27 210.9 105.45 31.66
MS8-2.5 470.83 | 313.458 633.27 226.1 90.44 31.66
MS10-0.5 455.45 | 303.222 633.27 105.45 210.9 31.66
MS10-1.0 463.10 | 308.311 633.27 158.27 158.27 31.66
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MS10-1.5 467.77 | 311.423 633.27 190 126.635 31.66
MS10-2.0 471.10 | 313.638 633.27 210.9 105.45 31.66
MS10-2.5 473.17 | 315.014 633.27 226.1 90.44 31.66
MS12-0.5 460.49 | 306.574 633.27 105.45 210.9 31.66
MS12-1.0 466.87 | 310.825 633.27 158.27 158.27 31.66
MS12-1.5 470.74 | 313.398 633.27 190 126.635 31.66
MS12-2.0 473.62 | 315.313 633.27 210.9 105.45 31.66
MS12-2.5 475.32 | 316.450 633.27 226.1 90.44 31.66
MS14-0.5 465.17 | 309.687 633.27 105.45 210.9 31.66
MS14-1.0 470.38 | 313.159 633.27 158.27 158.27 31.66
MS14-1.5 473.53 | 315.253 633.27 190 126.635 31.66
MS14-2.0 475.95 | 316.869 633.27 210.9 105.45 31.66
MS14-2.5 477.30 | 317.767 633.27 226.1 90.44 31.66

Table 6.2 NaOH solids with different concentration (Hardjito and Rangan, 2005).

Molarity Mass of NaOH solids(grams)
8 260
10 314
12 361
14 404
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Figure 6.1 Hardened LWGM during mixing in mixer.

6.3 Fresh Properties Tests
6.3.1 Flow Table Test

The workability of LWGM was evaluated using mini slump cone according to
ASTM C-124. The flow diameter of mini slump can be defined as the diameter of
LWGM after spreading. The flow diameter was measured immediately after
completion of mixing of LWGM in mixer. The following tests were designed to
study the effect of NaOH concentration and Na,SiO3; to NaOH ratio on workability
of geopolymer mix. The workability of a mix could be classified based on the flow
diameter as shown in the Table 6.3 (Ghosh K. & Ghosh P., 2012). The minimum
flow diameter of 150+ 10 mm could be considered as required as the LWGM could

be easily placed in the moulds.
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Table 6.3 Workability criteria of geopolymer mortar (Ghosh K. & Ghosh P., 2012).

Sl. No. Flow Diameter Workability
1 Above 250 Very High
2 180 to 250 mm High
3 150 to 180 mm Moderate
4 150 to 120 mm Stiff
5 Below 120 mm Very Stiff

The workability, as presented in Table 6.4 and Figures (6.2 & 6.3) shows that for FA
and GGBFS geopolymer mortar, the flow decreased with an increase of SS/SH ratio
from 1 to 2.5 in FA and GGBFS geopolymer mortar. It may be safe to state that the
flow ability depends on the ratio of SS/SH by mass. It can be explained by nature of
sodium silicate as a suspension liquid (Liew, et al., 2011) .while the flow of 0.5 ratio
for all mixture less than another ratio that it may be because a higher concentration of
OH- ions increases the reaction rate (van Jaarsveld & van Deventer, 1999).

On the other hand, it has been noticed that, the flow diameter decreases with the
increase in in the NaOH concentration. This is due to increases viscosity of LWGM
and resulted in reduction in flow diameter (Ariffin et al., 2015). The results for all
mixtures showed that GGBFS geopolymer mortars had lower workability than FA
geopolymer mortars. This is generally because of the accelerated reaction of the
calcium and the angular shape of GGBFS as compared to the spherical shape of FA

particles.

106



Table 6.4 Flow table values of LWGM.

_ _ Na-SiO- to Flow table Flow table
Mix name | Molarity Na(z)H r;tio values of FA values of
(mm) GGBFS (mm)
M 8-0.5 0.5 225 140
M 8-1.0 1.0 220 178
M 8-1.5 15 215 173
M 8-2.0 8 2.0 207 163
M 8-2.5 2.5 200 160
M 10-0.5 0.5 190 NA*
M 10-1.0 1.0 214 163
M 10-1.5 10 15 210 180
M 10-2.0 2.0 198 175
M 10-2.5 2.5 187 170
M 12-0.5 0.5 NA* NA*
M 12-1.0 1.0 207 NA*
M 12-1.5 12 15 198 170
M 12-2.0 2.0 188 166
M 12-2.5 2.5 185 155
M 14-0.5 0.5 NA* NA*
M 14-1.0 1.0 NA* NA*
M 14-1.5 14 15 120 152
M 14-2.0 2.0 180 157
M 14-2.5 2.5 177 145
* NA: Not available due to rapid setting during mixing.
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Figure 6.2 Flow table of FA geopolymer mortar.
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Figure 6.3 Flow table of GGBFS geopolymer mortar.

6.3.2 Fresh Density Test

Fresh density of GGBFS and FA based geopolymer mortar was conducted directly
after mixing. The measured density was for the all mixtures Table 6.5 and figures
(6.4& 6.5) presents the density of the fresh unit weight of LWGM. As shown in
Table 6.5 there was slightly increase in mortar unit weight with the increase of
Na,SiO3 to NaOH ratio but it was observed increase in unit weight of FA and
GGBFS based geopolymer mortar with increasing NaOH concentration. On the
other hand, FA-based geopolymer mortar exhibits a reduction in fresh unit weight

density compared with GGBFS-based geopolymer mortar.
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Table 6.5 Fresh unit weight of LWGM.

Na,SiO3 to | Fresh unit weight | Fresh unit weight
Mix name | Molarity NaOH values of FA values of GGBFS
ratio (kg/m®) (kg/m®)
M 8-0.5 0.5 1696.37 1786.38
M 8-1.0 1.0 1711.83 1802.09
M 8-1.5 8 1.5 1722.25 1811.56
M 8-2.0 2.0 1727.44 1817.95
M 8-2.5 2.5 1731.89 1822.48
M 10-0.5 0.5 1705.68 NA*
M 10-1.0 1.0 1718.81 1809.19
M 10-1.5 10 1.5 1726.82 1817.32
M 10-2.0 2.0 1732.16 1822.75
M 10-2.5 2.5 1735.85 1826.50
M 12-0.5 0.5 1714.20 NA*
M 12-1.0 1.0 1725.20 1815.68
M 12-1.5 12 1.5 1731.84 1822.42
M 12-2.0 2.0 1736.42 1827.07
M 12-2.5 2.5 1739.50 1830.21
M 14-0.5 0.5 NA* NA*
M 14-1.0 1.0 NA* NA*
M 14-1.5 14 1.5 1736.55 1827.21
M 14-2.0 2.0 1740.37 1831.09
M 14-2.5 2.5 1742.97 1833.61

* NA: Not available due to rapid setting during mixing.
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Figure 6.4 Fresh unit weight of FA based geopolymer mortar.

1840

1830

1820

1810

1800

1790

1780

1710 ./ —o— MF-8M
—#— MF-10M
1700 —A— MF-12M T[]
|V
——MF-14M
0.5 1 1.5 2 25

/
/ ’//"
—
.//
A —o— MS-8M ]
/ —a— MS-10M
/ it MS-12M [}
—>— MS-14M
0.5 1 15 2 2.5

Na,SiO;NaOH

Figure 6.5 Fresh unit weight of GGBFS based geopolymer mortar.
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6.4 Hardened Properties Tests
6.4.1 Compressive Strength

6.4.1.1 Effect of NaOH Concentration on The Strength of FA Geopolymer

Mortar

The concentration of NaOH had one of a major effect on the compressive strength
development of FA geopolymer mortars. The concentration of NaOH acts on the
dissolution process in the aqueous phase of geopolymeric system, in addition to
bonding of solid particles in the final structure (Panias, 2007). High concentration of
NaOH increases the dissolution of solid materials and leads to greater
geopolymerization reactions and consequently increases the compressive strength
(Temuujin et al., 2009).

Table 6.6 and Figure 6.6 show the effect of NaOH concentration on compressive
strength in FA-based LWGM with variable SS/SH. It could be concluded that the
compressive strength raised proportionally with the increment of NaOH
concentration from 8 to 14 M at the same SS/SH ratio at 23.244 hours and 7 days.
geopolymerization process needs strong alkali to activate the (Si) and (Al) in FA. By
increasing NaOH concentration, ability of solution to leach (Si) and (Al) in FA is
improved due to the formation of alumino-silicate gel at an early stage that resulted

from increasing NaOH concentration (Rattanasak, 2009).

6.4.1.2 Effect of Na,SiO3 to NaOH Ratio on the Strength Development of FA
Based LWGM

The increase in Na,Sio; to NaOH ratio leads to an increase in compressive strength
of FA based LWGM up to an optimum value 1.0, at which strength reaches 13.75,
17.17and 20.72 MPa at 8 M, 10M and 12 M, respectively. After that limit, the
strength decreases, as shown in Figure 6.6 and Table 6.6.

The ratio of silicate to hydroxide affects the compressive strength development of
activated systems. In general, an increase in the concentration of the alkali (or
decreasing the added soluble silicate) results in an increase of the compressive
strength. This is because an excess of soluble silicates retards setting (through the
delayed release of water and the polycondensation) and structure formation (Khale,
2007 and Morsy, 2014). Thus, care must be taken to regulate the molar ratio of
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hydroxides to silicates. Therefore the optimum ratio of NaOH Concentration and
Na,SiO3; to NaOH were 12M and 1:1 by mass for the FA based LWGM, which gives
maximum compressive strength (20.72MPa).

Table 6.6 Effect of NaOH concentration and NaOH to Na,SiO; ratio on FA

geopolymer Compressive strength.

_ _ N,SiO; to Compressive Compressive
Mix name Molarity NaOH ratio stre_:ngth after strength after 7
curing (MPa) day ( MPa)
MF8-0.5 0.5 11.55 12.47
MF8-1.0 1.0 13.75 14.42
MF8-1.5 8 1.5 12.75 13.67
MF8-2.0 2.0 12.50 12.67
MF8-2.5 2.5 11.51 12.19
MF10-0.5 0.5 13.31 13.55
MF10-1.0 1.0 17.17 17.40
MF10-1.5 10 1.5 14.76 16.18
MF10-2.0 2.0 14.10 14.62
MF10-2.5 2.5 13.63 14.26
MF12-0.5 0.5 13.63 13.90
MF12-1.0 1.0 20.72 21.08
MF12-1.5 12 1.5 16.41 18.20
MF12-2.0 2.0 14.14 16.57
MF12-2.5 2.5 13.80 14.94
MF14-0.5 0.5 NA* NA*
MF14-1.0 1.0 NA* NA*
MF14-1.5 14 1.5 18.57 19.48
MF14-2.0 2.0 16.02 17.60
MF14-2.5 2.5 15.62 16.65

* NA: Not available due to rapid setting during mixing.
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Figure 6.6 Effect of NaOH Concentration and NaOH to Na,SiO; ratio on FA

geopolymer Compressive strength.

6.4.1.3 Effect of NaOH Concentration on The Strength of GGBFS Geopolymer
Mortar

Figure 6.7 and table 6.7 show NaOH concentration effect on compressive strength in
GGBFS-based LWGM at two ages, namely 19.949 hours and 7 days. The results
showed that the compressive strength raised with the increment of NaOH
concentration from 8 to 12 M at the same SS/SH ratio. The maximum compressive
strength with NaOH concentrations of 12 M were 30.4 and 31.2 MPa after initial
curing (19.949 hours) and 7 day respectively. While compressive strength decreases
with the further increase in NaOH concentration. The increase in alkali concentration
developed the geopolymerization process which resulted to an increase in the
compressive strength of GGBFS-based LWGM. However, the increase in
concentration of hydroxide ion caused aluminosilicate gel precipitation at early
stages, and subsequent geopolymerization was hindered, resulting in lower

strength geopolymer (Lee, 2002 ).
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6.4.1.4 Effect of Na,SiO3; to NaOH Mass Ratio on the Strength Development of
GGBFS Based LWGM

The GGBFS-based LWGM prepared with various Na,SiO3/NaOH mass ratios
display dissimilar strength developments at initial curing age and after 7 days. Figure
12 show the compressive strength of GGBFS based LWGM at five Na,SiO3 to
NaOH ratios and four NaOH molarity.

The maximum strength of 31.2 MPa was obtained at 7 days. It can be concluded
from results that compressive strength and SS/SH ratio were related proportionally.
The compressive strength was increased by increasing SS/SH ratio up to an optimum
value. This behavior may be attributed to the joint effect of Na,SiO3 and NaOH. The
increment in the SS/SH ratio would result in increasing Na,SiO3 and hence an
increase in geopolymerization (Hardjito, 2005). It is shown that the maximum
compressive strength was obtained at SS/SH ratio of 1.1.5, 2 and 2.5 for 8, 10, 12
and 14 M, respectively. It can be concluded that SS/SH ratio represents the optimum
ratio for the applied activators in this study.

However, increased SS/SH ratio greater than the optimum ratio there was a little
decrease in the strength which can be interpreted because of extra amount of
activating solution delaying the geopolymerization process. Previous researches
mentioned that the increase in sodium silicate hinders the geopolymerization reaction

through Al-Si phase precipitation which block contact between the activator solution

and reacting materials and decrease activator concentration (Lee, 2002 and Villa,
2010).

It is demonstrated that the strength of GGBFS-based LWGM with different molarity
and SS/SH ratio is greater than that of FA-based LWGM, the compressive strength
results indicated that this type of more calcined source materials had higher
mechanical strength by improving the microstructure of geopolymer matrix resulted
in the formation of more compact microstructure of the binder (Van Jaarsveld,
2002).The highest compressive strength value reached nearly 31.2 MPa at 7" days. It
can be attributed due to the utilized of slag. The content of slag in the system, the

more hydration products of CSH and hydrated aluminates calcium were obtained.
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Table 6.7 Compressive strength at different Molarity of NaOH and NaOH to

Na,SiOs ratio for GGBFS geopolymer mortar.

Compressive

Compressive

Mix name | Molarity NN:(ZDS:'?;&% strength after | strength after 7
curing (MPa) day ( MPa)
MS8-0.5 0.5 22.70 23.20
MS8-1.0 1.0 26.93 27.90
MS8-1.5 8 1.5 26.81 27.70
MS8-2.0 2.0 26.35 27.40
MS8-2.5 2.5 26.57 27.80
MS10-0.5 0.5 NA" NA"
MS10-1.0 1.0 27.10 28.00
MS10-1.5 10 1.5 27.80 28.70
MS10-2.0 2.0 26.90 27.90
MS10-2.5 2.5 27.23 28.20
MS12-0.5 0.5 NA" NA"
MS12-1.0 1.0 28.00 28.90
MS12-1.5 12 1.5 29.76 30.30
MS12-2.0 2.0 30.40 31.20
MS12-2.5 2.5 30.00 30.70
MS14-0.5 0.5 NA" NA®
MS14-1.0 1.0 NA" NA"
MS14-1.5 14 1.5 25.90 26.61
MS14-2.0 2.0 27.72 28.50
MS14-2.5 2.5 28.90 29.45

* NA: Not available due to rapid setting during mixing.
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Figure 6.7 Effect of NaOH Concentration and NaOH to Na,SiO;3 ratio on GGBFS

geopolymer Compressive strength at 2 ages.

6.4.2 Splitting Tensile Strength Test

Splitting tensile test was performed on LWGM specimens after initial curing and
after 7 days. Test results are shown in Table 6.8 and 6.9. The tensile strengths of
geopolymer mortar after initial curing and 7 day are plotted in Figures 6.8 and 6.9. It
could be concluded from these figures that tensile strength very slightly increased
with the increase of age for all the mixtures. The results show that the tensile strength
of mortar increased with the increase of sodium concentration and with optimum of
SS/SH ratio in the mixtures of both FA and GGBFS based LWGM. This trend is
similar to the trend shown by the development of compressive strength. In activator
fly ash after initial curing, geopolymer mortar mixtures with (8, 10 and 12 M) and
optimal SS/SH ratio of 1.0 gained 10.2%, 10.18% and 13.5% higher tensile strength
than mixtures with SS/SH ratio of 2.5, while after 7 day gained 8.7% ,12.8% and
12.06%.

In activator GGBFS, the tensile strength of geopolymer mortar was relatively greater
than geopolymer mortar with fly ash as a binder. As shown in Figs. 6.8 and 6.9,
tensile strength increased with the increase of NaOH concentration in the mortar.

After initial curing, mixtures having 12M, achieved 15% higher strength than
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mixtures having 8M., it can be seen that tensile strength was enhanced with the

reduction of SS/SH ratio from 2.5 to optimal values.

Table 6.8 Splitting tensile strength results of FA geopolymer mortar.

_ _ Na,SiO; to Splitting tensile | Splitting tensile
Mix name Molarity NaOH ratio strgngth after | strength after 7
curing (MPa) day ( MPa)
MF8-0.5 0.5 2.57 2.62
MF8-1.0 1.0 2.80 2.85
MF8-1.5 8 1.5 2.59 2.65
MF8-2.0 2.0 2.42 2.57
MF8-2.5 2.5 2.54 2.62
MF10-0.5 0.5 2.67 2.72
MF10-1.0 1.0 3.05 3.16
MF10-1.5 10 1.5 2.90 3.03
MF10-2.0 2.0 2.85 2.93
MF10-2.5 2.5 2.75 2.80
MF12-0.5 0.5 2.75 2.85
MF12-1.0 1.0 3.18 3.25
MF12-1.5 12 1.5 3.00 3.15
MF12-2.0 2.0 2.92 3.10
MF12-2.5 2.5 2.80 2.90
MF14-0.5 0.5 NA* NA*
MF14-1.0 1.0 NA* NA*
MF14-1.5 14 1.5 3.28 3.46
MF14-2.0 2.0 3.18 3.40
MF14-2.5 2.5 3.08 3.28

* NA: Not available due to rapid setting during mixing.
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Figure 6.8 Effect of NaOH concentration and NaOH to Na,SiO3 ratio on FA

geopolymer tensile strength.

Table 6.9 Splitting tensile strength results of GGBFS geopolymer mortar.

o Splitting tensile | Splitting tensile
Mix name | Molarity NaZS'O,f’.'NaOH strength after | strength after 7
ratio curing (MPa) day (MPa)
MS8-0.5 0.5 2.70 2.90
MS8-1.0 1.0 2.87 3.05
MS8-1.5 8 1.5 3.41 3.48
MS8-2.0 2.0 3.30 2.90
MS8-2.5 2.5 3.20 3.43
MS10-0.5 0.5 NA* NA*
MS10-1.0 1.0 2.98 3.28
MS10-1.5 10 1.5 3.43 3.61
MS10-2.0 2.0 3.35 3.74
MS10-2.5 2.5 3.26 3.56
MS12-0.5 0.5 NA* NA*
MS12-1.0 1.0 3.25 3.28
MS12-1.5 12 15 3.59 3.74
MS12-2.0 2.0 3.71 3.61
MS12-2.5 2.5 3.48 3.56
MS14-0.5 0.5 NA* NA*
MS14-1.0 1.0 NA* NA*
MS14-1.5 14 1.5 2.95 2.97
MS14-2.0 2.0 3.41 3.45
MS14-2.5 2.5 3.40 3.50

* NA: Not available due to rapid setting during mixing.
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Figure 6.9 Effect of NaOH concentration and NaOH to Na,SiOj3 ratio on GGBFS

geopolymer tensile strength.
6.4.3 Sorptivity

Sorptivity test is one of the most important tests that evaluate the durability of
LWGM. Table 6.10 and Figures 6.10 to 6.13 show the experimental results on
water sorptivity at age 7 day drying at 2 conditions (60 °C. and 105 °C.). It was
observed from above results that, the rate of water absorption through capillary
absorption is decreased with increasing NaOH concentration. It decreased with
increasing SS/SH ratio. It is observed that the water sorptivity is more at lower alkali
content. However, the specimens with lower sorptivity yielded higher compressive
strength (Thokchom, 2009) as can be observed in the current study. The water
sorptivity decreased almost linearly with increasing silicate ratio. Results indicated
that addition of soluble silicate has positive effect on water sorptivity. The pore
structure of the geopolymer composite becomes more compact and homogeneous
with increasing silicate content resulted in decreasing water sorptivity. From the
discussion it can be concluded that water sorptivity of geopolymer mortar specimen
is significantly affected by alkali content and silicate ratio of geopolymer mix.
Addition of soluble silica has positive effect on sorptivity as pore structure becomes
more dense and compact at higher dosage of soluble silicate.
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Table 6.10 Water sorptivity results for the LWGMs incorporated with FA and

GGBFS.

Sorptivity valwle of
FA (mm/min %)

Sorptivity value olf
GGBFS (mm/min *)

. Na,SiOs [ :
nhgrz(e Molarity | to Iila}OIfl (;/r\gmgl;tt drying c\i/:glt::gtgt drying at

ratio | 05 9¢. ato%:% 105°C. | 105°C
M 8-0.5 05 0052 | 0.167 | 00207 | 0274
M 8-1.0 10 0008 | 0.085 | 00190 | 0245
M8-15 | 8 15 0015 | 0080 | 00170 | 0257
M 8-2.0 2.0 0029 | 0099 | 00159 | 0239
M 8-2.5 25 0020 | 0110 | 00151 | 0229
M 10-0.5 05 | 00413 | 0130 | NA* NA*
M 10-1.0 10 0006 | 0.047 | 00173 | 0252
M10-15 | 10 15 0012 | 0058 | 00155 | 0233
M 10-2.0 20 0020 | 0082 | 00147 | 0226
M 10-2.5 25 0011 | 0051 | 00143 | 0210
M 12-0.5 05 0035 | 0115 | NA* NA*
M 12-1.0 10 0004 | 0035 | 00150 | 0233
M12-15| 12 15 0009 | 0036 | 00140 | 0225
M 12-2.0 20 0016 | 0051 | 00131 | 0.223
M 12-2.5 25 0004 | 0.068 | 00093 | 0.196
M 14-0.5 05 NA* | NA* | NA* NA*
M 14-1.0 10 NA* | NA* | NA* NA*
M14-15 | 14 15 | 00027 | 0033 | 00120 | 0197
M 14-2.0 2.0 0006 | 0020 | 00113 | 0210
M 14-2.5 25 0 | 0ooo | 00085 | 0205

* NA: Not available due to rapid setting during mixing.
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Figure 6.10 Sorptivity for FA based LWGMs without drying at 105 °C.
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Figure 6.11 Sorptivity for FA based LWGMs drying at 105 °C.
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6.4.4 Water Absorption

The measurement of water absorption was taken by calculating the difference in
specimen weight under oven dried and fully saturated conditions. The specimen of
water absorption was cube (50x50%50) mm, the water absorption tested conducted at
age 7 day.

Table 6.11 and Figures (6.14& 6.15) presents water absorption of the FA and
GGBFS based geopolymer mortar for change in NaOH Concentration and Na,SiOs
to NaOH ratio.

It has been observed from the Table 6.11, that the geopolymer mortar specimen
having NaOH Concentration of 8M and Na,SiO; to NaOH ratio of 0.5, showed
maximum water absorption of 17.54% and 12.991% for FA and GGBFS geopolymer
mortar. Whereas, specimen having NaOH concentration of 14 M revealed minimum
water absorption of 12.8% and 11.149%. It is also observed that water absorption
decreased with increasing molarity in the geopolymer mix. At lower molarity the
water absorption was more indicating higher void content in the geopolymer
specimen. Moreover, the geopolymerization reaction is not complete at lower alkali
content and large number of unreacted fly ash particles also present in the
geopolymer matrix. The fly ash particles content nano pores and adsorb additional
water. At higher alkali content the water absorption is less due to lower void spaces
by more quantity of fly ash particles dissolved forming higher quantity of gel which
reduces void space in the matrix resulted in decreasing water absorption.

In addition to that, almost the absorption has relationship with optimal Na,SiO3 to
NaOH ratio and that is a good indication to the continuous geopolymerization
process. Optimal silica content involved formation of higher quantity of
aluminosilicate gel and provides very good interparticle bonding.

It could be concluded that the water absorption of geopolymer lightweight mortar
specimens are significantly affected by source material of geopolymer mix. The
water absorption value of GGBFS geopolymer mortar very slightly decreased with
increasing molarity and Na,SiO; to NaOH ratio as shown in Table 6.11 and was
significantly less than FA geopolymer mortar, that may be because the lower
porosity of GGBFS than FA geopolymer mortar.

On the other hand, the percentage of water absorption for all samples was slightly

higher. The physical properties of lightweight fine aggregate (LWFA) itself and a lot of
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embedded network capillary in the particle are the main reason behind the increasing
magnitudes of water absorption. The irregularity in shape and the highly porous

surface contributed to the increment of water absorption percentage.

Table 6.11 Water absorption results for the LWGMs incorporated with FA and

GGBEFS.
Water Water
. . Na,SiO; to absorption absorption
Mixname | Molarity NaOH ratio value of FA value of
(%) GGBFS (%)

M 8-0.5 0.5 17.54 12.99
M 8-1.0 1.0 16.34 12.34
M 8-1.5 8 1.5 15.60 12.00
M 8-2.0 2.0 15.38 11.87
M 8-2.5 2.5 14.95 11.86
M 10-0.5 0.5 16.90 NA*
M 10-1.0 1.0 14.90 12.12
M 10-1.5 10 1.5 15.30 11.63
M 10-2.0 2.0 15.00 11.81
M 10-2.5 2.5 14.93 11.75
M 12-0.5 0.5 15.80 NA*
M 12-1.0 1.0 13.40 12.00
M 12-1.5 12 1.5 15.05 11.55
M 12-2.0 2.0 14.80 11.40
M 12-2.5 2.5 14.60 11.59
M 14-0.5 0.5 NA* NA*
M 14-1.0 1.0 NA* NA*
M 14-1.5 14 15 12.80 11.40
M 14-2.0 2.0 13.50 11.28
M 14-2.5 2.5 13.73 11.15

* NA: Not available due to rapid setting during mixing.
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6.5 Optimization Study

The response surface method (RSM) (Whitcomb and Anderson, 2004) is adopted in
this study to optimize the parameters considered in the experimental analysis
presented. RSM has gained immense popularity not only because of its ease of use
but also it provides reliable results in the case of having amount of data less than
required by the alternative optimisation techniques. The optimisation analysis
presented in this study has been undertaken using the three independent variables
namingly the molarity of NaOH, the ratio of Na,SiO3/NaOH and the incorporated
base materials (i.e. FA and GGBFS). Additionally, in this process the six dependent
variables are employed, specifically the numerical results obtained from the
presented experimental study (i.e. fresh unit weight, water absorption, sorptivity,
flow diameter, compressive strength and splitting tensile strength). RSM provides the
graphs to visualize the effects of the dependent variables on the responses and it
involves the statistical process to select the proper model fitting the data that includes

the accuracy check for the chosen model. This process follows the numerical
optimisation procedure of RSM involves defining the desirability function (d,) for

each response (e.g. [Whitcomb PJ, Anderson M.J., Pradeep G., Myers R.H. et al.,

Algin H.M.]). The objective functions are then optimised numerically using the

regression models link on the factors and responses. The desirability function (d,)
varies between zero and one (0<d, <1) which implies that the function becomes

zero if the considered dependent or independent variables provide the desirability
that falls outside the range. The desirability is defined by the equations (Egs. 5.1 and
5.2 as explained in section 5.3) indicate as the individual response to be maximised
and minimised, respectively.

Desirability as an objective function ranges from zero to one indicating the
achievement of the defined goals (i.e. one indicates that the defined goals are fully
achieved) and it is aimed to be maximized in the process of optimization. If a
response is required to be set to have a higher importance, the weight of a response
can be altered regarding the characteristics of a goal. This optimisation procedure
defined by Myers and Montgomery (Myers R.H. et al., 2009) is utilised in the
presented study to identify the optimum values for the molar concentration of sodium

hydroxide (NaOH) and the ratio of sodium silicate to sodium hydroxide
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(Na,SiO3/NaOH) in terms of two types of base materials namingly FA and GGBFS
used in the light-weight geopolymer mortar mixes.

The molar concentration of sodium hydroxide (NaOH) and the ratio of sodium
silicate to sodium hydroxide (Na,SiOs/ NaOH) are optimized simultaneously in the
case of minimizing the responses of fresh unit weight, water absorption, sorptivityin
the meanwhile maximizing the responses of flow diameter, compressive strength
andsplitting tensile strength. All of the objective functions and the defined constrains
for this optimisation are given in Table 6.12. Figures 6.16 and 6.17 show the
relationship between the parameters considered in the multi objective optimization

analysis conducted in this research.

Table 6.12 The goals and the constraints used for each variable considered in the

multi objective optimization analysis.

Nameofgiactors Goal Lower limit Upper limit
and response
NaOH molarity in range 8.00 14.00
Na2SiO3/ NaOH In range 0.50 2.50
Base Material equal to FA or GGBFS
Flow diameter maximize 100.00 225.00
(mm)
Fresh unit weight minimize 1696.37 1833.61
(kg/m3)
Water absorption minimize 11.149 17.54
(%)
Sorptivity L
(mm/min 1/2) minimize 0.0095 0.274
Compressive __
strength (MPa) maximize 11.51 30.40
Splitting tensile _—
strength (MPa) maximize 242 3.71
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Figures 6.18 and 6.19 demonstrate the variation of the desirability function obtained
from the presented optimisation analysis for the utilisation of FA or GGBFS as a
base material in the light-weight geopolymer mortar mixes, respectively. The
obtained optimum solutions given in Table 6.13 satisfy the defined upper and lower
limits in Table 6.12, and provide the desirability values of 0.703 and 0.440 for the
base materials of FA and GGBFS, respectively. Table 6.13 demonstrates that the
optimum results with the highest desirability value is obtained from the utilisation of
FA and in this optimum solution the values for the molarity of NaOH and the ratio of
Na,SiO3/ NaOH are of 12.280 and 0.944, respectively.

Table 6.13 Optimization results of FA and GGBFS light-weight geopolymer mortar.

Factors and response FA GGBFS
NaOH molarity 12.280 10.797
Na2Si03/ NaOH ratio 0.944 1.388
Flow diameter (mm) 193.949 172.495
Fresh unit weight

(kg/m3) 1725.214 1817.942
Water absorption (%) 12.951 11.576
Sorptivity (mm/min 1/2) | 0.033 0.230
Compressive strength

(MPa) 21.126 28.920
Splitting tensile strength

(MPa) 3.213 3.409
Desirability 0.703 0.440
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Figure 6.18 Variation of desirability function in terms of the molarity of NaOH and
the ratio of Na,SiOz/ NaOH for the case of FA utilisation as a base material.
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Figure 6.19 Variation of desirability function in terms of the molarity of NaOH and
the ratio of Na,SiOs/ NaOH for the case of GGBFS utilisation as a base material.

Figures 6.20 and 6.21 demonstrate the variation of the considered factors in terms of
the desirability and the responses of flow diameter, fresh unit weight, water
absorption, sorptivity, compressive strength, and splitting tensile strength for the
light-weight geopolymer mortars incorporated with FA and GGBFS, respectively.
Figure 6.20 shows that the increase in the molarity increases the desirability value
and the dramatic reduction is observed especially beyond the molarity of
approximately 12M, this increase corresponds a slight increase in the compressive
strength and splitting tensile strength for the light-weight geopolymer mortars
incorporated with FA. Figure 6.20 shows that generally the compressive strength and
splitting tensile strength has an increasing tendency in terms of the increasing SS/SH
ratio up to 1 and decreasing beyond this ratio, the desirability is increased
dramatically up to the SS/SH ratio to 1. Figure 6.21 demonstrates the similar

behaviour of the factors on the desirability for the light-weight geopolymer mortar
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incorporated with GGBFS. Figure 4 shows that a slight increase in the compressive
strength and splitting tensile strength is observed up to the NaOH concentration of
approximately 11M and Na,SiOs/NaOH ratio approximately 1.5 and beyond this
value the increase in the compressive strength and splitting tensile strength is
negligible. The fresh uint weight is gradually increased up to the molarity and SS/SH
ratio increasing. Figure 6.21 shows that the sorptivity is almost not affected by the
NaOH concentration and the Na,SiO3/NaOH ratio. The desirability is increased

dramatically up to the SS/SH ratio to 1.5
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CHAPTER 7
STEP-WISE REGRESSION AND GENETIC MODELING
7.1 General

In this chapter, the data from the experimental work conducted in this study are used
to introduce modeling formulas for the compressive strength of geopolymer mortar.
Two methods are used to generate these formulas. The first is the simplified linear
step-wise regression, while the second method is the genetic expression
programming. Step-wise is a regression tool that uses the impact of each factor to
evaluate its effect on the equation. This impact is calculated based on the probability
effect based on the F-distribution and the null-hypothesis. The default value of
probability that refers to the significance of each factor is 0.05. Thus, the software
calculates the probability of each of the independent variables and includes only
those with probability values less than 0.05. Based on the included independent
variables, simplified linear regression equation is introduced. The genetic
programming on the other hand, is much more sophisticated method that uses the
principles of gene evolution. This method will be discussed in more details in section
7.5. The modeling is separated for each type of binder. Thus, two sets of formulas are
obtained from each modeling, one for the GGBFS-based geopolymer, while the

second is for the fly ash-based geopolymer.

7.2 Step-Wise Regression Relationships of Compressive Strength vs. Binder and

Temperature for Various Curing Periods

In this section, the compressive strength is correlated with both of the binder content
and the curing temperature for different curing periods. Figures 7.1 to 7.12 show the
conducted linear step-wise regressions for curing periods of 2, 6, 8, 24, 48, and 72
hours for both GGBFS and fly ash binders.
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7.2.1 GGBFS-Based Geopolymer Mortar

Figures 7.1 through 7.6 show the correlations of the compressive strength of GGBFS
geopolymer with binder content and curing temperature for different curing periods.
In the formulas shown in Figures 7.1 through 7.6, the binder contents vary from 650
kg/m® to 1250 kg/ms, with steps of 100 kg/m®. On the other hand, the included curing
temperatures were 60, 80, 100, and 120 °C. As shown in the figures, although the
regression is linear, the determination coefficients were good for all curing periods.
The determination coefficients (R?) for curing periods of 2, 6, 8, 24, 48, and 72 hours
were approximately 0.88, 0.72, 0.68, 0.79, 0.88, and 0.8, respectively.
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Figure 7.1 Step-wise regression model for compressive strength of GGBFS based
LWGMs exposed to 2 hrs of curing time.
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Figure 7.2 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 6 hrs of curing time.
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Figure 7.3 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 8 hrs of curing time.
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Figure 7.4 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 24 hrs of curing time.
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Figure 7.5 Step-wise regression model for compressive strength of GGBFS based
LWGMs exposed to 48 hrs of curing time.
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Figure 7.6 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 72 hrs of curing time.

7.2.2 Fly Ash-Based Geopolymer Mortar

The correlations between predicted and experimental compressive strength of fly
ash-based LWGMs are shown in Figures 7.7 through 7.12 for curing periods of 2, 6,
8, 24, 48, and 72 hours. It is clear that these relations have better determination
coefficients than those of GGBFS-based geopolymer. The determination coefficients
for curing periods of 2, 6, 8, 24, 48, and 72 hours range from approximately 0.78 to
approximately 0.94, while those of GGBFS were in the range of 0.68 to 0.88.
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Figure 7.7 Step-wise regression model for compressive strength of FA based

LWGMs exposed to 2 hrs of curing time.
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Figure 7.8 Step-wise regression model for compressive strength of FA based

LWGMs exposed to 6 hrs of curing time.
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LWGMs exposed to 8 hrs of curing time.
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LWGMs exposed to 24 hrs of curing time.
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7.3 Step-Wise Regression Models for Compressive Strength in Terms of Binder

Content and Curing Time for Various Curing Temperatures

In this section, for each curing temperature, the compressive strength of geopolymer
mortar is predicted by means of binder content and curing period for different curing
temperatures. The curing temperatures are 60, 80, 100, and 120 °C. Similar to the
previous section, all formulas were found based on the binder content. The
regression equations for GGBFS-based geopolymer are shown in Figures 7.13 to
7.16, while Figures 7.17 to 7.20 shows the regression equations of fly ash-based
geopolymer.

7.3.1 GGBFS-Based Geopolymer Mortar

It is obvious that the degree of confidence of this set of equations (see figs. 7.13-
7.16) is much lower than of that for different curing periods. In the prediction
equations for different curing temperatures the coefficients of determination are
mostly lower than 0.6, while for those of different curing periods (figs. 7.1-7.6), the
lowest R? is 0.67. The values of R? for compressive strength of GGBFS-based
LWGMs for curing temperatures of 60, 80, 100, and 120 °C are approximately 0.56,
0.54, 0.53 and 0.79, respectively, as shown in Figs. 7.13 - 7.16.

45
| Foy=7.69+0.0129B+0.229t,
—~ 2
F 40 - R2=0.557 .
2 .
= 7] .
%035 ] .. -
N ] .
(0]
2
2 30
2
o -
5
O 25 .
o
2 _ .
2 o
20 ) . GGBFS
= _ J Curing Temperature
. ) =60 °C
15 T T T T T I I
0 10 20 30 40

Experimental Compressive Strength (MPa)

Figure 7.13 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 60 °C of curing temperature.
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Figure 7.16 Step-wise regression model for compressive strength of GGBFS based

LWGMs exposed to 120 °C of curing temperature.

7.3.2 Fly Ash-Based Geopolymer Mortar

As it is clear in Figures 7.17 to 7.20, the coefficients of determination the
compressive strength of fly ash-based LWGMs for different curing temperatures are
better than their corresponding values with GGBFS binder. The coefficients of
determination of compressive strength versus binder content and curing time for
curing temperatures of 60, 80, 100, and 120 °C are approximately 0.83, 0.81, 0.8, and
0.69, respectively.
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Figure 7.17 Step-wise regression model for compressive strength of FA based

LWGMs exposed to 60 °C of curing temperature.
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Figure 7.18 Step-wise regression model for compressive strength of FA based

LWGMs exposed to 80 °C of curing temperature.
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Figure 7.19 Step-wise regression model for compressive strength of FA based

LWGMs exposed to 100 °C of curing temperature.
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148



7.4 Step-Wise Regression Relationships of Compressive Strength vs. Binder,
Curing Temperature, and Curing Time

In the previous sections, regression equations for compressive strength of
geopolymer mortar based on only two independent variables were obtained using
linear step-wise regression. In this section, the compressive strength is correlated
with the three independent variables at once. Thus, compressive strength is correlated
to binder content, curing temperature, and curing time. Figure 7.21 shows the
experimental versus predicted compressive strength values for all experimental data
of the fly ash-based geopolymer mortar. The coefficient of determination of this
equation is approximately 0.78, which is quite good. On the other hand, for the
GGBFS-based LWGMs, the step-wise regression showed that curing temperature
was insignificant with probability value greater than 0.05. Therefore, the equation
was in terms of binder content and curing time only. However, the R* was as low as
0.43.

In order to make a broad comparison of the prediction performance all of the derived

step-wise regression formulas are presented in table 7.1.
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Figure 7.21 Step-wise regression model for compressive strength of FA based

LWGMs at different binder content, curing temperature, and curing time.
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Figure 7.22 Step-wise regression model for compressive strength of GGBFS based

LWGMs at different binder content, curing temperature, and curing time.
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Table 7.1 Comparison of step-wise regression formulations.

Mix ID Definition Step-wise regression formulas | R?
Curing time = 2 hrs. F.,=17.19+0.0113B+0.263T 0.88
Curing time = 6 hrs. F=10.04+0.0129B+0.034T 0.721
Curing time = 8 hrs. F.=15.8+0.0117B 0.679
Curing time = 24 hrs. F.,=25.89+0.01B+0.0695T 0.788
Curing time = 48 hrs. F=28.4+0.0114B+0.0968T 0.881
GbC;ISBEZS Curing time = 72 hrs. F.,=31.06+0.0097B+0.108T 0.796
LWGMS "Ciring temperature=60 °C | Fo,=7.69+0.0129B+0.229 t, | 0557
Curing temperature=80 °C | F.,=11.94+0.01B+0.186 t. 0.535
Curing temperature=100 °C | F,,=17.07+0.009B+0.077 t. 0.531
Curing temperature=120 °C | F.,=13.42+0.012B+0.28 t. 0.791
All data Fo=12.53+0.0112B+0.13 t, 0.433
Curing time = 2 hrs. Fo=-12.91+0.006B+0.133T 0.811
Curing time = 6 hrs. Fou=-13.56+0.0123B+0.14T 0.847
Curing time = 8 hrs. F.= -14.2+0.0135B+0.148T 0.899
Curing time = 24 hrs. Fo=-6.37+0.0156B+0.0958T | 0.944
Curing time = 48 hrs. Fe.= 2.36+0.0145B+0.039T 0.845
FA based | Curing time = 72 hrs. Fe,=8.05+0.0137B 0.775
LWGMs Curing temperature=60 °C Feu=-5.98+0.01B+0.25 t; 0.831
Curing temperature=80 °C Fo=-2.4+0.011B+0.214 t. 0.813
Curing temperature=100 °C | F¢,= -3.29+0.015B+0.177 t, 0.80
Curing temperature=120 °C | F¢,= - 0.27+0.0137B+0.137 t. | 0.69
All data Feu= - 11.55+0.0126B+0.196 t; | 0.775

+0.0952T
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7.5 Compressive Strength Modeling of Geopolymer Mortar Based on Gene

Expression Programming

In this section, the Gene Expression Programming (GEP) is used to evaluate the
effects of the studied three parameters (binder content, curing temperature, and
curing time) on compressive strength of geopolymer mortar. As in the previous
section, the evaluation is in the form of a regression formula based on the type of
binder. Thus, two formulas are to be conducted in this section, one for the fly ash-

based geopolymer, while the second is for GGBFS-based geopolymer mortar.

7.5.1 Brief Review of GEP

Going back to the end of 1980’s and the beginning of 1990’s, the Genetic Algorithms
(GAs) and later the Genetic Programming (GP) were developed as new evolutionary
techniques. The GP is simply the evolution and optimum solving of computer
programs (research problems) of domain-independent-problems based on the
Darwinian principles of gene survival, reproduction, and evolution. Both GAs and
GP techniques use only single type of individuals or entity to formulate both the
genome and phenome types of the problem. In biology, the genome refers to the
chromosome that carries all features of the entity, while the phenome is the
visualized shape of that entity (the body). In GPs, the chromosomes are the
individuals, which are fixed-length strings of linear form, while the individuals of GP
are parse-trees of nonlinear different shapes and different lengths (Ferreira C.,
2001).The GEP on the other hand, uses the two forms, where fixed-length linear-
strings are used to encode the individuals during the processing phase. These codes
are then translated to nonlinear entities of different shapes and sizes in the post
processing phase, which are simplified expression trees. Thus, GEP translates the
language of chromosomes into a simple language of expression trees (Ferreira C.,
2001).

In GEP, different numbers of different-length and shape and multi-gene
chromosomes are used to code the variables of the problem need to be solved. In
addition to the main variables of the problems, the program defines constants and
mathematical expressions as parts of these chromosomes. The mathematical
expressions include all types of possible mathematical operations such as addition,

subtraction, multiplication, division, square or higher order roots, squaring or higher
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powers, logarithms, exponentials, trigonometric functions, and others. In the start of
the evolution process, a fitness function is chosen to evaluate the accuracy of the
solution and the errors. This fitness is evaluated at the first step for a random
generation. In the subsequent steps, the individuals with best fitness are selected
(survived individuals) for reproduction and development of the next generation. The
development of each next generation carried out by carrying some or all of several
randomly selected operations on the survived (selected based on best fitness)
chromosomes and genes from the previous generation. These reproduction
operations include replication of survived genes, mutation, partial or gene
transportation, and partial or gene recombination. This process continues one
generation by another for several hundreds, thousands, or millions of generations
until the best fitness of the solution is obtained. Figure 7.23 shows the flowchart of

the GEP processing.
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Figure 7.23 Flowchart of GEP (Ferreira C., 2001).
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7.5.2 Numerical Application of GEP

In this section, the GEP is used for formulation-based modeling of the compressive
strength of the geopolymer mortar based on the experimental results of this study.
This formulation is carried out based on the binder type, while binder content, curing
temperature, and curing period are kept variables. Thus, two formulas are obtained
using GEP. The first is for the compressive strength of fly ash-based geopolymer
mortar, while the second is for the GGBFS-based geopolymer mortar. In both of
which, the compressive strength is nonlinearly evaluated based on the binder content,
the curing temperature, and the curing period as expressed in Equation (7.1). The
total number of compressive strength results (samples) used in GEP for each binder
was 168. The fitness function used in the GEP in this study is the coefficient of
determination (R?), which was also used in the step-wise regression in this chapter.
Fu=f(B,T,t) (7.1)

In the GEP carried out in this study, thirty chromosomes each of 3 genes and head
length of 7 were used, while the addition was used as the linking function to link the
resulted expression trees. Thus, each resulted equation will be composed of three
expression trees linked by addition. To simplify the resulted functions, only a limited
set of mathematical operations were selected. These operations include addition,
subtraction, multiplication, division, square root, cubic root, squaring, cubing, natural

logarithm, exponential, sin, and cosine.

7.5.3 GEP-Based Formulas of Compressive Strength

Figure 7.24 shows the resulted expression trees of the compressive strength of fly
ash-based samples, while Figure 7.25 shows the expression trees of that of GGBFS
samples. In these figures and the following equations, the parameters d,, d;, d, refer
to the variables of the equation, which are the binder content (B), the curing
temperature (T), and the curing time (t.), respectively, while C, and C; are constants
of each sub-equation.

Equation (7.2) is the GEP predicted formula for the fly ash-based mortar, which is
derived from expression trees given in Figure 7.24. This equation has a coefficient of

determination R? = 0.95. As shown in Figure 7.25, which is much better than that of
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stepwise regression, which was 0.775. This reveals the power of GEP to predict

regression formulas.

FC‘U. = F]_ + FZ + F3 (72)
Fl = Clln[(Sin dl)z + dz] (73)
Where C,=4.00769 and C, = 4.87732

Fy = cosd, In |2 Ind,] (7.4)

G
Where C,=-5.881989 and C, = 6.77649
F; = cosd, [61 + dz—/c"] (7.5)
Cy

Where C,= -4.005798 and C; = 4.376678
Where Fi, F,, and F3 are the sub-function resulted from each sub-expression trees

shown in Figure 7.24, respectively, and connected by the addition linking function.
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Figure 7.24 Expression trees of compressive strength prediction of fly ash-based

geopolymer samples.
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Figure 7.25 GEP predicted vs experimental compressive strength of fly ash based

LWGMs compressive strength of 168 specimens.

Equation (7.6) gives the predicted formula of compressive strength of the GGBFS
mortar, which is derived from expression trees given in Figure 7.26. This equation
has a coefficient of determination R? = 0.866. This coefficient of determination is
highly superior to that predicted from linear step-wise regression (0.433), which
assures that GEP is much powerful than traditional statistical regression tools. Figure
7.27 shows the linear correlation between the GEP predicted and the experimental

compressive strength of the GGBFS-based geopolymer mortar.

F.,=F +F +F; (7.6)

Where F1, F, and Fsare given by Equations (7.7), (7.8), and (7.9), respectively.
Fi =d,/[(Co + €y —d3) — (dy — C1)] (7.7)

Where C,= 7.316192 and C; = 7.221954

F, = 3\/2d0 (co+ Z—) +d, (7.8)

Where C,=9.992737 and C; = -5.524353

F; =[d,/(sind, — C;)]sinC,d, (7.9)

Where C,= 7.880677 and C; = -9.897583
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Figure 7.26 Resulted expression trees of compressive strength of GGBFS-based

geopolymer samples.
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Figure 7.27 GEP predicted vs experimental compressive strength of GGBFS based

LWGMs compressive strength of 168 specimens.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions

Based on the materials used and the test results obtained from the experimental
program and the interpretation of the results, the following conclusions can be
drawn:

1. The increment in the binder content increased the compressive strength of the
LWGM. However, the increment in the compressive strength is not proportional to
the increase of the binder content. Since the LWFA has high porosity, it is the weak
component of the LWGM. Therefore, it can be concluded that the more the LWFA in
a unit volume the less the compressive strength is obtained.

2. Curing temperature and curing duration are also significant in the activation of
LWGM. Compressive strength raised with the increment of curing period, the
strength increased up to 48 h for GGBFS-based LWGM and up to 72 h for FA-based
LWGM. However, the strength decreased beyond 48 h curing at 120 °C in FA-based
LWGM. It can be attributed to internal crack development as a result of expansion of
LWFA due to excessive heating.

3. Curing temperature relies on the curing duration. Curing for 2 hrs at 60°C didn’t
make notable difference in strength developed in FA-based LWGM but longer curing
caused noticeable acceleration of the reaction rate and increased the strength.
However, the compressive strength of FA-based LWGM raised with the increment of
curing temperature to 120°C for 2 to 24 hours curing and 100°C for 48 to 72 hours

curing.
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4. The compressive strength of GGBFS-based LWGM rose with the increment of
curing temperature to 120°C for 2 hours curing and 100°C for 6 to 8 hours curing.
Specimens activated at 48 hours observed to have the optimum curing temperature
and the highest compressive strength values when cured at 60 °C.

5. GGBFS-based LWGM had lower workability than FA-based LWGM. The flow
decreased with an increase of the NaOH concentration and Na,SiO3; to NaOH ratio
from 1 to 2.5 in FA and GGBFS geopolymer mortar.

6. The fresh unit weight of LWGM raised with the increment of NaOH concentration
and Na,SiO; to NaOH ratio.

7. The compressive and splitting tensile strengths raise up to an optimal value as the
alkali activator concentration raises in LWGM.

8. The highest 7-day compressive strength (31.2 and 21.08 MPa) was achieved from
oven-cured LWGM when the SS/NH ratio was 2.0 and 1.0 with 12 M for GGBFS
and FA respectively.

9. The effect of mix variables on the tensile strength development was similar to that
of compressive strength development.

10. LWGM with higher alkali activator concentration resulted in lower water
absorption.

11. The study revealed that the sorptivity depended essentially on the content of
silica and alkali. Strong alkali solution is required to dissolve GGBFS and FA during
the geopolymerization. Anyhow, there was a reduction in the sorptivity and

absorption with the increment in compressive strength.
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8.2 Recommendation for Future Study

It was observed that there are various parameters affecting the compressive strength
development of LWGM. The recommendations for future studies can be as follows;
1. It is recommended that effects of some other critical parameters such as different
type of light-weight aggregate with less porosity, properties of base material such as
fineness and chemical compositions can be studied.

2. Soft computing based prediction models can be derived by using the presented
data in this study and the collected ones from the literature.

3. An experimental research on durability and thermal properties of LWGM is highly
recommended as a future study.

4. In a future study some companion normal weight mortars may be included to
compare with the strength and failure patterns of the two types of geopolymer

mortars.
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