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ABSTRACT

The use of concrete is rapidly increasing worldwide, primarily harming the
environment due to its primary component, cement, which accounts for roughly 8%
of global CO:z emissions. Hence, exploring sustainable alternatives is crucial. Extracted
nano-silica (NS) from rice husk ash is gaining interest as a sustainable construction
material. In this study, RHA and extracted SP and NS from RHA were characterized
comprehensively at pH 3 and pH 10 to evaluate their suitability for application in
cementitious media. By utilizing laser particle sizing, scanning electron microscopy
(SEM), X-ray diffraction (XRD), and X-ray fluorescence (XRF) techniques, the chemical
composition, physical characteristics, and microstructure of these binders were
examined. The setting time, soundness, autoclave expansion, workability,
microstructure, flexural strength, compressive strength, and durability of RHA/SP/NS
blended mortar and concrete were assessed. Setting time increased with RHA and SP
replacement but was significantly reduced with NS due to early hydration, resulting
in early strength development. RHA, SP, and NS blended mortars showed better
tflexural and compressive strength than the control mix due to higher C-5-H formation.
With 2.5% RHA, 10% SP, and 5% NS replacement, maximum strength and better
durability were observed in the mortar. At a constant w/b ratio, the compressive
strengths found were 59.2 MPa, 60.8 MPa, and 56.2 MPa after 90 days of curing. RHA
increased drying shrinkage slightly. However, SP and NS reduced it and improved
sulfate resistance at later stages of the curing process. RHA increased the water
absorption rate in mortar, whereas adding SP and NS significantly decreased it. On
the other hand, in concrete, 7.5% RHA/SP/NS achieved the maximum strength (31.7
MPa, 34.1 MPa, and 33.7 MPa, respectively) and exhibited better durability
performance. By increasing the packing density of concrete and reducing porosity, the
compressive strength of RHA/SP/NS blended concrete increased significantly,
providing better chloride resistance than the control sample. The findings suggest that

RHA, SP, and NS have potential as alternative construction materials.
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Chapter 1: INTRODUCTION

This chapter outlines the background and context of the research and its purposes. Next,
section describes the significance and scope of this research and provides definitions of the terms

used. Finally, this chapter includes an outline of the remaining chapters of the Thesis.

1.1 BACKGROUND

Concrete is the most produced material worldwide for construction and is an essential
element of civil infrastructure since no other material can compare to its strength,
durability, and broad availability. Due to population growth and the need for
additional buildings and infrastructure, yearly concrete production in the world is
expected to expand from 10 billion to 18 billion tons by 2050, as the population of the
world is expected to increase significantly from 1.5 billion to 9 billion people (Aprianti
et al., 2015; Meyer, 2009). Even though 20-40% of the concrete or mortar volume is
made up of cement, it releases excessive CO: (around 0.95 tons per ton), significantly
impacting the environment (Oh et al., 2014). Cement production also consumes
considerable energy, which concerns sustainable development (Venkatanarayanan &
Rangaraju, 2015). According to Shafigh (2014), it is the third most energy-intensive
industry, which presents a significant environmental risk to the built environment.
Conventional concrete manufacturing techniques must be improved to address these
economic and environmental issues. In addition, risks associated with the production
of cement and industrial and agricultural waste have significantly increased the
problems related to pollution and waste. Anthropogenic waste, formerly worthless
and posing a disposal risk due to its propensity to contaminate the environment, is
now considered a source of supplementary cementitious materials (SCM). It is
anticipated that waste needs to be turned into valuable material by being replaced

with other raw materials for cement production, creating affordable cement.
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There are only a few feasible and accessible substitutes for cement as SCM, such as fly
ash, rice husk ash, bottom ash, sugar bagasse ash, etc, which are the by-products and
waste disposal material. Their suitable use would prevent the degradation of the
ecosystem with the continuation of cement production sources. This readily available
garbage in large quantities has no commercial value and a low cost of transportation.
Several studies have demonstrated that adding SCMs to concrete can enhance its
qualities and reduce construction costs (Amrutha et al., 2011). Ashes from agricultural
wastes, such as Rice Husk Ash (RHA), have pozzolanic properties. Research reported
that waste products can be a partial replacement for other raw materials in cement
manufacturing. Secondary, calcium-silicate-hydrate (C-S-H), is produced when a
pozzolanic material is mixed with Portland cement and interacts with the Ca(OH)..
As a result, the pozzolanic material helps to increase the amount of the C-S-H and
decrease the quantities of the water soluble Ca(OH).. Therefore, blending an
appropriate level of high-quality pozzolanic material with OPC improves the quality
of the cementing process (Dwivedi et al., 2006). The pozzolanic properties of RHA
have been documented by several investigators (Bui & Stroeven, 1999; Committee,
1989; Mehta, 1979; Vu et al., 1997), including the INSA, Rennes team (Cisse et al., 1999),

who have looked into the cause of these effects.

One of the significant factors affecting the characteristics of RHA blended cement is
its burning technique and production process. Researchers used rice husk ash from
uncontrolled combustion in their studies until the early 1970s. Mehta (1978) looked at
how pyro processing affected pozzolanic reactivity of RHA. Pitt (1976) created a
fluidized bed furnace for the regulated burning of rice husk based on his research. It
was found that pozzolanic RHA can be created by carefully controlling the burning
temperature and the furnace residence duration. Figure 1.1 shows different techniques
to produce RHA. Following heat treatment, RHA may be found in two different forms:
crystalline and amorphous. Chopra (1981) observed that the silica was mainly

amorphous at incineration temperatures up to 700°C and that the crystals in the ashes
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grew beyond this temperature as the material incinerated. At 800°C, cristobalite was
found, and at 1150°C, both cristobalite and tridymite were still present. The
amorphous RHA is a highly reactive pozzolanic substance that may be substituted for
Portland cement and used in lime-pozzolana mixtures (Hasparyk et al., 2000; Sakr,

2006; Sata et al., 2007; Smith & Kamwanja, 1986; Zhang & Malhotra, 1996).

!
D=

Muffle furnace

Fluidized bed furnace

Figure 1.1: Different burning techniques of Rice Husk

Rice husk is considered an inexpensive natural silica source since it is utilized in
several technical applications (Della et al., 2002). Precipitated silica from rice husk ash
may be produced and used in various sectors, including the food, paint, tyre, and
cosmetics industries. Some studies have reported silica produced using an extraction
technique from RH combustion (Carmona et al., 2013; Rafiee et al., 2012; Suka et al.,
2009). Della (2002) tried to extract silica from the RHA. They reported that 95% of the
silica in the RHA sample, generated at 700°C, can be extracted. There are two primary
categories of RHA silica extraction techniques: thermal and chemical. The sol-gel
technique is an energy-efficient chemical process (Patel et al., 2017). It is based on
synthesizing a gel-like silica network using chemical precursors. At pH<10, solubility
of amorphous silica is relatively low, increasing dramatically at pH >10. Because of its
distinct solubility behavior, silica may be recovered from RHA in its pure form by

solubilizing in an alkaline environment and then precipitating at a lower pH (Iler,
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1979; Kamath & Proctor, 1998). The production method influences the dynamics of
market pricing by significantly adding to the expense of extracting silica from these
natural sources. Because of the non-isothermal breakdown of rice husk ash in an air
environment (Liou, 2004), nano silica (NS) particles derived from rice husk ash have
a high specific surface area and are agglomerate-shaped, with dimensions ranging
from 5 to 10 nm (Thuadaij & Nuntiya, 2008). It is crucial to understand that a wide
range of parameters, such as soil type, climate, agricultural methods, and other
relevant variables, may significantly influence the silica concentration of rice husk ash

(RHA) (Bakar et al., 2016; Chen et al., 2018).

RHA is an efficient cementitious material substitute for cement in concrete and mortar
(Antiohos et al., 2014; Asavapisit & Ruengrit, 2005; Kang et al., 2019; Rof3ler et al., 2013;
Van Tuan et al., 2011; Zain et al., 2011; Zerbino et al., 2011). In an attempt to enhance
the quality of concrete, several experiments have demonstrated notably favorable
outcomes when low-dose nanosilica is added to concrete mixtures in place of cement
(Colston et al., 2000; Du et al., 2014; Mussa et al., 2020; Xu et al., 2016; Zhang & Li,
2011). Nano silica can act as a catalyst in pozzolanic processes, facilitating the
nucleation sites for calcium silicate hydrate (C-S-H) and the dissolution of tricalcium

silicate (Jo et al., 2007; Rai & Tiwari, 2018).

1.2 AIMS AND OBJECTIVES

The primary goal of this study is to assess the properties of controlled-burned RHA
and the silica powder and nano-silica extracted from it. Furthermore, their optimum
application in cementitious systems will be evaluated. To accomplish the aim, the

following specific objectives are set:

i.  To evaluate the physical and chemical properties as well as microstructural and
morphological phases of Rice Husk Ash (RHA), extracted Silica Powder (SP),
and Nano silica (NS) from RHA.
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ii.  Toinvestigate the hydration and microstructural development of cement paste
with RHA, extracted SP, and NS from RHA.
iii. ~ To evaluate fresh and hardened properties of mortar and concrete with RHA

and extracted SP and NS.

1.3 SCOPE OF THIS STUDY

This study investigates the effectiveness of SP and NS extracted from RHA, as well as
RHA itself, as a partial replacement for cement in various cementitious media. RHA,
SP, and NS are characterized using standard techniques such as XRD, XRF, SEM, EDX,
and Blaine surface area. Microstructural development with RHA/SP/NS is evaluated
by SEM and EDX analysis. The fresh, hardened, and durability properties of mortar
and concrete samples are evaluated, incorporating RHA, SP, and NS with CEM I at
different volumetric ratios. To assess the fresh property flow value is measured in
mortar samples, and workability, along with fresh density, is measured for concrete
samples. Flexural strength, compressive strength, density, and volume of permeable
pores are evaluated to evaluate the hardened properties of mortar samples.
Additionally, for concrete samples, compressive strength, density, volume of
permeable pores, and UPV tests are conducted to determine hardened properties. As
a part of durability evaluation, water absorption, drying shrinkage, and sulfate
resistance tests are performed for mortar samples and for concrete samples, RCPT,
surface electrical resistivity, and sorptivity, along with water absorption tests are
done. The replacement of CEM I with RHA, SP, and NS is done individually. Only

laboratory-based experiments are included in the scope.

1.4 SIGNIFICANCE OF THIS STUDY

A key component of sustainable development is the conversion of waste into materials
for construction. In developing nations, circular value chains that convert agricultural

waste into building materials contribute to employment creation, reduced waste
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dumping, economic growth, and environmentally sustainable building solutions. Rice
husk is a byproduct of the agricultural industry. For the disposal of rice husk, open-
air burning and landfilling were typically used. However, this traditional practice
may lead to serious environmental issues. Rice husk silica can be extracted to provide
this material with a more valuable application. Using Rice Husk Ash (RHA) as a
tfeedstock for silica extraction could be more effective and cost-effective than directly
extracting silica from rice husk. Silica can be extracted from RHA by an
environmentally friendly process such as alkaline extraction. This method may also
draw government incentives or subsidies for sustainable practice. The reason for
selecting RHA for the extraction of nano-silica is that it is an inexpensive and readily
available material. On the other hand, traditional methods for extracting silica from
quartz, sand, and other sources are costly and time-consuming, as they require high
temperatures and pressures. Additionally, they have a chance of hazardous effluent

emissions.

Amorphous silica recovered from RHA can serve as a low-cost raw material for the
manufacture of complex and technologically advanced silicon-based products. When
used to manufacture concrete as a replacement for cement, extracted nano-silica from
RHA offers several advantages due to its large surface area, increased reactivity, and
capacity to enhance the microstructure of the cement matrix. Above all, by partially
replacing cement with nano-silica, CO2 emissions can be reduced. Concrete gains
strength earlier because nano silica accelerates the hydration process. This can be very

helpful in projects where early load-bearing capacity is crucial.

1.5 THESIS OUTLINE

The evaluation of the performance of RHA/SP/NS as SCMs in cement paste, mortar,

and concrete is organized as follows:
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Chapter 1 presents the problem related to RHA and the opportunity to extract
nano-silica from RHA for reducing dumping, promoting economic growth, and

providing an environmentally sustainable solution.

Chapter 2 provides a comprehensive review of the literature on the nano-silica
extraction process and the effect of various parameters on the silica extraction process.
Besides, the physical, chemical, and pozzolanic behaviour of RHA and extracted

SP/NS were reviewed.

In Chapter 3, materials and experimental design are provided with a detailed

explanation. There are also details about sample preparation and testing.

In Chapter 4, results are presented along with a comprehensive discussion of the
research findings. The effectiveness of the RHA/SP/NS blended cement is compared
with CEM I. The relevance and significance of the findings are explored, and the data

are evaluated in comparison with the literature.

In Chapter 5, the results of the experimental investigation are summarized.
Additionally, the limitations and future scope of this study are discussed. The study
concludes with references and an Appendix that illustrates extensive test data and

calculations.
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Chapter 2: LITERATURE REVIEW

This chapter outlines the rice husk preparation and, different extraction processes
adopted by researchers. Physical, chemical properties, and hydration behaviour of these binders
are described in this chapter. The effect of pH, NaOH, and surfactant during silica extraction

is analysed.

2.1 GENERAL

This chapter reviews the fresh, hardened, and durable properties of mortar and
concrete at various replacement ratios. It examines the fundamental properties of rice

husk ash and nano-silica as supplemental cementitious materials.

2.2 CEMENT

Portland cement (CEM I) is the most widely used binder in a cementitious system. It
offers the adhesive qualities required for adhering to masonry blocks and aggregates
in concrete. Tricalcium silicate (CsS), dicalcium silicate (C2S), tricalcium aluminate
(CsA), and tetra calcium aluminoferrite (C4AF) are the main components of Portland
cement, which is a multi-component, multi-phase inorganic substance. Ordinary
Portland Cement (OPC) is hydrated by the compounds CsS, C2S, CsA, and C:AF
reacting with water to form calcium silicate hydrates (C-S-H) gel, which makes up
roughly 70-75% of the cement paste in general. Secondary phases include calcium
hydroxide [Ca(OH):], which makes up about 20-25%, and sulfoaluminate, which
makes up 7% (Neville, 2011).

2.2.1 Hydration of cement

Ditferent cement compositions react with water during the phase-by-phase hydration
process to generate new solid products and release heat. Cement hydration results in

a hard, porous material. Tazawa et al. (1995) claim that one chemical Equation cannot
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adequately describe the chemical hydration reaction process in mortar or concrete.
The following equations can be used to characterize the cement hydration process in

mortar or concrete:

Tricalcium silicate (CsS):

Calcium silicate hydrate (C-S-H), the main component that provides cement its
strength, and calcium hydroxide (CH), which adds to alkalinity, are the products of
the fast reaction between tricalcium silicate (CsS) and water.

2(3Ca0.25i02) + 6H:0 ——»  3Ca0.25i02.3H20 +3Ca(OH).  (Eq. 2.1)

Dicalcium silicate (C2S):
Although it reacts more slowly, dicalcium silicate (C,S) may generate calcium silicate
hydrate (C-S-H) and calcium hydroxide (CH) similarly.

2(Ca0.Si02) +4HO0 3Ca0.25i02.3H:20 + Ca(OH): (Eq.2.2)

Tricalcium aluminate (C3A):
Early on, ettringite (CecAsSsHs), crystals that are like needles) is formed when
tricalcium aluminate (C3A) combines with water and gypsum, which is introduced
during grinding. This assists in managing the cement setting time. Ettringite turns into
monosulfat (C+4ASH12) when the gypsum is depleted.

3Ca0.AL0s + 3(CaSO4+.2H20) + 26H20 3 3Ca0.AL0s.3CaS04.32H0  (Eq. 2.3)

3Ca0.Al203.3CaS04.32H:0 +
— > 3(3CaO.A1203.CaSO4.12H20) (Eq 2.4)
2(3Ca0.Al0s) + 4H-0

Tetracalcium aluminoferrite (C4AF):
While it contributes less to the overall strength development, tetracalcium
aluminoferrite (C4AF) responds similarly to C3A.

4Ca0.AL0s.Fex0s + 3(CaSO4+.2H:0) C3(AL20s.Fe205)3.CaS04.32

(Eq. 2.5)
+27H-0 H:20 + Ca(OH):
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Figure 2.1 introduced the hydration of cement paste, which went through many

phases of differentiation, showing the development of numbered peaks (Taylor, 1997).

Initial Final
setting setting
Workable Devel(.)pment
of resistance
Pre-induction  Induction Acceleration Period Post- Diffusion
Period Period acceleration Limited
Period Reaction
—_~
T
=1]
A
-
N’
=
=]
o
2 h 24 hr
Minutes Hours Days

Hydration Time

Figure 2.1: Heat rate growths during hydration of Portland cement (Taylor, 1997)

Pre-induction period:
The cement and water mixture causes a short period of rapid responses in the first few
minutes. At that time, a layer of amorphous gel rich in alumina is formed around the

cement particles due to the primary reactions between CsA and C:AF with water and
gypsum.

Induction / dormant period:
In this stage, there is a short period of low activity after the quick initial reactions in

the first minute. Small-scale chemical reactions generate very little heat.

Acceleration / post-induction period:
The rate of heat release and hydration responses reaccelerate, peaking generally less

than 12 hours after the first mixing. The primary cause of this behaviour is the
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hydration processes of tricalcium silicates (CsS), which create a layer of C-S-H gel

around the cement particles, referred to as "outer C-S-H."

Post-acceleration period:
During this time, the rate at which heat is released progressively decreases. As time

passes, the percentage contribution of CzS to the formation of the C-S-H phase rises.

Diffusion-limited reaction period:
The diffusional constraint of chemicals in the solid form causes reactions to

dramatically slow down after 1-3 days of cement hydration.

Unhydrated Cement Pre-Induction / Acceleration
particle Induction Period Period

0 min

Post-acceleration
Period

< BN

‘1ﬁﬂ'ii:“‘l

AFt 'Inner CSH'.

OQuter C-S-H

Figure 2.2: Diagram showing the phases in which a polymineral cement particle

hydrates (Gong alves & Fernanda, 2015)

Chapter 2: LITERATURE REVIEW 11



2.3 SUPPLEMENTARY CEMENTITIOUS MATERIALS

In literature, "supplemental cementitious materials" refer to finely divided elements
that, either by pozzolanic activity, hydraulic activity, or both, improve the
characteristics of concrete. By creating secondary hydrated binder phases of calcium
silicate hydrate (C-S-H) or calcium aluminosilicate hydrate (C-A-S5-H), cementitious
materials are compounds that take part in the hydration processes (Diamond et al.,
2004; Taylor, 1997, Massazza, 1998, Moranville-Regourd, 2002; Richardson, 2008).
Through their densification, these phases help cement matrices become more durable
and have better mechanical properties. A portion of the costly cement used in mortar
and concrete can be substituted with these SCMs. Classifications for cementitious

materials include-

Pozzolanic materials:

Compounds that include siliceous or aluminosilicates react with water and calcium
hydroxide (CH) to produce calcium aluminosilicates hydrate (C-A-S-H) or calcium
silicates hydrate (C-5-H). The calcium silicates in the cement may have hydrolyzed,

producing the CH employed in this process.

Latent hydraulic binders:

Calcium aluminosilicates gradually react with water to form a complex, spontaneous
compound. Thus, the presence of an alkaline activator is necessary for the hardening
process to become important. This molecule facilitates the development of C-A-S-H
phases and the dissolution of ionic species by breaking the chemical bonds in the

amorphous (or glassy) phase of binder.

2.3.1 HISTORY OF POZZOLANS

There are two different interpretations of the word "pozzolan." The initial one denotes
the pyroclastic rocks, which are primarily glassy and occasionally zeolitized and may

be found in Pozzuoli (the ancient Puteoli from Roman times) or the vicinity of Rome
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(Stanley, 1982). The second definition encompasses any inorganic materials, natural
or artificial, that, when combined with calcium hydroxide (lime) or compounds that
can release calcium hydroxide, harden in water (Portland cement clinker). The Los
Angeles aqueduct required the usage of more than 100,000 tons of pozzolana between
1910 and 1912. Pozzolanas have since been employed in marine structures and mass
concrete construction in North America, Europe, and Japan. Since the most widely
recognized categorization focuses on the pozzolanas' origin, the first separation is
between natural and artificial pozzolans. Natural materials just need to be ground;
artificial pozzolanas are made by altering the structure or composition of materials

that were nonexistent or had very weak pozzolanic qualities.

Natural
pozzolanas
Pyroclastic Materials of Clastic
rocks origin (alterad) rocks
T T

Italian white earths

'

Incoherent Coherent Materials of Materials of
rocks rocks (altered) organic origin simple deposition
Italian pozzolana Diatomaceous earths Clays (non active)
Tutfasche |

Santorin earth !
Vitreous rhyolites

Argillised Materials of

materials mixed origins

Non-active Moler

Zeolitised Ga‘nze

materials ' Naturally

burmed clays
Brtcdeeadioco ol
Trass
Naples yellow tuff | Gliezh
Canary tuff :
Rice husk Burned Thermally acti-
Fly ash peees dhales valed materials Silica fume Burned clays
T T I I T
l l
‘ Artificial )
_ . — | pozzolanas | _ . —

Figure 2.3: Classification of pozzolans (Fookes, 1985)
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2.3.2 Mechanism of Pozzolanic Reaction

A siliceous or aluminous chemical combined with calcium hydroxide (C-H) in the
presence of moisture often produces a pozzolanic reaction. According to (Villar-
Cocina et al., 2003). The pozzolanic reaction will not begin until CH is released and a
pozzolanic material is added to a mortar or concrete mix. The two primary ingredients
of cement, CsS and C:S, hydrate to produce lime. The following is a representation of

this response.

Ca(OH): + SiO2 + H20

v

C-S-H (Eq. 2.6)

The highest amount of lime that a pozzolana can combine with and the rate at which
such a combination happens are the two criteria that constitute the phrase "pozzolanic
activity." The quality and quantity of the active phases, or more specifically, the type
of pozzolanas, determine both parameters. It is widely acknowledged that the
following factors primarily determine the total amount of mixed lime: the specific
surface area (BET) of the pozzolana, the water/solid mix ratio, temperature, the type
of the active phases, their content in pozzolana, SiO: content, lime/pozzolana ratio in

the mix and the duration of curing (Massazza, 1998).

Pozzolan-lime interactions happen slowly and usually begin one or more weeks later
(Givi et al., 2010a). As a result of this delay, pozzolanic concrete will initially be more
permeable but will eventually become denser than regular concrete. (Givi et al., 2010a)
provides two explanations for this conduct. First, pozzolanic reactions are inhibited
by the precipitation sites created by pozzolan particles for the early hydration of C-S-
H and C-H. Second, the alkalinity of the pore water plays a crucial role in the
breakdown of the glass phase since it can only reach a high pH after several days. The
function of SCM in cement-based material hydration and their contribution to
pozzolanic activity has been validated by earlier research. These results led to the

classification of SCM reactivity processes into four main impacts: chemical, dilution,
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nucleation, and filler effects. The ability of SCM particles to fill in spaces between
cement grains, densifying the concrete microstructure and enhancing strength, is
demonstrated by the filler effect (Ndahirwa et al., 2022). Additional nucleation sites
offered by SCMs speed up the reaction process by facilitating the production of
hydration products. SCMs may, however, have a diluting effect when added in large

amounts, delaying pozzolanic reactivity and lowering the heat of hydration.

2.3.3 Advantages of using pozzolans

Pozzolanic materials can potentially replace some of the clinker or cement with the

following benefits (Gong alves & Fernanda, 2015):

Environmental:

Limit the fuel used and CO: emissions produced during the clinker production
process. Because they are industrial byproducts, pozzolanic materials also help to
reduce the number of natural resources extracted for their raw materials, as well as
the dust, noise, and vibration that come with preparing raw materials for clinker
production. Reusing byproducts also decreases the quantity of garbage dumped in

landfills.

Economic:
Lower the cost of producing cement and enhance profits by adding value to waste

when employing an industrial by-product.

Technological:

The densification of the cement/pozzolans blended paste matrix improves durability
by reducing the rate and total amount of heat released because the hydration reaction
of pozzolanic materials is less exothermic than that of cement, increasing mechanical
properties due to the additional formation of C-S-H or C-A-S-H phases that contribute
to the cement paste matrix densification; and reducing the likelihood of deleterious

reactions occurring.
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Due to their generally low alkali concentration, pozzolanic elements lower the overall
alkali content in the concrete mix. This helps avoid several problems with durability,
such as efflorescence (the build-up of salt deposits on the surface of concrete) and the

alkali-silica interaction.
2.4 RICE HUSK ASH

One of the many agricultural by-products plentiful in many rice-producing nations
worldwide is rice husk. About 200 kg of rice husk may be produced from one ton of
paddy rice, and 40 kg of ash can be produced when the husk is burned (Bui, 2001). In
the fiscal year 2020-21, Bangladesh produced 37.61 million metric tons of paddy,
according to data from the Bangladesh Bureau of Statistics (BBS). 20% of them, or 7.52
million metric tons, are regarded as rice husks. In Bangladesh, the output of rice and
rice husk is rising continuously. According to the map shown in Figure 2.4, the
districts with the largest ash generation include Dinajpur, Mymensingh, Bogura,

Naogaon, Rangpur, and Jashore.

Rice Husk Ash Generation
(Tennes) in Boro Season
[ 35- 1494

[0 1494 - 3399

[ 3399 - 5940

I 540 - 8200

[ 8200 - 10772

. 141-212

a) Aush season (Aprilto  b) Aman season (July to  c) Boro season (November

July) November) to April)

Figure 2.4: Rice husk ash generation in different seasons of the year 2020-21 (Hossain
et al., 2024)

The rice plant takes silica from the soil and incorporates it into its structure as it grows

(Smith & Kamwanja, 1986). The husk covers the grains and has a high silica
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concentration, typically between 80 - 85 % (Siddique, 2004). When husks accumulate
in large quantities to disrupt the surrounding environment, it is considered waste. Its
poor nutritional content makes it unsuitable for use as animal feed, and it is typically
indigestible for humans. When rice mills parboil rice, burning rice husk yields rice
husk ash (RHA). Approximately 75% of the husk comprises organic volatile materials,
with the remaining 25% being burned to produce ash (NPCS, 2013). These ashes are
often disposed in open areas near the rice mills. The material includes a high level of
silica (more than 90% of the total content) and very tiny particle sizes (59% of the

particles had diameters smaller than 0.05 mm) (Farooque et al., 2009).

RHA is created by calcining rice husk, as was previously mentioned. As the cellulose-
lignin composition of rice husk is burned, porous ash with a high silica content and a
low concentration of alkali and other elements is left behind. Controlling the burning
temperature is necessary to maintain the amorphous form of silica since it has a
considerable impact on the chemical composition of RHA. Nonreactive silica minerals
called cristobalite and tridymite are present in significant proportions in the ash that
results from uncontrolled combustion, such as in open field burning or industrial
furnaces operating at temperatures above 700°C to 800°C. The primary component of
ash under controlled combustion, which involves burning at temperatures between
500 and 700°C for approximately an hour, is amorphous silica. The reactivity of this
form of silica is attributed to its presence and to the large surface area that results from
the microporous structure of ash particles. In general, controlled combustion produces
a finer RHA than open heap incineration. Furthermore, RHA produced by open heap
combustion has a lower reactive ash concentration and a higher residual carbon

content.

Potassium makes up the bulk of the Alkali, a high percentage of non-silica elements
found in rice husk ash, varying generally from 0.18% to 3.68% of the weight of ash

(Mehta, 1994). As long as the sodium concentration is below 1.12% (Giaccio et al,,
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2007). As per ASTM C618 (2023), the total weight of the pozzolanic material shall
include at least 70% silicon oxide (S5iO2), iron oxide (Fe20s), and aluminium oxide
(AL20:s). Alkali oxides and residual carbon constitute the majority of the contaminants
in RHA. It is challenging to get RHA with the same or nearly identical composition
since the chemical characteristics of RHA differ depending on the source. Because of
its low calcium oxide (CaO) content (less than 10%), RHA is categorized as a Class N

pozzolan.

As a natural pozzolan, rice husk ash exhibits cementitious qualities when combined
with lime (Cook, 1986; Mehta & Pitt, 1976). Much research has demonstrated that rice
husk ash may be utilized as an additional cementitious material when mixed with
cement to create concrete products because of its high amorphous silica concentration
(Bakar et al., 2011; Barkakati et al., 1994; Ganesan et al., 2008). Rice husk utilization is
influenced by a number of factors, including the reactivity of pozzolan in cement and
concrete and chemical purity for the production of new materials (Chandrasekhar et

al., 2006).

2.4.1 Preparation of Rice Husk Ash

The temperature and grinding method are the two elements that affect the production
of rice husk ash. Between 500 and 800°C is generally considered to be the ideal burning
temperature, according to research on optimal burning temperatures, rates of heating
and cooling, and other factors (Bakar et al., 2016; Habeeb & Mahmud, 2010; Kang et
al., 2019; Mboya et al., 2017; Olawale & Oyawale, 2012; Ramezanianpour et al., 2009).
Organic matter can still be found in the ash below 500 °C. With a crystalline structure,
a pozzolanic phase reaction of strength-forming hydrates, i.e., C-S-H formation, is
impossible. Above 800°C, silica undergoes a structural change from amorphous to
crystalline, reducing the pozzolanic reactivity between the RHA and the remaining
portlandite (C-H) from the first hydration reaction. Yeoh (1979) stated that if the

combustion duration was shorter than one hour, RHA silica may continue to exist in
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its amorphous form even at temperatures as high as 900°C. When the temperature and
time exceeded this range, the silica became crystalline. However, Nair (2008) found
that if the combustion time is shorter than five minutes, temperatures as high as 1000
°C may be reached. In most research, combustion periods under controlled settings
are less than one hour (Hwang & Chandra, 1996). The volume of burnt ashes
determines the duration of the combustion process. According to the findings of James
& Rao (1986), the presence of minor elements in the RHA, such as Na, K, Mg, and Ca,
is associated with the phenomena of changes in silica from amorphous to crystalline,
which lowers the temperature at which the silica transforms. Researchers have
generally concluded that further research is necessary on this topic since it is unclear
at what temperature amorphous silica turns crystalline. The porosity of the RHA is
affected by the heating rate; Chandrasekhar (2006) studied the increase in pore volume
as the heating rate increased. Meanwhile, because of a larger inner specific surface
area, reactivity rises with porosity. This has a good impact on ultimate strength
(Chandrasekhar et al., 2006) but a detrimental impact on water adsorption and

workability (Msinjili et al., 2017; Nair et al., 2008).

The fineness of RHA is decided by the grinding procedure. The mean particle
diameter of RHA decreases as grinding energy and duration increase. The specific
surface area of this material is often 10 to 100 times larger than that of cement and 5 to
10 times higher than that of silica fume, owing to its structure, which is frequently
referred to as a honeycomb structure (Singh & Singh, 2015). The interior porosity of
RHA reduces as fineness increases. By making the pozzolanic material more finely
ground, reactivity may be elevated. However, according to Mehta (1979), RHA gets
its pozzolanic activity mainly from the interior porosity of the particles; hence, it is

best to avoid grinding it too small.
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2.4.2 Combustion

The most popular technique for extracting silica from rice husks is direct burning,
which yields 85-95% silica-containing rice husk ash (Fernandes et al., 2016; Lee et al.,
2017; Zulfiqar et al., 2015). Both residential and commercial operations employ this
technique, which may be carried out in open-fire stoves or various boiler types,
including fluidized beds, stokers, and suspension-fired boilers (Witchakorn &
Bundhit, 2004). Using heat exchangers, the heat generated during this burning process
is either used to create steam or to be used again for drying processes. However,
considerable amounts of particulate matter and greenhouse gases are released when
the rice husks are directly burned (Junpen et al., 2018; Lasko & Vadrevu, 2018).
Burning rice husk releases COz, CHis, CO, NOx, SOz, PM2.5, and PM10, all forms of
black carbon. Therefore, it is crucial to constantly employ a dust collector and a gas
absorber while using direct combustion. Remarkably, most organic chemicals
included in the raw materials may be effectively eliminated by direct thermal burning

of rice husks.

The phase transition of the silica material generated is significantly influenced by the
temperature at which rice husk burns. The natural form of silica in rice husks is in a
non-crystalline phase. Still, the methods used for combustion—whether with or
without air—have a significant impact on the final silica compound composition.
Tridymite and cristobalite phase transition begins at temperatures over 600°C during
combustion (Nakata et al., 1989). However, depending on the chemical composition
of rice husk ash, different temperatures were needed for crystallization (Beidaghy
Dizaji et al.,, 2019). Variations in RHA composition are caused mainly by soil type,
weather, agronomic practices, and other factors (Alvarez et al., 2014; Rofsler et al.,
2014). Fewer metal contaminants were found at a higher combustion temperature (900
°C). The creation of less stable and more volatile phases that are easily discharged into

the gas phase might cause this phenomenon. Furthermore, high combustion
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temperatures can cause sticky alkali silicate compounds to develop from alkali metal
impurities in rice husk ash, including potassium, phosphorus, calcium, and
magnesium. Due to the melting and agglomeration of the ash caused by these
chemicals, meso and micropores decrease, and particle size increases (Soltani et al.,
2015). By changing the combustion conditions, the shape, particle size, pore size, and
uniformity cannot be adjusted. According to earlier research, various characteristics
of silica, such as its specific surface area (11-39 m? g!), purity (29.7-96.7 wt%), and
crystallinity (fully amorphous or partly crystalline), may all fluctuate within a specific
range (Dizaji et al., 2019). Gomes et al. (2016) have carried out an extensive study of
the production of rice husk ash (RHA) using bubbling fluidized-bed combustion
(BFBC). They looked at several important factors, such as elutriation behavior,
fluidization velocity, and combustion temperature, which directly affect the

properties and purity of the resultant silica.

2.4.3 Pozzolanic Reaction of RHA

A siliceous and aluminous material that possesses little or no cementitious value can
be classified as a pozzolan. However, when combined with calcium hydroxide at
room temperature and in finely divided form, it will chemically react to form
compounds possessing cementitious properties (Mehta & Pirtz, 1978). Through its
pozzolanic reaction, RHA, a very fine material, may replace cement because of its
microporous structure and predominantly amorphous silica (270%). Two parameters,
namely the non-crystalline silica content and its specific surface, work together to
determine the reactivity of RHA in lime (El-Dakroury & Gasser, 2008). When cement
hydrates, RHA combines with lime to generate C-S-H, which is exactly what other
common pozzolans do. More C-S-H is produced by the pozzolanic reaction when
RHA is added because it reduces the C-H created when cement hydrates. The strength
and durability of concrete are often enhanced by this (Azizi & Yousefpour, 2008; Givi

et al., 2010a). Research has indicated that replacing cement with rice husk ash might
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speed up the early hydration of CsS. This can be verified by the large specific surface
area of rice husk ash (Feng et al., 2004). This behavior is most noticeable when RHA
particles are small. Pozzolan small particles create many nucleation sites for the
precipitation of hydration products when they disperse in cement pastes, although
they are less reactive than Portland cement (Mehta & Aitcin, 1990). As a result of the
pozzolanic interactions between the calcium hydroxide (CH) and the amorphous
silica in the mineral admixture, this process produces a more uniform and denser
paste in terms of the distribution of the finer pores (Isaia et al., 2003). Amorphous silica
content, particle fineness, and specific surface area all affect RHA reactivity (Khan et

al., 2015; Raman et al., 2011; Shukla et al., 2011; Zain et al., 2011).
2.4.4 Physical Properties of RHA

Rice husk combustion temperature is the primary determinant of the physical
properties of RHA, such as fineness, color, particle size, and shape. For freshly
produced concrete, characteristics like workability, bleeding, and segregation are
more influenced by the physical characteristics of RHA. As previously indicated, the
high internal surface area of RHA gives it pozzolanicity; hence, grinding this ash to a
very fine texture will not be beneficial. While fine-grinding RHA might not increase

its reactivity, it can change the pore structure and decrease water absorption.

Outs:de surface

(a) Initial particle (b) Short time grinding (¢) Long time grinding

Figure 2.5: RHA particle state changes during grinding (Van Tuan et al., 2011)

Chapter 2: LITERATURE REVIEW 22



The agglomeration process is caused by the collapse of the porous structure of RHA
particles (shown in Figure 2.6) when the particle size reduces due to an increase in
grinding particles. To improve RHA performance, it is thus essential to determine the
proper fineness of RHA. According to Della (2002), the rate at which specific surface
area decreases is directly related to the heating temperature and duration. Prolonged
heating at high temperatures causes an accumulation effect that reduces porosity.
Through refining and chaining the formation of unfavorable crystals during the
hydration process, the RHA particle size influences the pore structure (Givi et al.,
2010a). Lastly, the mineralogical phase and grinding duration significantly influence
the size and form of the particles. RHA can be light grey, grey, or nearly black,

depending on how the rice husks burn.
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Figure 2.6: Various RHA particle phases and how they affect the pore volume

throughout the grinding process.

2.4.5 Chemical Properties of RHA

The principal chemical component of RHA is SiO.. These substances cause its

pozzolanic action. In addition, it contains unburned carbon, Al:Os, Fe:0s, CaO, MgO,
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TiO, P20s, SOs, and Na20. The performance of mortar or concrete may be impacted by
these trace components, which can also affect the chemical and physical characteristics
of RHA. The pozzolanic activity of RHA and efficacy as SCM in concrete and mortar
applications are mostly determined by its chemical characteristics, which include its
silica concentration, amorphous nature, alkalinity, carbon content, and trace element
composition. Plant composition can vary from one to the next and even within a single
plant on occasion. SiOz + Al:Os + Fe203 > 70% and residual carbon content (loss on

ignition) < 12% will be the two main ingredients that will generally vary.

2.4.6 Hydration of Cement Blended RHA

Once Ca(OH): has been released from cement hydration, adding RHA to the mortar
or concrete mix will initiate the pozzolanic process. OH- and Ca* combine with 5iO:
or Al20s-SiO: structure in the silica-lime reaction to create calcium silicate hydrate (C-
S-H), calcium aluminate hydrate (C-A-H), and calcium aluminate ferrite hydrate (C-

A-F-H) (Givi et al., 2010a; Ngun et al., 2010).

Calcium silicate hydrate:

2Si02 +3Ca(OH) — » 3Ca0.25i02.3H:20 (Eq. 2.7)

Calcium aluminate hydrate:

ALO:s + Ca(OH): +H0 »  CaO.ALOs.Ca(OH).H:0  (Eq.2.8)

Calcium aluminate ferrite hydrate:

Fe20s + Ca(OH)2 + ALOs + H2O —»  Ca(OH)2.AL0s.Fe20s. H2 O (Eq. 2.9)

As a result of the free lime being transformed into an insoluble C-5-H gel during the
subsequent hydration reaction, the extra C-S-H creation helps to improve the
durability and strength of concrete. As shown in Figure 2.7, Hwang & Chandra (1996)

divided the interaction process into four sequential phases of time to describe the
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hydration process response in cement paste with RHA. The water-binder ratio and
RHA concentration are directly correlated with how RHA affects cement hydration
(van Nguyen, 2011). The primary hydration exothermic peak is postponed with a
fixed w/b ratio as the RHA concentration rises and the cement content in the pastes
falls. At unchanged RHA concentration, the major hydration exothermic peak and

acceleration period develop somewhat sooner with greater w/b.
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Figure 2.7: Diagrammatic representation of the hydration process of cement paste

with RHA
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Figure 2.8: Cement and RHA particle hydration products in the shell layer (van
Nguyen, 2011)

2.4.7 Silicain Rice Husk Ash

In the agricultural field, silica is regarded as a crucial micronutrient that is essential
for the development and growth of plants. Additionally, it strengthens the leaves,
shoots, and roots, increases their resistance to weather, and lessens the harmful effects
of some poisonous soil components. During germination, silica can accelerate

germination by sterilizing and destroying fungus.

The two main types of silica, a common substance in the crust of the Earth, are
amorphous and crystalline. The main and adaptable silica polymorph identified in
rice husk ash (RHA) extraction is amorphous silica (a-5iO2). This silica is common in
RHA and does not have the long-range atomic order seen in crystalline structures. The
main methods used to extract amorphous silica from RHA are calcination or pyrolysis,
often carried out between 550 and 750°C (Pedersen et al., 2010). These moderate
temperatures are used to prevent crystallization, as is seen in cristobalite and quartz,
and to preserve the amorphous properties. Amorphous rice husk silica finds
application in several industries, including rubber, activated carbons, energy storage

materials, drug delivery, carbon capture materials, glassmaking, steel, cement,
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pharmaceuticals, paints, soap, cement pozzolan, and silicon integrated circuit

insulators (Pode, 2016), as illustrated in Figure 2.9.
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Figure 2.9: Diagram of application of rice husk (Hamidu et al., 2025)
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2.5 EXTRACTION OF NANO SILICA FROM RICE HUSK ASH

Since silica has special qualities and can be found in large quantities in rice husks, its
demand is increasing across many industries. Although the initial source is rice husk,
several methods are employed to extract silica from different kinds of rice husk, such
as ash. Impurities or undesirable elements must be eliminated from the raw materials
to extract silica. Three techniques have been employed for extracting silica from rice

husk: alkali extraction, acid leaching, and combustion (Chun & Lee, 2020).
2.5.1 Alkali Extraction

This method allows for the synthesis of silica from rice husk by dissolving it in an
alkali medium such as KOH, Na:COs, or NaOH and then precipitating it with an acidic
media such as hydrochloric acid, sulfuric acid, citric acid, acetic acid, and oxalic acid.
For pH values greater than ten, silica becomes much more soluble (Kalapathy et al.,
2002). As a result, alkaline solvents are used to extract silica from rice husk ash (RHA).
Before alkali extraction, the lignin is often removed by heat treatment to prevent silica

and lignin from being extracted from rice husks. This might have an adverse influence

Chapter 2: LITERATURE REVIEW 27



on the quality of the sodium silicate that is produced. Organosolv fractionation is
another method, in addition to thermal treatment, that may be used to separate lignin
using organic solvents like ethanol (Kim et al., 2019) and 1,4-butanediol (Zhang et al.,
2015). The phenolic chemicals that are produced when the lignin is broken down by
alkali extraction, such as coniferyl aldehyde, ferulic acid, and benzoic acid, cannot be

used in other processes.

In earlier research, the starting materials for alkali extraction have been acid-treated
rice husk or rice husk ash (Hossain et al., 2018; Jung et al., 2010; Pathak et al., 2020).
Sodium silicate, which may be utilized as a precursor for Si-based products, is
typically created by extracting silica from rice husk using sodium hydroxide (Chun et

al., 2020; Jang et al., 2022; Kim et al., 2021).

SiO: (s) + 2NaOH (1) > NazSiOs (1) + H20 (1) (Eq. 2.10)

Solvent concentration and the solvent-to-RHA ratio are two variables that impact the
extraction process. The high concentration and usage of NaOH analytical grade
solvent in the extraction process will impact the increased cost of producing silica.
NaOH concentration will increase Na+ ion concentration and result in a greater Si
reaction. An increase in NaOH concentration above 4N, according to Costa &
Paranhos (2018), would not improve Si recovery. The solid SiO: and liquid NaOH
reaction occurred at a 1:2 stoichiometric ratio, according to the reaction shown in
Equation 2.11. In this instance, the SiO: conversion was not increased by the NaOH
solution (Doran, 1995). Once filtered, the liquid was separated from the dispersion.
When the latter was acidified with concentrated sulfuric acid, the dissolved silicate

precipitated as a white, gelatinous solid (SiOz).

Na;SiOs + H2S0: SN Si02 + Na2SOs + H20 (Eq. 2.11)

Many researchers have used different concentrations of alkaline and acid to extract

silica from acid-treated RHA or RHA, as summarized in Table 2.1. Using alkaline
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solvents has several benefits, including ease of use, long-term storage stability, strong
adsorption and ion exchange capabilities, and adjustable features upon combustion
temperature (amorphous, quartz, cristobalite, and tridimite). The technique is easy,
reasonable, reliable, and reproducible. Agglomerated silica could be produced by this
method. The non-conductive nature of silica contributes to this since it accelerates the
accumulation of charges on the surface of powder even after paladium sputtering.
However, as concentration of NaOH increases, it is evident that the homogeneity of

the agglomerated spherical shape of silica particles improves.

2.5.2 Acid Leaching

Acid leaching, the process of dissolving metallic impurities in a strong acid solution,
produces high-purity silica in the solid phase. To get rid of organic compounds and
metallic impurities, rice husks can be acid-treated either before or after the combustion
process. Acid leaching is the general term for acid treatment performed before heating
(Azat et al., 2019). More precisely, it is called acid extraction when the acid treatment
is done after combustion to get silica from the ash (Nayak & Datta, 2021). Reports have
shown that silica extraction from rice husks can be achieved more successfully with

mineral acid leaching than with untreated rice husks.

The most efficient acid for removing metallic components is HCl (Vayghan et al.,
2013), although HNOs (Liou & Yang, 2011), H2SOs, and other acids have also been tried
in different doses. Acid solutions can dissolve organic and metallic pollutants from
rice husk, depending on the concentration, reaction time, and temperature of the
solution (Zulkifli et al., 2013). Many studies have shown that silica may become more
amorphous as a result of acid leaching (Ahmad Alyosef et al., 2015; Chen et al., 2013;
Lee et al., 2017). Researchers have also attempted to treat RHA using organic acids;
nevertheless, pretreatment of Rice husk has been proven to be preferable to post-
treatment (Skrifvars et al., 2005). Any organic acid previously applied to rice husk

does not increase the amorphous nature of the RHA generated. Figure 2.11 shows a
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flow chart outlining the stages involved in producing high-purity silica using the
precipitation technique. Table 2.2 describes different acid pre-treatment, temperature,

and calcination that have been done by many researchers.
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Figure 2.10: Schematic procedure for the preparation of nano silica powder (Liou &

Yang, 2011)

Gu (2015) investigated the kinetics of several RH pretreatments prior to calcination.
These techniques, which included grinding, soaking in water, and leaching acid, were
shown to have a considerable influence on the breakdown of organic matter and the
elimination of metallic contaminants, which in turn hindered the production of
amorphous silica. One major aspect affecting the quality of amorphous silica is the
SiO:2 bond strength. A trend toward the production of crystalline silica is indicated by
a higher bond strength (Chindaprasirt & Kanchanda, et al., 2007).
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Table 2.1: Different concentrations of alkali and acid in the alkali extraction process

References Acid-treated
RHA/RHA

Concentration of Concentration of
alkali acid

Main results

(A’yuni et al., 2021) No pretreatment

10%, 7.5%, 5% W/W 1 N HCI solution
NaOH solution

Porous surfaces containing
agglomerated nanoparticles are apparent

in extracted silica

(Yuvakkumar et Treated with 6

05,1,1.5,2,and 25N  H250:

2.5N NaOH treatment yielded

al., 2014) N HCl solution =~ NaOH solution (concentrationnot  approximately 99.9% pure silica
mentioned)

(Setyawan et al., 7%, 10%, and 13 % 10% HCl solution Maximum output of silica was produced

2021) KOH solution at low concentrations of KOH.

(Andreola et al., Treated with5% 1M,15M,2M,3M,4 1N HCI solution For SiO2/Na20 ratios close to 2, the

2020) H2SOs solution M NaOH solution alkaline attack (NaOH solution) at 1.5

and 2 M yields the best results

(Daulay et al., 2021) No pretreatment

10% NaOH solution 37% HCI solution

Quartz and calcite predominate in silica

(Amutha et al,
2010)

2.5 N NaOH solution 5 N H2SO:s solution

With an 80 mm diameter, the particles

are in agglomeration form

(5. Kim et al.,, 2021) No pretreatment

0.1M,0.15M, 0.2 M, CHsCOOH
05M, and 1.0 M (concentration not

NaOH solution mentioned)

The subsequently formed silica particles
had a surface area of more than 200 m? g-

! and were consistently spherical
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(Kalapathy et al, No pretreatment 1M NaOH solution 6 M HCL, 3 M Depending on the pH and kind of acid

2002) CeHsO7, or 1.5 M employed to produce xerogels, different
C2H:04 solution - .

silica, sodium, carbon, and oxygen

contents were present

Taguchi method No pretreatment 1M NaOH solution 1 M HCI solution -

(Nzereogu et al,
2023)

g" Pre-treatment with acica

Y
iml Calcination at different temperatures for
e different time duration

Y
éa Extraction of silica by leaching process
¢! with alkali

Y

[ g Precipitation of silica by acid)

Figure 2.11: Flow chart for preparation of high-purity nano silica by acid leaching
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Table 2.2: Ditferent acid pre-treatment, temperature, and calcination for acid

leaching
References  Pre-treatment of Calcination Main result
Rice husk

(V.H.Leet 10% HCland 30% Temperature: The resulting amorphous
al., 2013) wt H2504 solution  600°C silica product showed

Duration: 4 hrs uniformity at an average size

of 3 nm

(Ajeel etal, 3N HClsolution  Temperature: From rice husk ash, high
2020) 700°C pure amorphous silica was

Duration: 4 hrs found
(Costa & 3 molL! HCI Temperature: Most of the RHAS' silica
Paranhos, solution 500°C,600°C,700°  remained amorphous at
2018) C,800°C every time and temperature

Duration: 1,2,4

examined. The ideal

hrs conditions for calcining the
RHs were two hours at 700
°C.
(Sriwuryand 1N HCl solution = Temperature: The findings of this study
ari et al., 500°C included white silica with an
2020) Duration: 6 hrs 84.782% yield

2.5.3 Effect of Concentration of NaOH on Extracted Nano Silica

The amount of silica particles that may be produced from rice husk ash depends on
the concentration of NaOH. The yield generated increases with increasing solvent
concentration. The range of O-H groups is widened by the addition of NaOH
concentration; the more O-H groups present in the silica, the greater the NaOH

concentration. The quantity of silanol (Si-OH) groups in silica can be impacted by an
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increase in O-H groups. It is simpler to react with other chemicals when the silanol
(5i-OH) increases the number of silica particles (Rahman & Padavettan, 2012).
Zuwanna (2021) reported that 3N NaOH was the ideal concentration for silica
extraction from rice husk. Above 2.5N NaOH treatment, high purity of silica (~99.9%)

was achieved by Yuvakkumar (2014).

2.5.4 Effect of pH on Extracted Nano Silica from Rice Husk Ash

The pH level is important to extract silica from rice husk ash (RHA) since it affects the
purity of extracted silica and its yield. In highly alkaline (pH>10) conditions, silica is
soluble, and when the pH of the silicate solution is dropped below 10, it forms a rigid
three-dimensional gel network. Three types of silica gel are identified: Aerogel
(solvent removed by supercritical extraction), Xero-gel (aqueous phase in the pores is

removed by evaporation), and Aqua-gel (pores filled with water).

Sodium silicate added to an acidic solution might result in the production of silica gel.
The first product is an aqua gel, which has a high water content and a hydrated, gel-
like appearance. When this aqua gel is dried in a standard atmosphere, the water
evaporates and leaves behind a solid, porous structure known as Xero gel. The silica
turns into an aerogel, a lightweight, extremely porous substance with a very low
density and exceptional insulating qualities if the drying process is carried out in a
way that prevents collapsing the pore structure (such as by supercritical drying). To
describe gels in which a gas replaces the liquid without causing the polymer network

to break, Kistler established the term "aerogel" in 1931.

Lower pH values cause siloxane (5i-O-Si) to convert to silanol bonding (Si-O-H),
which results in a smaller silica primary composition and slower gel formation (Liou
& Yang, 2011). An element of water was produced in the silica gel result of acids
contributing hydrogen ions to a sodium silicate solution, as per the Equation 2.12. The

last hydrogen ions formed the Si-OH bonding when the moles of hydrogen grew, and
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the amounts of oxygen and silicon remained constant. The main species in its aqueous
solution is Si(OH):+ with lower concentrations of silicate and pH values below 8.
Si(OH)s groups in silanols spontaneously polymerize to form larger oligomers
connected by a disiloxy bond at increasing concentrations. When one of the silanols
deprotonates to a Si-O-group, the reaction is most favorably driven (Adam et al.,
2008)When these oligomers develop into colloid-sized silica particles, smaller particles
are displaced by bigger ones. Nevertheless, the significantly more concentrated
silicate solution is stable at higher pH values (over 8). This is due to the nucleophilic
assaults on disiloxy bonds by OH, which occur through a five-way coordination

intermediate.

When silica solution (pH>10) was treated with acid, silica gel quickly began to develop
at pH 10, and at pH 7.0, it solidified into a gel. Because of this, lowering the pH below
7.0 is challenging. Gel production was extremely slower at pH 4.0, and the resulting
gels were noticeably softer (due to a lack of stiffness) than those formed at pH 7.0. This
is to be anticipated since the gel structure at pH 7.0 was mostly caused by covalent Si-
O-Si bonds, but at pH 4.0, the main contributing factors were H-bonds and the
somewhat lower van der Waals attraction. (Kalapathy et al., 2000) produced silica gel
at pH values of 9, 10, 10.5, and 11. They discovered that a higher pH produced
condensed glassy solids and that a higher silica concentration produced very porous
silica xerogel. Shwe et al. (2020) studied with pH levels of 5, 7, and 9. The SEM result
showed the particle size of silica aerogel decreases at pH 7 and increases at pH 5 and
pH 9. The pH 5 synthetic sample is detected as flakes and is not evenly distributed
into particles for analysis. Even though the particles are aggregated at pH 7 and pH 9,
each particle can be identified and connected to form a porous network. According to
experimental findings, the best circumstances for silica production include gelation at
pH 3, a concentration of 0.15 M of silicate, an ageing temperature of 50 °C, and a 12-

hour ageing period (Liou & Yang, 2011).
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2.5.5 Effect of Surfactant on Nano Silica

Surface energy is minimized because silica nanoparticles are prone to agglomeration,
which is a population decline accompanied by an increase in size and no loss of mass
(Keykhosravi & Simjoo, 2019). The colloidal stability of silica aqueous dispersions can
be either improved or decreased by the addition of surfactants. The effects of
surfactants on the synthesis of silica colloids in solution phases was studied (Esumi,
2001; Portet et al., 1998; Rubio & Kitchener, 1976; Szekeres et al., 1998; W. Wang et al.,
2004). Few studies have looked at how surfactants at low concentrations may affect
the processes of silica particle nucleation, particle growth, and interactions (O’Sullivan
et al., 1994, Wang et al., 2005), even though surfactants at high concentrations (like
liquid crystals and micellar solutions) have been widely used for controlled

nanoparticle synthesis (John et al., 2002; Palmqvist, 2003).

Various surfactant types have been used as templates in numerous attempts to
regulate the size and shape of silica nanoparticles. The pace at which particles formed
and grew in the hydrolysis reaction was influenced by the type and concentration of
surfactant additives. Silica extraction can be accomplished using a variety of
surfactant types, such as cationic, anionic, and non-ionic surfactants, each of which

has unique characteristics and uses.

Depending on the type of particle, either hydrophilic particles into the water domains
of the surfactant phase or lipophilic particles into the carbon domains could be
considered. In the presence of ionic surfactants that have opposing charges to the
solid, the surfactant ions attach to the hydrophobic surface of the particle. When ionic
surfactants have the same charge as solids, depletion forces cause the particles to be
ejected from the surfactant phase. Figure 2.12 shows the paradigm for hydrophobic
coagulation and peptization. A sol becomes coagulated upon the addition of an
oppositely charged surfactant (a). Subsequently, the coagulated solution is peptized

by adding either a nonionic surfactant (c), a surfactant charged opposite to the first
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one (b), or the same surfactant as the first one (d). It has been discovered through
experimental evidence in a number of adsorption systems that ionic surfactants
adsorb significantly onto oppositely charged solids, causing the solids' zeta potential

to change from positive to negative or vice versa.
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Figure 2.12: Model for surfactant-induced hydrophobic coagulation and peptization

of negatively charged sol (Esumi, 2001)

A silica source and the head group of a cationic surfactant can be joined by electrostatic
force or hydrogen bond contact in solution. This results in a complex self-organization
process that includes surfactant/silicate self-assembly and silicate speciation
processes. These procedures are sensitive to ageing duration, pH, temperature,
surfactant type and concentration, and other factors. A minimum of three types of
charged species are present in solution during synthesis processes: cationic surfactant
(5+), its counter ion (X-), and silica species (I- or I+). The strong interaction (5+-I- or S-
—I+) that favors a highly ordered mesostructure is formed under basic conditions by a
charged silica precursor and a surfactant with opposite charges. Then, as the silica
precursor is hydrolyzed and condensed, mesophases undergo transition. These
procedures are sensitive to aging duration, pH, temperature, surfactant type and

concentration, and other factors. A minimum of three types of charged species are
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present in solution during synthesis processes: cationic surfactant (S+), its counter ion
(X-), and silica species (I or I*). The strong interaction (5*-I or S-I*) that favors a highly
ordered mesostructure is formed under basic conditions by a charged silica precursor
and a surfactant with opposite charges. The potential effects of surfactants in the
preparation media on nucleation, particle development, and particle interactions have

mainly gone unnoticed up until now (O’Sullivan et al., 1994)
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Figure 2.13: Nanofluid stability when surfactants are present (Bajpai et al., 2021)

Wang (2005) examined the effects of cationic, anionic (saturated and unsaturated), and
nonionic surfactants on the shape, surface characteristics, and formation of silica
nanoparticles produced by hydrolyzing tetraethoxysilane in alcoholic media with
ammonium. According to Wang studies anionic and nonionic surfactants exhibited
little effects on silica particle development at low concentrations, whereas cationic
surfactants had a considerable impact. Using different concentrations of Cetyl
Trimethyl Ammonium Bromide (CTAB) (1.5%, 1.75% and 2%) as a template, a sol-gel

process was used to create mesoporous silica from RHA by Purwaningsih (2019).

The size of mesoporous silica particles was influenced by CTAB concentration; as

CTAB concentration increased, the size of the particles decreased. Mesoporous surface
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area of silica and total pore volume increased as the concentration of CTAB rose. In
the meantime, the average size of pores dropped. Due to the combined or independent
effects of surface charge neutralization and/or the hydrophobic effect of the long
hydrocarbon tail, CTAB, which is made up of a cationic polar head and a hydrophobic
tail, has the ability to aggregate negatively charged nanosilica (Bryleva et al., 2007).
The way that silica nanoparticles and CTAB interact is as follows: small amounts of
CTAB may initially form a monolayer that is regulated by the electrostatic interaction
between the positively charged surfactant head groups and the siloxane groups (-5iO)
on the surface of the nanosilica. Wang (2004) found that CTA+ molecules were firmly
attached to the SiO2 surface by their trimethylammonium headgroups at minimal

surface coverage (less than a monolayer).

2.5.6 Removal of Surfactant from the Solution

The extraction of the surfactant template is necessary to produce mesoporous silica
nanoparticles (MSN), particularly in nanomedicine applications. This is particularly
crucial in the case of CTAB, a surfactant that is utilized in the synthesis of MCM-41-
type MSN and has a high toxicity even at residual concentrations (He et al., 2009;
Hudson et al., 2008; Yildirim et al., 2016). Several techniques, including calcination,
solvent extraction, and dialysis, have been conducted to extract the surfactant from
MSN. Calcination is an easy and efficient thermal treatment technique that usually
eliminates non-ionic surfactants around 300-350°C (Basso et al., 2020; Mahoney &
Koodali, 2014). However, cationic surfactants such as CTAB in mesoporous silica
nanoparticles (MSN) need to be thoroughly broken down at temperatures of about
450-600°C (Hudson et al., 2008; Mahoney & Koodali, 2014; Mukherjee et al., 2009). The
process of solvent extraction weakens the bonds that hold surfactants to the silica
surface by washing them with certain solutions at controlled temperatures. In the

dialysis process, a dialysis membrane is employed to hold onto the nanoparticles and
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make it easier for the solvent to be continually renewed, which shifts the equilibrium

and forces the surfactant to be exchanged and removed.
2.6 POZZOLANIC BEHAVIOR OF NANO SILICA

RHA silica possesses a high level of amorphous silica with a large surface area, which
enhances its reactivity and pozzolanic properties. When mixed with cement and
water, RHA silica undergoes a pozzolanic reaction with calcium hydroxide, resulting
in the formation of additional C-S-H gel (Ca15Si0s5.2H20) (Yu et al., 1999). The

chemical reaction is given in Equation 2.13.

2510z + 3Ca(OH)2 + H20 —— »  Ca1.55103.52H20 (Eq. 2.12)
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Figure 2.14: Concrete materials particle sizes and specific surface areas (Bekem Kara

& Durmus, 2019)

This reaction leads to the densification of the cementitious matrix, filling in pores and
voids, and improving the overall performance of concrete and mortar mixes. The
densification of the cementitious matrix through pozzolanic reaction improves the
microstructure of concrete and mortar mixes. It helps to reduce permeability, mitigate

alkali-silica reaction (ASR), and enhance resistance to chemical attacks and abrasion
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(Khan et al., 2020). The densified structure minimizes the movement of water,
aggressive chemicals, and harmful ions through the concrete or mortar, thereby

improving its resistance to deterioration and increasing its service life.

2.6.1 Hydration of Cement Blended with Nano Silica

Several studies reported that the use of nano silica in cementitious systems may
improve strength development, particularly in the early stages of hydration (Jo et al.,
2007; Porro et al., 2005). Thomas (2009) demonstrated that adding nano silica or C-5-
H-particles can speed up the hydration of tricalcium silicate (CsS). The model
describing these effects assumes that C-S-H particles act as seeds for the creation of
the C-S-H phase and are dispersed in the water between the cement particles. As a
result, unlike in pure CsS, the C-S-H-phase is now formed in the pore space as well
as on the grain surface. As a result of the many seeds and the avoidance of laborious
nucleation procedures, CsS hydration is accelerated. In addition, compared to pure
CsS, the hardened paste ought to exhibit reduced porosity. Adding nano silica causes
a faster and higher temperature peak to develop and increasing the dose or fineness
of nano silica has a stronger impact on hydration acceleration. Figure 2.15 shows the
hydration of cement grains when silica (b) or C-S-H-particles (c) are introduced, as

opposed to when they do not (a).

Since the high surface area of NS serves as a nucleation site for the precipitation of C-
S-H gel, it is the primary mechanism underlying this working principle. However,
according to Bjornstrom ( 2004), it is still unclear if the hydration of cement increased
in the presence of NS is because to its significant surface activity or its chemical
reactivity upon dissolution (pozzolanic activity). Through the measurement of cement
paste and mortar viscosity change (rheology), the accelerating effect of NS addition

was also indirectly established (Sentff et al., 2009, 2010).
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Figure 2.16: Effect of NS agglomeration on filling (Kong et al., 2013)

The viscosity test results indicate that cement paste and mortar with NS need
additional water to maintain their workability. NS tends to adsorb ionic species in
water, leading to agglomeration. Using a plasticizer or dispersion agent can mitigate
this effect. The following is a summary of the role of NS: (i) NS serves as both fillers
and activators to enhance the microstructure and promote pozzolanic reactions (Jo et
al., 2007); (ii) they serve as a nucleation site for C-5-H seeds, which accelerates up
cement hydration (Land & Stephan, 2012); (iii) NS accelerated the consumption of CsS

and the formation of portlandite (small CH) crystals and homogeneous clusters of C-
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S-H composition (Land & Stephan, 2012); and (iv) NS enhances the microstructure of
the interfacial transition zone between aggregates and cement pastes (Givi et al.,

2010b).

2.6.2 Physical Properties of Nano Silica

The physical characteristics of silica derived from RHA are pivotal for its efficacy as a
partial substitute for cement in construction. Silica usually comprises ultrafine
particles with a high surface area-to-volume ratio. The fine particle size, often in the
range of nanometers to micrometres, facilitates better dispersion within concrete and

mortar mixes.

Silica exhibits a large specific surface area compared to cement, which allows for
increased contact between the silica particles and cementitious phases. Surface area
increased when silica samples were made using acid leaching (H250s, HCl, and
C2H:04) and HCI leaching silica obtained the maximum surface area (Liou & Yang,
2011). This high surface area enhances the reactivity of RHA silica, promoting faster
and more complete pozzolanic reactions with calcium hydroxide produced during
cement hydration. The density of silica is typically lower than that of cement, but its
incorporation into concrete and mortar mixes can contribute to increased bulk density
and reduced porosity of the cementitious matrix. This densification leads to improved
mechanical properties, such as compressive strength and enhanced durability of the
construction materials. Silica is characterized by its fine PSD and high fineness
modulus. The fine particles contribute to better workability and improve the
rheological properties of concrete and mortar mixes, allowing for easier placement

and compaction during construction.

Another research demonstrated that silica extracted from RHA is amorphous and
white, whereas burning untreated husks yields gray powder containing silica and

impurities (Carmona et al., 2013). Overall, the physical properties of silica from RHA,
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including particle size, specific surface area, density, fineness, and color, influence its

behavior and performance as an SCM in construction works.

2.6.3 Chemical Properties of Nano Silica

The chemical properties of silica from RHA, including its high silica content,
amorphous nature, and presence of reactive alkaline compounds, contribute to its
effectiveness as a partial replacement for cement in construction works. Silica from
RHA is predominantly composed of silica (SiOz), which is typically present in high
concentrations ranging from 80% to 95% by weight (An et al.,, 2010; Tharani &
Ananthasubramanian, 2024). The silica present in RHA is largely in amorphous form
with a small crystalline structure. Amorphous silica exhibits higher reactivity
compared to crystalline silica, making it highly suitable for pozzolanic reactions in
concrete and mortar mixes. The high silica content contributes to the pozzolanic

reactivity and large surface area, enabling it to react with calcium hydroxide.

Silica may contain reactive alkaline compounds, such as potassium oxide (K20) and
sodium oxide (Na20), derived from the combustion of rice husks. These alkaline
compounds can promote the dissolution of silica and enhance the overall reactivity of
RHA silica, facilitating faster and more complete pozzolanic reactions with calcium
hydroxide. In addition to silica, it contains other chemicals such as Al:Os;, CaO, MgO,
Fe20s, and SOs (Jamil et al., 2016). Depending on the source and processing methods
of RHA, these trace elements can influence chemical composition and reactivity of
silica but typically do not significantly affect its pozzolanic behavior or performance
in constructional works. Overall, the chemical properties of silica from RHA in partial
substitution of cement play a significant role in its effectiveness as an SCM in

constructional work.
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2.7 MORTAR

Mortar, an essential component in engineering, is primarily made up of cementitious
material, water, and fine aggregate. It has been widely utilized in building engineering
and has many benefits, including excellent workability, high strength, convenient
construction, and strong bonding performance with blocks (Wang et al., 2020). The
primary feature of mortar is its tensile bond strength or its ability to bind individual
units together (Mamlouk & Zaniewski, 2014). The coarse aggregates, such as crushed
stone or gravel, are bonded by significant adhesive properties in mortar. This
guarantees structural integrity and strength by keeping the concrete mass

homogenous.

Along with its workability and water retention, performance of mortar is also
influenced by its strength in compression. Because of this, many cement mortar types
are created according to factors like strength or water resistance. Unfortunately,
scientific information is scarce on the ideal mixture percentage needed to produce
structural grade mortar with the necessary strength requirements and workability to

be properly placed into constructing formwork.

2.7.1 Composition of the Mortar

Mortar is a flexible construction material that gives structural support for various
construction purposes, fills joints and binds masonry blocks together. Its adaptability
makes it essential for both traditional and modern construction techniques, allowing

for customization to meet specific performance requirements.

2.7.2 Sand

The characteristics of the sand influence the workability of the mortar but have
minimal effect on its strength (Haach et al., 2011). An important factor affecting the

pore structure of cement mortar is the amount of sand present.
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2.7.3 Water

The chemical interaction between cement and water, known as hydration, is the
mechanism that gives mortar its strength and hardness. Water is necessary for this
process to happen. In cement hydration, too much water reduces mortar strength,

while too little water hinders workability.

Numerous investigations into the various characteristics of concrete have been
conducted since Feret (1896) study, which initially identified the significance of the
water/cement ratio on the strength of concrete. About twenty years later, ABrAMS
(1919) developed his law on the impact of the ratio of cement to water on the strength

of concrete. The following is the statement of water-cement ratio guidelines by Abram.

w

Y (Eq. 2.13)

fe

Where,
fcis the compressive strength of concrete at a designed age,

. w . . . .
while, — s the water-to-cement ratio in the concrete mix, and

ki1 and k: are the empirical constants. Later, a typical curve was constructed for

a different design, which shows this relationship in Figure 2.16.
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2.8 MECHANISM OF SULFATE ATTACK

One of the adverse chemical reactions that causes cementitious mixes in structures
exposed to it to crack, spall, and pop out is called sulfate attack, a major durability
issue (Nassar et al., 2021). Therefore, high sulfate resistance is subsequently crucial for
the durability of structures constructed with it. Santhanam (2002, 2003) revealed the
mechanism of sodium sulfate-induced sulfate attack. When mortars are exposed to
sodium sulfate solution, calcium hydroxide from the hydration reaction of cement
combines with sodium sulfate and turns into gypsum, changing the outer skin of the
specimen because of the expansion. The aluminum compounds then react with
gypsum to form ettringite, becomes more unstable and has a larger volume. Further
cracking of the mortar interior is caused by this expansion of the cement matrix.

Equation 2.14 and 2.15 show the chemical reactions.

Ca(OH), + Na,SO, + 2H,0 — CaSO,.2H,0 + 2NaOH (Eq. 2.14)

CaS0,.2H,0 + Aluminum
- 5 Ettringite (Eq. 2.15)
compounds

2.9 ELECTRICAL RESISTIVITY

The electrical resistivity of cementitious mix indicates their permeability to the
movement of harmful chemicals, which is one of their key durability parameters. The
metallic embedment corrosion rates inside a cementitious media are indirectly
correlated with electrical resistance. Since the Surface Resistivity (SR) test is quicker,
simpler, requires no sample preparation, and offers findings with less variability than
the Rapid Chloride Permeability Test (RCPT), it has been deemed a possible substitute
(Tanesi & Ardani, 2012).
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210 CHAPTER SUMMARY

Based on the existing literature, the preparation of RHA is influenced by various
parameters, including temperature, burning time, and grinding process, which affect
its fineness, colour, and silica content. RHA is itself a pozzolanic material. When
cement is replaced with RHA, due to its pozzolanic reaction, it creates a secondary C-
S-H gel. As RHA contains amorphous silica, an inexpensive material for silica
extraction, various techniques have been applied by researchers to extract nano-silica
from it. The alkaline method is one of these, where an alkaline solution (NaOH/KOH)
is used to form Na25iOs, and then silica acid (HCI/H2504, etc.) is used to precipitate
it. Precipitated silica tends to agglomerate. To reduce this agglomeration, researchers
used surfactant. Generally, extracted silica is mesoporous, but when surfactant is
used, a highly ordered mesostructure is formed under basic conditions by a charged
silica precursor and a surfactant with opposite charges. If surfactant is used during
silica extraction, it should be removed from the particles also using a different
technique, such as calcination, solvent exchange, or dialysis. According to the existing
literature, the calcination process is straightforward, but the calcination temperature
should be above 500 °C. This extracted silica has more pozzolanic reactivity than RHA
because of its smaller particle sizes and larger surface areas. The particle size of

extracted silica depends on the pH levels during acid addition.
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Chapter 3: MATERIALS AND METHODOLOGY

This chapter of the thesis describes the research materials and methods. This comprises
the experimental program flowchart and the various analysis programs. The experimental
programs were designed for tests at three levels. The methodology includes test procedures for

binder characterization, for fresh and hardened properties of mortar and concrete.

3.1 MATERIALS

Materials utilized for this study are i) Rice Husk Ash (RHA), ii) Extracted Silica
Powder (SP), iii) Extracted Nano Silica (NS), iv) Portland Cement (CEM I), v) EN

Standard Sand, vi) Ottawa Sand, vii) Sylhet sand, viii) Coarse aggregate, and ix)

Potable Water.

RHA

EN Sand ASTM Standard Sylhet Sand Coarse aggregate
Sand

Figure 3.1: Materials used in this study to cast samples

3.1.1 Rice Husk Ash

This study uses RHA as a SCM in the paste, mortar, and concrete mix. RHA, a

byproduct of rice milling, possesses pozzolanic properties. The incineration process
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influences the properties of RHA. Rice husk is composed of around 50% cellulose,

25%-30% lignin, and 15%—-20% silica. Silica ash remains after cellulose and lignin are

burned away. The two ways to burn rice husk are controlled and open firing methods.

Due to environmental concerns and the low quality of the produced RHA, open

burning is discouraged.

The RHA used in this study was collected from Sustainable Energy and Agro-

Resource Ltd. (SEAL), located in the Thakurgaon district of Bangladesh. The industry

collected Rice Husk (RH) from the northern region of Bangladesh. They follow the

control burning procedure shown in the flow diagram of Figure 3.2.
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Figure 3.2: Flow chart of RHA processing
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3.1.2 Extracted Silica Powder (SP) & Extracted Nano Silica

This work used silica powder and nano-silica as a partial replacement for cement in
paste, mortar, and concrete mix, which is extracted from RHA. Silica from RHA is a
valuable resource with several uses, notably in the construction sector. RHA has a
high proportion of silica, making it a rich supply of this essential mineral. The silica
possesses distinctive physical and chemical properties that make it a valuable material

for various applications.

Physically, RHA-derived silica is typically present as a fine powder with a high
surface area and fine particle size. This morphology enhances its reactivity and
ensures efficient incorporation into cementitious systems. Chemically, RHA silica is
composed of amorphous silica (5i02), with purity levels ranging from 80% to 95% by
weight. Additionally, this tends to have low levels of impurities, such as alkalis and
organic matter, which enhances its suitability for use in construction materials. The
primary component responsible for the pozzolanic qualities of these materials, silica,
was subsequently extracted from RHA using several techniques. The extraction
process involves the purification of RHA to isolate the silica component, which is then
processed into various forms, such as silica nanoparticles or colloidal silica. This study
collected RHA-extracted silica from Sustainable Energy and Agro-Resource Ltd.
(SEAL). The whole silica extraction procedure is shown by a flow diagram in Figure

3.3.
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Figure 3.3: Flow chart of the Silica synthesis process from RHA

3.1.3 Portland Cement (CEM 1)

As the composition is known, Portland Cement (CEM I) is used as a reference material.
The physical properties were tested in the lab and chemical properties of the cement

were obtained from the manufacturer.

Table 3.1: Physical properties of CEM I

Serial No. Physical Properties Test Result
01. Normal consistency 27%
02. Initial Setting (Minutes) 85
03. Final Setting (Minutes) 180
04. Soundness by Le Chatelier’s Test (mm) 2
05. Blaine Specific surface (cm?/gm) 3766
06. Specific gravity 3.11
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Table 3.2: Chemical composition of CEM I

Oxides %

Calcium Oxide (CaO) 63.53
Silicon Dioxide (SiO2) 20.37
Aluminum Oxide (Al20s) 5.64

Ferric Oxide (Fe20s5) 3.42
Magnesium Oxide (MgO)  1.12
Sulfur Trioxide (SOs) 2.36

3.1.4 EN (CEN) Standard Sand

CEN standard sand, which is naturally siliceous, especially in its finest fractions, is
known as standard sand (ISO standard sand). The particles are rounded, often
isometric, and clean. This sand complies with EN 196-1 certification. The grading of

this sand is shown in Table 3.3.

Table 3.3: Particle size distribution of EN Standard sand

Square mesh size (mm) 2.00 1.60 1.00 0.50 0.16 0.08
Cumulative sieve residue (%) 0 745 3345 6745 8745 9941

3.1.5 ASTM Standard Sand

Graded sand according to ASTM C778 (2021) was used as fine aggregate. The sand is
a high-purity silica used in laboratory experiments, research studies, and industrial
applications. Its uniformity and purity ensure reliable and reproducible results in
scientific investigations. As shown in Table 3.4, the fineness modulus of ASTM

Standard Sand is = 143/100 =1.43.
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Table 3.4: Sieve analysis of ASTM Standard sand

Sieve Sieve Materials % Cumulative % Finer
No. Opening Retained  Materials % Materials
(mm) (gm) Retained Retained
#4 4.75 0 0 0 100
#8 2.36 0 0 0 100
#16 1.18 0 0 0 100
#30 0.6 2.0 0.4 0.4 99.6
#50 0.3 218.8 439 443 57.3
#100 0.15 269.3 54.0 98.3 1.7
#200 0.075 8.6 1.7 100 0
pan - - - - -
Total 498.7 - -

3.1.6 Fine Aggregate (Coarse Sand)

Coarse sand was used for concrete experiments. The size distribution of sand was

assessed following ASTM C136-06. According to ASTM C33/C33M (2023) guidelines,

the fineness modulus (FM) of fine aggregate should be between 2.3 and 3.1. Table 3.5

shows the results of the sieve analysis. Specific gravity and water absorption were

found 2.66 and 2% respectively.

Table 3.5: Sieve analysis of fine aggregates

Sieve Weight  Cumulative Weight
Sieve No. F.M.
Opening Retained Retained % Finer
(ASTM) Value

(mm) (gm) (gm) (%)

#4 4.75 0 0 0 100

#8 2.36 42 42 8.4 91.6 2.67

#16 1.18 101 143 28.6 71.4

Chapter 3: MATERIALS AND METHODOLOGY

54



#30 0.60 128 271 54.2 45.8

#50 0.30 118 389 77.8 222
#100 0.15 101 119 98 2
#200 0.075 7 N/A N/A N/A
Pan -- 1 N/A N/A N/A

3.1.7 Coarse Aggregate

The concrete batches contained crushed coarse aggregate with z nominal size,
following ASTM C33/C33M (2023). Table 3.6 shows the sieve analysis. Bulk density of

coarse aggregate was 1660 kg/m?3. Specific gravity and absorption were found 2.91 and

0.6% respectively.
Table 3.6: Sieve analysis of coarse aggregate
Sieve Weight  Cumulative Weight
Sieve No.
Opening Retained Retained % Finer
(ASTM)
(mm) (gm) (gm) (%)
1inch 25 0 0 0 100
% inch 19 0 0 0 100
Y2 inch 12.5 2730 2730 54.6 454
3/8 inch 9.5 1360 4090 81.8 18.2
#4 4.75 910 5000 100 0

3.1.8 Admixture

Admixtures are substances that are added to a batch either before or during mixing
and are used as an ingredient to change the properties of a cementitious mixture.
These include materials other than water, aggregates, cementitious materials, and

tiber reinforcement. In this study, high-range water reducing admixture (HRWRA)

Chapter 3: MATERIALS AND METHODOLOGY 55



was used for making workable concrete. HRWR is defined by ASTM (C494/C494M
(2024) as an additive that can lower the amount of mixing water needed to build
concrete by more than 12% while preserving a specific degree of slump value

consistency. Key properties of HRWRA are given below:

Improves workability: In the production of concrete, high-range water-reducing
admixtures (HRWRA) are frequently used. Their capacity to increase workability has
drawn particular attention. When a water-reducing admixture is added to cement
paste, its hydrophobic group will adhere to the cement particles surface, causing their
surface to absorb the same charges. This can cause electrical repulsion, which can
distract cement particles (Figure 3.4 (b)). Free water is then released from the floe,
increasing mobility without the need for additional water. Furthermore, a solvent
water film can be formed by a water-reducing admixture (Figure 3.4(c)), which serves

as an effective lubricant between cement particles.

[ @ Cement Particles

—

@-—Suh’enl Water

Film

S

Cement Particles

Water-reducing Agent

(2) (b) (c)

Figure 3.4: The interaction of a water-reducing agent with the flocculated structure
of cement particles (Zhang, 2011)

Reduces cement content and bleeding: For a specific free water/cement ratio at the
required consistency class, HRWRA is recommended to prevent excessive cement
content. It also minimizes the free water content, which lessens the tendency for

excessive bleeding.
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Improves strength: HRWRA improves the resistance of concrete to extreme
environments by permitting a lower water-to-cement ratio, which results in increased

compressive strength and decreased permeability.

3.2 METHODOLOGY

Firstly, a comprehensive literature review is needed to collect relevant information
about environment-friendly cementing materials. The materials are then chosen as
necessary for the study. After material selection, the physical, chemical, and
morphological properties of the pozzolanic materials were assessed using suitable
experimental methods, and a partial replacement was designed to optimize
performance. Several replacement levels of RHA, SP, and NS were used, gradually
increasing the replacement ratio and decreasing the cement in total cementitious

materials.

3.3 WORKFLOW DIAGRAM

The workflow diagram is a visual representation of the systematic process followed
during this study. Subsequently, the diagram illustrates the methodology employed,
providing procedures for sample selection, data processing, and data gathering.
Figure 3.5 illustrates the flow diagram. Figure 3.6 provides an overview of the

experimental methods and programs used at various stages of this research.
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Figure 3.5: General outline of the methodology
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Figure 3.6: Experimental program at different levels

Chapter 3: MATERIALS AND METHODOLOGY 59




3.4 MIX DESIGN

The mix design for this research incorporates SP, NS (both extracted from RHA), and
RHA as partial substitutions for cement in mortar and concrete production. The study
adopts a systematic approach by replacing 2.5%, 5%, 7.5%, 10%, and 15% cement with
RHA, SP, and NS. To ensure consistency and accuracy in the mix proportions, the
absolute volume equivalency method outlined in the standard practice for selecting
proportions for normal, heavyweight, and mass concrete ACI PRC-211.1 (2022) was
followed. This method calculated the volume of each component in the mortar and
concrete mix, considering the specific gravity and absolute volume of the materials
used. The equations for converting a target water-cement ratio w/c to a weight ratio

of water to cement plus pozzolanic materials w/(c + p) by volume equivalency are as

follows:
\'\
G —
w__ cC (Eq. 3.1)
Fo 1
w = Gey 1
1+ (G_i) -1 (Eq.3.2)
_ P
Fw=17p (Eq. 3.3)
Where,

W = weight of water

P = weight of pozzolanic materials.

C = weight of cement.

W/C = target water-cement ratio

Fw = pozzolanic materials percentage by weight.

Fv = pozzolanic materials percentage by absolute volume of the total absolute
volume of cement plus pozzolanic materials.

Gr = specific gravity of pozzolanic materials
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Gc = specific gravity of Portland cement=3.11

pw = Density of water =1 gm/cm3

3.4.1 Mix Design for Mortar

A constant water/binder ratio of 0.5 and a consistent binder/sand ratio of 1:3
conforming to BS EN 196-1 (2016) was used for the mortar samples. Table 3.7 shows
an overview of the mix designs for the five distinct partial replacements of each RHA,
SP, and NS utilized in the research, indicated by their corresponding replacement

level. Different amounts of cement, or RHA/SP/NS were used in each mix design.

Table 3.7: Mortar mix proportions

Sample Pozzolanic
Name Cement (gm) materials (g) EN Sand (g)  Water (g)
Control 450.0 --
2.5% RHA 438.75 7.535
5% RHA 427.50 15.070
7.5% RHA 416.25 22.605
10% RHA 405.0 30.140
15% RHA 382.50 45.210
2.5% SP 438.75 7.419
5% SP 427.50 14.838 1350 225
7.5% SP 416.25 22.258
10% SP 405.0 29.677
15% SP 382.50 44.515
2.5% NS 438.75 7.303
5% NS 427.50 14.607
7.5% NS 416.25 21.910
10% NS 405.0 29.214
15% NS 382.50 43.821
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3.4.2 Mix Design for Concrete

At 56 days, the average concrete strength mixture target was 4000 psi for the control
mixed with cement. 360 kg/m?® of binder, 920 kg/m? of fine aggregate, and 1060 kg/m?
of coarse aggregate were used. The water-to-binder ratio (w/b) remained constant at
0.45. A water reduction of 25% was considered for the mix design by using 0.7% (of

cement) high water-reducing admixture.

Table 3.8: Mix proportion for Im? fresh concrete

Sample Cement Pozzolanic Fine Coarse = Water Admixture
Name (kg/m®) materials aggregate aggregate (kg/m®  (kg/m?)

(kg/m?)
(kg/m®)  (kg/m?)

Control 360.0 -
2.5% RHA 351.0 6.028

5% RHA 342.0 12.056
7.5% RHA 333.0 18.084
10% RHA 324.0 24.112
15% RHA 306.0 36.168

2.5% SP 351.0 5.935
5% SP 342.0 11.871
920 1060 162 2.52
7.5% SP 333.0 17.806
10% SP 324.0 23.741
15% SP 306.0 35.612
2.5% NS 351.0 5.843
5% NS 342.0 11.686

7.5% NS 333.0 17.528
10% NS 324.0 23.371
15% NS 306.0 35.057
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3.5 LABORATORY TESTS

This section covers all the studies performed with partial substitution of cement using
RHA, SP, and NS. It also covers the methods used to carry out these tests and the steps
that follow to obtain test results. After getting the physical, chemical, and
morphological properties of the pozzolanic materials, different tests were carried out

for paste, mortar, and concrete specimens.

3.5.1 Tests on Binders

Characterization tests of binders included specific gravity, particle size distribution
(PSD), X-ray Fluorescence Spectroscopy (XRF), X-Ray Diffraction (XRD), loss on

ignition, pozzolanic activity, and water demand tests.

3.5.1.1 Specific Gravity

ASTM (188 (2023) was used to determine the specific gravities of the cement, RHA,
SP, and NS. Specific gravity is an essential property as it helps assess the quality and
consistency of cement and other materials. It can be stated that the ratio of a sample
density to that of water at a specific temperature. The test is typically conducted using
a Le Chatelier flask, a unique flask designed to measure hydraulic specific gravity of
cement. Distilled water was utilized as a solvent to determine the specific gravity of

RHA, SP, and NS. Kerosene was used as a liquid medium for cement.

3.5.1.2 Specific Surface Area (Blaine Fineness)

One attribute of solids is their specific surface area (SSA), which is the total surface
area of a material per unit of mass (m?g). Surface area and fineness are directly
correlated. Fineness is a key parameter that determines the average grain size of a
material and regulates the rate and completeness of hydration. According to ASTM C
204 (2012), the Blaine specific area of the RHA, SP, and NS was measured. The

resistance to airflow through a compressed powder bed under pressure is measured
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by Blaine air permeability. In general, the reactivity of binders is enhanced with their
fineness. However, high amorphous silica content and the porous nature are

responsible for better reactivity of RHA.

3.5.1.3 Particle Size Distribution (PSD) analysis

Particle size distribution (PSD) using laser diffraction (LD) analysis was performed
using a Mastersizer 3000 (Malvern Instruments, UK) with a Hydro MV maximum
volume of 120 ml. The Hydro MV functions as a medium-volume unit that allows a
controlled and automated aqueous dispersion of materials for particle size
characterization. Mastersizer 3000 measures PSD from 0.01 um to 1500+ um using the
laser diffraction technique. It is chemically suitable for a large variety of inorganic and
organic dispersants. Water was used as a dispersion. The sample does not react with
the dispersant, as it is also insoluble in water. Sonication power and frequencies of
40w max and 40 kHz (nominal) were utilized to de-agglomerate the particles, which

increased dispersion efficiency. A refractive index of 1.640 was used for water.

) (1) Laser b )
(2) Blue light source Large angle
(3) Measurement zone ) detectors
(4) Side scatter detectors 6 Blue light
(5) Back scatter detectors “ source €. b £y
(6) Focal plane detectors \ # )'@ ~ % =z
A . W . E . Focal plane
o - % P detector
Red light % -
source W
’

Back scatter
detectors

Figure 3.7: a) Key modules of typical systems (Mastersizer® 2000) b) Diagram
displaying a diffraction pattern of particles

3.5.1.4 X-ray Fluorescence Spectroscopy (XRF) analysis

An X-ray fluorescence (XRF) investigation provides information on the chemical

constituents of materials. Cement, RHA, SP, and NS chemical compositions were
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identified via wavelength dispersive (WD) XRF spectroscopy. The results in
percentage of mass, computed for the oxide amount, and standardized to 100% using
carbon values. The specimens were ground and tested against an auxiliary RHA and

silica standard.
3.5.1.5 X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis is a powerful analytical technique used to identify
the crystal structure, phase composition, and other structural properties of materials.
XRD was used to examine the mineralogical composition of materials using a 1D K3
filter for copper emission (Cu). The parameters used for the experiment were 40 kV,
50 mA, and a 20 scanning rate of 30°/min, with a range of 10° to 80°. The HyPix-400

(horizontal) detector was used to collect two-dimensional diffraction images.
3.5.1.6 Moisture Content

The amount of water in a material is referred to as its moisture content, and it is often
expressed as a percentage of its dry weight or wet weight. In this study, the moisture
content of binders was evaluated according to ASTM D2216 (2019). To calculate it, the
test sample with the container is weighed both before and after being exposed to
110£5°c for 24 hrs. Equation 3.4 was used for the calculation.

Mcws - lv[cs] Mw
w= |- %100 = —=x 100 (Eq. 3.4)
[ Mcs - Mc Ms E

Where,

w= Water content (%)

M ws= Mass of container and wet specimen (g)

M s= Mass of container and oven dry specimen (g)
M= Mass of container (g)

M,,= Mass of water (M, = M¢ys — Mcs) (8)
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M= Mass of solid particles (Mg = M — M¢) (8)
3.5.1.7 Loss on Ignition (LOI)

The amount of organic matter in waste, sludge, cement, and soil is measured by loss
on ignition. Concrete and mortar water requirements are influenced by the residual
carbon content, which is the most significant component of loss on ignition. Combined
water (hydrates, for example) and CO: from carbonates are the usual volatile
components lost during analysis. It is computed by weighing a sample both before
and after it is exposed to high temperatures during ignition. In this study, the loss on
ignition of cement, RHA, SP, and NS was evaluated according to EN 196-2 (2005).
Because RHA, SP, and NS have a high porosity and a large specific surface area due
to their carbon content, they absorb water and organic admixtures, such as water-

reducing agents. The following formula was used to determine the ignition loss.

L= 400
Tm, (Eq. 3.5)
Where,

m, = Mass of the test sample before combustion (gm)

m, = Mass of the test sample after combustion (gm)
3.5.1.8 Pozzolanic Activity

Pozzolanic activity assesses the degree of chemical interaction between water, calcium
hydroxide, and the active ingredients of pozzolana. This property is essential because
it shows how well it can contribute to the reaction that provides strength in concrete.
Several pozzolanic reactivity test techniques, both direct and indirect, were found in
the literature. Direct techniques evaluate the quantity of calcium hydroxide used,

whereas indirect techniques evaluate changes in the physical characteristics of
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specimen caused by pozzolanic actions. The strength development by the products of

the pozzolanic reaction is schematically illustrated in Figure 3.8.

Cementitious gel from
cement hydration (cement
only) ;

Clay-particles & Calcium hydroxide

from lime or cement

Cementitious gel from

pozzolanic reaction \

Figure 3.8: Strength development caused by products of the pozzolanic reaction
(Barman & Dash, 2022)

Clay-cement bond

The Strength Activity Index (SAI), as specified in BS 8615-1 (2019), was used to
examine the pozzolanic performance of RHA, SP, and NS. The cementitious matrix
densification and packing effect, which increase compressive strength, are evaluated
by this method for the pozzolanic reaction (Black, 2016; Jang et al., 2018). The ratio of
the f'_ of the mortar prism containing RHA/SP/NS to the f’_ of the control mortar
prism (100% cement) at 28 and 90 days is used to compute the SAI of RHA, SP, and
NS according to BS 8615-1 (2019). SAI was calculated using the following Equation
3.6.

A
SAI= = x 100 (Eq. 3.6)
Where,
A = Strength of the test mortar prism containing RHA/SP/NS

B = Strength of the control mortar prism with CEM I binder only
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3.5.1.9 Water Demand Test

A flow table test was used to determine the water content following BS 3892-1 (1997).
The amount of water needed to create a flow value + 5 units of the control mortar (165
mm for the control flow), was added to each mortar. The water requirement of RHA,

SP, and NS was calculated by using the following Equation 3.7.
X
Water demand = - x 100 (Eq. 3.7)

Where,
X =Mass of water used in the RHA/SP/NS blended mortar
3.5.2 Paste Samples Test

Tests on paste samples were denoted as Level I. In this level, normal consistency,
setting time, soundness, autoclave expansion, scanning electron microscope (SEM),

and energy dispersive x-ray (EDX) tests were conducted.
3.5.2.1 Normal Consistency

Normal consistency indicates the ideal water content necessary to create a standard
level of wetness in a cement paste. It is the point where the paste exhibits a particular
degree of stiffness. Assessing normal consistency is essential because it affects the
workability, flow, and setting time of concrete and mortar. Furthermore, it is crucial
in determining hardened characteristics and hydration behavior. In this investigation,
the influence of RHA, SP, and NS blends (2.5%, 5%, 7.5%, 10%, and 15%) on the water
requirement was explored by determining the normal consistency for the pastes using

the VICAT apparatus according to ASTM C187 (2016).
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3.5.2.2 Setting Time

The setting is evaluated during two time periods, viz., initial setting time and final
setting time. The term "initial setting time" describes the time after water is added to
a cementitious mixture before the material starts to harden and decrease its plasticity.
The final setting period is needed for the cementitious mixture to reach a suitable
degree of stiffness and withstand indentation at a specific pressure. In the present
study, setting time tests help evaluate how the supplementary materials influence the
setting characteristics of the cementitious mixture. RHA, SP, and NS blended cement
pastes of standard consistency were utilized to establish the initial and final setting

times in line with ASTM C191 (2021).

Figure 3.9: Setting time test apparatus

3.5.2.3 Soundness Test

Soundness is a cement quality assurance aimed at investigating expansion caused by

free lime in the cement. It is crucial to confirm that the cement will not expand
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significantly after setting. A small split cylinder of spring brass to another non-
corrodible metal with a thickness of 0.5 mm was used in the Le-Chateliers apparatus
(Figure 3.10) to create a mold that was 30 mm high and 30 mm in internal diameter.
Two indicators are appropriately brazed on either side of the split, with pointed ends
made of brass wire with a diameter of 2 mm. The ends are placed 165 mm from the
center of the cylinder. The split cylinder was kept between two glass plates and
immersed in water for 24 hrs. After 24 hrs of water immersion, the split cylinder was
removed and the distance between indicators was measured with a Vernier caliper.
Then the split cylinder was kept in water for boiling at 100°c for 3 hrs. After that, the

expansion was measured again with a Vernier caliper.

Figure 3.10: Le-Chatelier apparatus

3.5.2.4 Autoclave Expansion Test

An autoclave expansion test was developed to quickly detect the influence of

thermally cured free lime (CaO) as well as free magnesia (MgO) in Portland cement
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(CEM I). Autoclave expansion experiments are durability indications used in this
study to investigate the probability of late expansion in paste containing the RHA, SP,
and NS. According to Lun (2008), autoclave conditions almost entirely achieve the
hydration of free CaO and free MgO. To find out how hardened CEM I and blended
pastes of RHA, SP, and NS expanded in the autoclave, experiments were carried out
using the standard test procedure given in ASTM C151 (2018). After 24 hours of curing
in the moist closet, the hardened paste samples were removed from the molds and
examined in an autoclave at a high temperature of 216+2°C and a high pressure of 2 +
0.07 MPa for 3 hours. Variations in length were measured using a length comparator

and a standard reference bar.

Figure 3.11: Autoclave expansion test apparatus

3.5.2.5 Scanning Electron Microscope (SEM)

SEM analysis is one of the most widely utilized high-resolution surface imaging
methods today because it is quick, disruptive-free, and incredibly accurate. A
concentrated electron beam is used in SEM analysis to scan the material under
examination and create a high-resolution picture of its surface. This study used SEM
analysis in cementitious materials (RHA, SP, NS) and pastes with RHA, SP, and NS.
After stopping hydration with 99.9% pure ethanol at a particular curing age, the

cement paste specimens were broken into small pieces for SEM evaluation.
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Figure 3.12: SEM image acquisition

3.5.2.6 Energy Dispersive X-Ray (EDX)

The types and quantities of elements at the surface of the material or close to it are
analyzed using energy-dispersive X-ray analysis (EDX), which is used along with
scanning electron microscopy (SEM) to create a specimen map. EDX is not a fully
reliable method for surface characterization since X-rays are generated in a 2-um deep
region only. EDS may be used for qualitative and quantitative analysis, identifying

the chemical elements in a sample, and estimating their relative abundance.

3.5.3 Mortar Samples Test

Tests on mortar samples were denoted as Level II. In this level flow table, flexural and
compressive strength, water absorption, density, volume of permeable pore, drying

shrinkage, and sulfate resistance were determined.

3.5.3.1 Flow Table Test

A mortar flow test was performed using a flow table in compliance with EN 1015-3
(2004). This test aimed to evaluate mortar flowability at various replacement ratios of

RHA, SP, and NS. A mini frustum of a cone was used to take these measurements.
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The cone is 100 mm in diameter at the bottom, 70 mm at the top, and 60 mm in height.
It is set on a center-of-flow table and then filled with fresh mortar molded into two
layers, each tamped 10 times with a tamper. The mortar should be compacted evenly
by tamping pressure. Once the top surface of the mold was cleaned and aligned, it
immediately elevated vertically, and the flow table was dropped 15 times in 15
seconds. The diameter of the mortar in two directions at right angles to one another

was measured using slide calipers, and the mean value of these two measurements is

\ X
\
\

the flow value.

Figure 3.13: Flow table test

3.5.3.2 Flexural Strength Test of Mortar

Tensile strength in bending is measured by flexural strength, sometimes called the
modulus of rupture. Three 40x40x160 mm mortar prism specimens of each
combination were subjected to flexural strength tests at ages 3, 7, 28, and 90 days. The
samples were subjected to three-point loading. Flexural strength was calculated using

Equation 3.8, as per EN 196-1 (2006).
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Figure 3.14: Flexural strength setup

R, = 1.5 >;3Ff X1 (Eq. 3.8)
Where,
Rt is the flexural strength (MPa)
B is the side of the square section of the prism (mm)

Ftis the load applied to the middle of the prism at fracture (N)

lis the distance between the supports (mm)
3.5.3.3 Compressive Strength

The primary attribute of cementitious materials that characterizes the mechanical
properties of mortar is its compressive strength. The pozzolanic reaction contributes
to the compressive strength of mortar physically and chemically from RHA, SP, and
NS. In this study, compressive strength was determined using the six sections that
were left over from the flexural test according to BS EN 196-1 (2016). The mortar
specimens were examined for compressive strength at 3, 7, 28, and 90 days of age.
Compressive strength was calculated using the following formula:

_ _k (Eq. 3.9)
1600

R,
Where,
R. is the compressive strength (MPa)
F.is the maximum load at fracture (N)

1600 is the area of platens or auxiliary plates (40 mm x 40 mm)
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Figure 3.15: Compression Test Setup

3.5.3.4 Water Absorption Test

The quantity of water that a material can absorb is known as water absorption.
Additionally, it is the amount of pore space in the specimen matrix that allows liquid
elements to pass through. In this study, water absorption was tested at 90 days of age.
The water absorption of mortar is measured using ASTM C642 (2022). This test
involves drying mortar specimens for 24 hours at 100°C, submerging them in water
for 48 hours, and boiling them for 5 hours for each replacement with RHA, SP, and
NS. Following this, the amount of water absorbed by the specimen is measured.
According to ASTM C642, water absorption is the ratio of water absorbed to the test
dry weight of the specimen. Equations 3.10 and 3.11 provide the formula for

calculating water absorption.

Absorption after immersion (%) = % x 100 (Eq. 3.10)

Absorption after immersion and boiling (%) = % X 100 (Eq. 3.11)
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Where,

A is the oven-dry mass
B is the saturated mass after immersion

C is the saturated mass after boiling

3.5.3.5 Density

Densities were calculated using Equations 3.12 and 3.13 after the oven-dried mass (A),
saturated mass after boiling (C), and immersed apparent mass (D) were recorded

according to ASTM C642 (2022).

Bulk density, dry = [ (cij)] P= 8 (Eq. 3.12)

. A
Apparent density = [(A_D)] p= 82 (Eq. 3.13)

Where,
p = Density of water =1 g/cm®=1 Mg/m?
3.5.3.6 Volume of Permeable Pore

The volume of permeable pores of the mortar prisms was tested at 90 days for mortar
specimens. Voids were calculated according to ASTM C642 (2022). Equation 3.14 gives

the calculation process.
: o/ — (82—81)
Volume of permeable pore space (voids), % =5 % 100 (Eq. 3.14)

Where,

g,= Bulk density, dry
g,= Apparent density
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3.5.3.7 Drying Shrinkage Test

Drying shrinkage is defined as the reduction in test specimen length caused by
conditions other than forces applied externally to the specified temperature, relative
humidity, and evaporation rate conditions in the environment. This term also
encompasses the overall effect of various phenomena that tend to cause both increases
and decreases in length when the test specimens are being stored in the environment,
where multiple processes, such as cement hydration, are occurring at varying rates.
With an effective gage length of 250 mm, this study makes use of mortar prisms of

25x25x285 mm according to ASTM C596 (2023).

Figure 3.16: Drying shrinkage test setup

A batch of mortar was made with 750 g of cement, 1500 g of ASTM Standard sand,
and enough mixing water to provide a 105% to 115% flow. The samples are preserved
in molds for 24 h+30 min. The specimens are then taken out and allowed to cure in
lime water for 48 h+30 min. When the specimens reached 72 h4+30 min of age, they
were taken out of the lime water, and length comparator reading of each specimen
was taken right away according to ASTM C490 (2018). After 4, 11, 18, and 25 days of
air storage, comparator measurements were obtained. Length change was calculated

using Equation 3.15.
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X i

AL

x 100 (Eq. 3.15)

Where,

AL = Percentage change in length at measuring age
Ly = Reading of specimen at measuring age
L; = Initial reading of specimen

L = Gauge Length
3.5.3.8 Sulfate Resistance

Sulfate attacks are frequent and detrimental to mortar and concrete. Sulfate attack is
caused by sulfate-containing salts, such as calcium, magnesium, sodium, and
potassium sulfate compounds, which can react chemically with concrete components.
Using 25 x 25 x 285 mm bars, the length change caused by sulfate attacks was carried
out in compliance with ASTM C1012 (2022). The ratio of sand to binder components
and water to cement ratio was 2.75 and 0.485 by mass. Water-cement ratios that
provide a flow within + 5 of Portland-cement mortar at a water-cement ratio of 0.485
were utilized for blends of Portland cement with RHA/SP/NS. 2 bars and up to 21
cubes were cast as part of a series of specimens to test one type of cement. Following
demolding, every bar and cube —aside from the three that needed to be broken —was
kept in a curing tank filled with saturated limewater. To determine whether 20 MPa
was reached, two cubes in compression were broken. Comparator measurements
were taken, and all the bars were submerged in the sulfate solution (50 g/L of Na250s)
when the mean strength of the two cubes was found 20 MPa or higher. Using the
length comparator, the bars were examined for length change at 1, 2, 3, 4, 8, 13, and 15
weeks following their immersion in the sulfate solution, in compliance with

Specification ASTM C490 (2018).
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3.5.4 Concrete Samples Test

Tests on concrete samples were denoted Level III. Fresh density, workability,
compressive strength, water absorption, density, volume of permeable pore,
ultrasonic pulse velocity (UPV), rapid chloride penetration (RCPT), sorptivity, and

surface electrical resistivity tests were conducted at this level.

3.5.4.1 Fresh Density

Density greatly influences the mechanical properties of concrete. Generally, denser
concrete often has fewer voids and porosity, which increases its strength, durability,
and resistance to permeability. The fresh density of concrete was calculated following

ASTM (138 (2017). Density was calculated using Equations 3.16 and 3.17.

a) Mass of measure b) Mass of the measure filled with

Figure 3.17: Measurement of the mass of concrete
b=—~v— (Eq. 3.16)

(Eq. 3.17)
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Where,

D = Density of concrete (kg/m?)

M, = Mass of the measure filled with concrete (kg)

My, = Mass of the measure (kg)

T = Theoretical density of the concrete computed on an air-free basis (kg/m?)
M = Total mass of all materials batched (kg)

V = Total absolute volume of the component ingredients in the batch (m?)

3.5.4.2 Workability

According to the American Concrete Institute (ACI), workability is a property of
newly mixed concrete or mortar that indicates how easily it can be mixed, placed,
completed, and finished in a uniform state (Zulu, 2017). The slump test was used in
this study to assess the workability of concrete following ASTM C143 (2008). Three
layers of concrete, each about one-third the volume of the mold, were instantly poured
into the mold from the fresh concrete sample. Using the rounded end of the temping
rod, each layer was evenly rodded 25 times throughout the cross-section. Then the
mold was uplifted, and the subsidence from the original height is measured and

reported as the slump value of concrete. Figure 3.18 shows a concrete slump test.

Figure 3.18: Workability of concrete (Slump test)
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3.5.4.3 Compressive Strength

Compressive strength is one of the prime properties of hardened concrete. A strength
of material is its capacity to withstand stress without failing (Neville, 2010). The
compressive strength test was done on an average of three 100 x 200 mm concrete
cylinders. Specimens were cast with OPC (control), and then OPC was substituted
with RHA/SP/NS at 2.5%, 5%, 7.5%, 10%, and 15% replacement levels. The specimens
were taken out of the mold after 24 hours and allowed to cure in water for 14, 28, and

56 days.

Figure 3.19: Compressive strength test of a Cylindrical sample

3.5.4.4 Water Absorption, Density, and Volume of Permeable Pore

To determine the water absorption, density, and volume of permeable pores ASTM
C642 (2022) code was followed. As with the mortar samples, the same procedure was

used for concrete samples.

3.5.4.5 Ultrasonic Pulse Velocity (UPV)

Using the propagation velocity of a vibrational energy pulse that has traveled through
a concrete material, this test determines if voids and cracks are present and how well
crack repairs are working. To assess the density and internal cracks of concrete, the

UPV test was also performed. Before the compression test, this test was conducted on
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100 x 200 mm cylinder specimens after 56 days of curing in compliance with ASTM

C597 (2003). Pulse velocity was calculated using Equation 3.18.

(Eq. 3.18)

V_L
T

Where,

V = Pulse velocity (m/s)
L = Distance between centers of transducer faces (m)

T = Transit time (s)

Higher velocity is a sign of better density, homogeneity, and uniformity in the
concrete. The pulse velocity value may be used to categorize concrete quality ratings

following BS 1881 (2021), as Table 3.9 illustrates.

Figure 3.20: Ultrasonic pulse velocity test

Table 3.9: Classification of concrete quality based on UPV test as per BS 1881 (2021)

Pulse velocity (km/s) Concrete quality (ratings)

>4.5 Excellent (E)
35-4.5 Good (G)
3.0-3.5 Medium (M)
20-3.0 Doubtful (D)

<20 Very weak (VW)
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3.5.4.6 Rapid Chloride Penetration Test (RCPT)

The most frequent damage in reinforced concrete (RC) structures that caused by
corrosion from exposure to seawater or de-icing salt is chloride ion penetration (Jones,
1997). Standard cylindrical cube samples measuring 100 mm in diameter and 50 mm
in height were used to measure the chloride resistivity of hardened concrete using the
RCPT following ASTM C1202 (2012). An external electrical voltage is provided to
drive the chloride ion into the sample. The ions move from the 3% NaCl solution via
the concrete specimen and toward the 0.3N NaOH solution because of the potential
difference between the electrodes (Anolyte) and chloride (Catholyte) for 6 hours. The
total charge passed from the concrete sample was calculated from Equation 3.19.

Chloride ion penetrability chances can be predicted using Table 3.10.

Q = 900(10 + 2130 + -+ 2[330 + 1360) (Eq 319)

Where,

Q = Charge passed (coulombs)
Iy = Current (amperes) immediately after voltage is applied

Iy = Current (amperes) at t min after voltage is applied

a) Vacuum saturation setup b) Specimen setup for test

Figure 3.21: Rapid chloride penetration test setup
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Table 3.10: Chloride Ion Penetrability Based on Charge Passed

Charge passed (coulombs) Chloride ion penetrability

>4000 High
2000 - 4000 Moderate

1000 — 2000 Low
100 - 1000 Very Low
<100 Negligible

3.5.4.7 Sorptivity

The purpose of this test is to evaluate susceptibility to water penetration of an
unsaturated concretes. It uses capillary suction to assess the rate at which water and
other liquids are absorbed into unsaturated concrete. The cylinder specimens were
cured for 28 days. A 50-mm slice was taken out from the cylinder and kept in an
evaporation chamber for three days at 5042 °C and 8043 % relative humidity. After

that, it was sealed in a container for a minimum of 15 days.

Before the slice was submerged in water, its exterior side was covered with a non-
absorbent substance, and the side that was not exposed to water was loosely sealed
with a plastic sheet. The water level was 3 mm above the sample base when the
specimens were submerged. The surface water was removed using a moistened cloth,
and the amount of water absorbed within the allotted time was quantified to the
closest 0.01g using a balance and following ASTM C1585 (2013). Table 3.11 shows the

acceptance criteria for durability indices.

Table 3.11: Suggested range for durability classifications using index values
(Alexander et al., 1999)

Durability class  Sorptivity (mm/vh)

Excellent <6
Good 6-10
Poor 10-15

Very poor >15
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c) Prepared sample before testing d) Submerged samples in water

Figure 3.22: Sorptivity test setup

AW
= Ad (Eq. 3.20)
R

S= R (Eq. 3.21)

Where,

I = Water absorption (mm)
AW = Change in mass (g)
A = Cross sectional area of specimen (mm?)

d = Density of water (g/mm?)
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S = Sorptivity (mm)

t =time (s)

3.5.4.8 Surface Electrical Resistivity

One crucial physical characteristic of Portland cement concrete that is directly related
to the corrosion process caused by chloride is electrical resistance. A commercially
available 4-point Wenner probe surface resistivity (SR) meter made by Proceq was
used to measure the surface resistivity. Using this method, the surface electrical

resistivity of concrete is measured using four linear electrodes that are evenly spaced.

Table 3.12: Relationship between permeability class and surface resistivity
(AASHTO T358, 2015)

Chloride ion permeability classification Surface resistivity (kQ — cm)

High <12
Moderate 12-21

Low 21-37
Very low 37-254
Negligible >254

Figure 3.23: Surface electrical resistivity test setup
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While the inside probes monitor the electrical potential, the two external electrodes
provide an AC current to the concrete surface. It should be mentioned that DC current
is undesirable as the polarization effect might lead to inaccurate readings. A 100 x 200
mm cylindrical specimen was examined for surface resistivity at 56 days. As
recommended by AASHTO T358 (2015) specification, Table 3.12 shows how the
chloride ion permeability requirements of various concrete mixes are categorized
based on surface electrical resistivity. Figure 3.23 shows the surface electrical

resistivity test setup using a 4-point Wenner probe.

3.6 TEST MATRIX

Table 3.13 presents a summary of the characterization tests conducted on binders
during the preliminary study. Tables 3.14, 3.15, and 3.16 provide summaries of the

tests performed on different cementitious media at three distinct levels.

Table 3.13: Preliminary analysis for binder characterization with standards

SL No. Name of the tests Standards / Methods
1 Specific gravity ASTM C188
2 Specific surface area (Blaine) ASTM C204
3 Particle size distribution (PSD) Laser diffraction
4 Mineralogical analysis X-ray diffraction (XRD)
5 Chemical analysis X-ray fluorescence (XRF)
6 Loss on ignition (LOI) EN 196-2
7 Pozzolanic activity (SAI) BS 8615-1
8 Water demand test ASTM C311

In Level I tests were conducted on paste samples. Table 3.14 shows the conducted tests
with standards for paste samples. Mortar samples were used in Level II testing. The

tests that were performed using standards for mortar samples are presented in Table
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3.15. Tests were conducted on concrete samples at Level III. The tests that were

performed on concrete samples using standards are presented in Table 3.16.

Table 3.14: Conducted tests on paste samples with standards

SL No. Name of the tests Standards / Methods
1 Normal consistency, setting time, and Soundness BS EN 196-3
2 Autoclave expansion test ASTM (151
Scanning electron microscopy (SEM) and Energy
’ Dispersive X-ray (EDX) -
Table 3.15: Conducted tests on mortar samples with standards
SL No. Name of the tests Standards / Methods
1 Flow table test BS EN 1015-3
2 Flexural and compressive strength BS EN 196-1
3 Water absorption, Density, and VPP ASTM C642
4 Drying shrinkage ASTM C596
5 Sulfate resistance ASTM C1012
Table 3.16: Conducted tests on concrete samples with standards
SL No. Name of the tests Standards / Methods
1 Fresh density of concrete ASTM C138/138M
2 Workability (Slump) ASTM C143
3 Compressive strength ASTM C39
4 Water absorption, Density, and VPV~ ASTM C642
5 Ultrasonic pulse velocity ASTM C597
6 Rapid chloride penetration test ASTM C1202
7 Sorptivity ASTM C1585
8 Surface electrical resistivity ASTM C1760
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3.7 CHAPTER SUMMARY

For the experimental program, CEM I, RHA, SP, and NS were used as binders. Firstly,
for binder characterization, specific gravity, particle size distribution, moisture
content, loss on ignition, pozzolanic activity, and water demand tests were
programmed. To evaluate the binder performance, an experimental program was
divided into three different levels (paste, mortar, and concrete). Partial replacement
(0%, 2.5%, 5%, 7.5%, 10%, and 15%) of CEM I by these binders was done by volume.
EN sand was used in those mortar samples (40 x 40 x 160 mm) that were used to test
flexural, compressive, water absorption, density, and volume of permeable pores. A
total of 240 mortar samples were cast using EN sand. Flexural and compressive
strength data were taken after 3, 7, 28, and 90 days of curing. ASTM standard sand
was used to make 25 x 25 x 285 mm size samples that were used to evaluate drying

shrinkage and expansion under sulfate attack.

For concrete samples, a mix design was done to achieve a 27MPa strength. A total of
208 cylinders (100 x 200 mm) were cast, and the tests were done after 14, 28, and 56
days of curing. Fresh density, workability, compressive strength, water absorption,
density, volume of permeable pores, UPV, RCPT, sorptivity, and surface electrical

resistivity tests were done in concrete samples.
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Chapter 4: RESULTS AND DISCUSSIONS

This section combines all the results of tests that were performed in a sequence and the
individual analysis of each test. Combining all the results and analysis has concluded the

effectiveness of rice husk ash, silica powder, and nano silica as a partial replacement of cement.

4.1 TEST RESULTS OF BINDER SAMPLES

In this section, preliminary analysis results of binders are presented. Specific gravity,
surface area, particle size, mineralogical and chemical analysis, SEM and EDX, and

loss on ignition results are included in this section.

4.1.1 Specific Gravity and Particle Size Distribution

The RHA, SP, and NS used in this investigation had specific gravities of 2.083, 2.051,
and 2.02, respectively. These binders have a lower density compared to cement. The
reduced specific gravity of RHA is primarily due to its porous structure. Similarly,
both SP and NS extracted from RHA also show lower specific gravity as a result of
their porous and amorphous characteristics. The extraction process does not eliminate
porosity for SP and NS. The specific gravity values for RHA, SP, and NS were
measured to be 33.0%, 34.1%, and 35.1% lower than that of cement, respectively. The
PSD of RHA, SP, and NS was determined using laser diffraction analysis. The analysis
provides information on the particle size of the materials, which is essential for
understanding their suitability for various applications. The PSD of RHA, SP, and NS
is illustrated in Figure 4.1 and Figure 4.2. The percentile value and specific gravity are

present in Table 4.1.

As shown in Figure 4.2, the particle size of RHA ranges from 1.6 um to 1100 pm, with
an average particle size (dso) of 87.3 um. The 10" percentile (di0) and 90* percentile
(deo) values show that 10% and 90% of the particles are smaller than 21.1 um and 375.3

um, respectively. Similarly, the particle size range of the SP, which was extracted from
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RHA by maintaining a pH level of 3, is mainly between 0.67 um and 90 um, with an
average particle size (dso) of 14.2 um. The 10* percentile (di) and 90 percentile (dso)

values were 4.0 um and 40.5 um, respectively.

Table 4.1: Specific gravity and PSD percentile value of RHA, SP, and NS

Sp. Percentile (pum)
Sample

Gravity Dy Dvw Dvso Dvwo Dvew Dves Dvey Dve  Dvi
RHA 2.083 21.1 365 873 156.7 3753 5275 633.6 8314 1251.6

SP 2.051 4.0 6.0 142 234 405 494 552 65.0 85.4

NS 2.019 51 73 155 240 390 465 512 591 75.7

The size of NS extracted from RHA by maintaining pH 10 is mainly between 0.75 um
and 90 um, with an average particle size (Dvso) of 15.5 um. The 10" percentile (Dv1o)
and 90* percentile (Dvw) values were 5.1 um and 39.0 um, respectively. So, SP and NS
particle sizes are very close, as shown in Figure 4.1. The average particle size (dso) of
SP and NS was 83.7% and 82.2% smaller than the average particle size (ds) of RHA.
The PSD analysis shows that SP and NS have a finer particle size with a larger surface
area, with most particles within the 0.67 - 100 pm range. In the case of RHA, the

particles are within 1.67 - 1100 um, indicating a relatively coarser particle size.

This suggests that, compared to RHA, SP, and NS have finer particle sizes. When
compared to rice husk ash, precipitated silica or nano-silica has the smallest particle
sizes, which is consistent with research by Land & Stephan (2012), Wan (2016), and
Gosalvitr (2015). The unimodal density patterns of RHA, SP, and NS in Figure 4.2
demonstrate the homogeneity of these samples. PSD data for RHA and SP were

collected from the research conducted by Nila (2024).
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Figure 4.1: PSD curve of RHA, SP, and NS
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Figure 4.2: Particle size (um) vs volume density (%) of RHA, SP, and NS.

4.1.2 Specific Surface Area (Blaine Fineness) & 45u Residue

Blaine fineness of RHA, SP, and NS is shown in Table 4.2. The fineness was found 4044
cm?/g, 4838 cm?/g, and 4573 cm?/g for RHA, SP, and NS, respectively. A pozzolanic

substance must not retain more than 40% and 34% of particles on a 45 micron screen,
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according to physical requirements BS 8615-1 (2019) and ASTM C618-22 (2023),
respectively. Only SP satisfied this limit with 19% residue on 45u sieve. Because of the
larger particle size, RHA did not satisfy this limit, and agglomeration of particles

could be the reason for NS.

Table 4.2: Blaine surface area and 45u sieve residue of RHA, SP, and NS

Sample name Blaine Fineness (cm?g) Residue on 45u (%)
RHA 4044 73.4
Silica powder (SP) 4838 19
Nano silica (NS) 4573 63

4.1.3 X-Ray Fluorescence Spectroscopy (XRF) Analysis

The chemical composition of research materials is shown in Table 4.3. The silica
contents of RHA 79.4% and SP 79.3% were found to be similar. However, with more
purification, the silica content in NS is higher than in RHA and SP, which was 92.6%.
A pozzolan is categorized as F type by ASTM C618 (2023) if its sum of SiOz, Al:Os, and
Fe20s content is greater than 70%. As a result, these oxides (5iO: + AL:Os + Fe20s) can
be categorized as N pozzolans in this instance because their overall amount in RHA
is 81.3%, SP is 79.8%, and NS is 92.9%. Furthermore, RHA, SP, and NS contain less
than 4% sulfur trioxide (50s), the maximum permitted level per ASTM C618.
Chemical composition of RHA and SP was taken from the research done by Nila

(2024).

It is also observed that RHA presents K:O, primarily owing to the application of
chemical fertilizers to improve rice fields. As such, RHA, SP, and NS can be
categorized as class N pozzolan. These chemical characteristics are consistent with
published researches (Antiohos et al.,, 2014; Karim et al., 2014; Zain et al., 2011).
According to Ugheoke & Mamat (2012), metallic impurities, particularly potassium

and sodium oxides, make it more difficult to produce silica with a purity of over 97%
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from rice husk by direct incineration. These compounds influence silica particles'
surfaces, increasing their reactivity and surface area while also speeding up the

crystallization of silica.

Table 4.3: Chemical composition of RHA, SP, and NS

Oxides Mass (%)
RHA SP NS
SiO: 79.4 79.3 92.6
Na20 0.106 8.06 3.58
K20 6.53 0.938 0.444
CaO 3.65 1.03 0.34
MgO 1.48 0.081 0.06
AlOs 0.385 0.167 0.2
Fe:0s 1.48 0.343 0.105
P20s 447 0.151 ND
SO:s 1.27 0.576 0.23
MnO 0.866 ND 0.03
ZnO ND 0.02 0.04
Cl 0.18 9.34 2.33

*ND: Not Detected

414 X-Ray Diffraction (XRD) Analysis

To find variations in the development of amorphous or crystalline silica, an XRD
examination was carried out for RHA, SP, and NS. Baseline correction of all XRD data
was done using Origin Pro software, and peak value was detected using Expert High
Score Plus software. Figure 4.3 presents the XRD patterns of RHA. Without any
treatment, the XRD of RHA displays a hump form, signifying the presence of
amorphous content. The crystalline silica concentration peaks may also be seen at the
Bragg 2-theta angle limit of 25-27 (Chandrasekhar et al., 2003; Cordeiro et al., 2009;
Khan et al., 2012). There was an amorphous halo in the XRD pattern of RHA found

between 15° to 31°, with a maximum intensity at 20 = 26.6°, shown in Figure 4.3(a).

Chapter 4: RESULTS AND DISCUSSIONS 94



Figure 4.4 shows XRD patterns of SP and NS. For SP shown in Figure 4.4(a), the
prominent peaks or reflections of crystalline quartz are found at Bragg 20 angles of
45.47° and 31.74°. No other distinct peaks in Figure 4.4(a) correspond to these Bragg
20 angles. The observed peak spans 20 and is relatively broad, typical of amorphous
formations. Figure 4.4(b) shows the XRD pattern for NS. As is observed, these X-ray
patterns show a large hump shape between 10° and 30° (20). By this pattern, NS shows
a pure amorphous nature without any distinct peaks. Balakrishnan (2013) stated that
because of the amorphous nature of silica nanoparticles, prominent scattering peaks

were found between 20 angles of 10° to 30°.
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Figure 4.4: XRD pattern of SP and NS from RHA
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4.1.5 Moisture Content

Figure 4.5 shows the moisture content of cement, RHA, SP, and NS. Moisture content
in cement was very less (0.3%) compared to RHA, SP, and NS. Extracted SP and NS
had more moisture content than RHA. It may be related to the extraction process.
Because the alkaline extraction process involves an aqueous solution named as aqua

gel, which could retain water even after filtration and drying.
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Figure 4.5: Moisture content of test samples

4.1.6 Loss on Ignition (LOI)

Figure 4.6 shows the residual organic content (loss on ignition) of cement, RHA, SP,
and NS samples. The LOI for RHA was found to be 3.8, and it was within ASTM C618
(2023) limitations. Different researchers found the LOI of RHA ranges from 1 to 12%
(Kumar Das et al., 2022). The presence of unburned residues and unstable mineral
phases at high temperatures is often the cause of high loss of ignition (LOI) in rice
husk ash (RHA). The varying amounts of unburned residues and moisture may cause

variations in LOI (Santasnachok et al., 2015). LOI has increased in extracted SP and
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NS. Residual acid or alkali byproducts may be left in the silica structure after
extraction with NaOH or H:SOs. During testing at high temperatures, these
byproducts may break down, adding to the mass loss and raising the LOI. Mohammed
(2018) found the LOI of nano silica to be 6%.
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Figure 4.6: Loss on ignition (LOI) of test samples

4.1.7 Scanning Electron Microscope (SEM)

The size, shape, and morphological properties of the RHA, SP, and NS particles are
crucial for understanding and explaining flow, strength, and shrinkage in
cementitious media. The microstructure of the RHA, SP, and NS samples was
examined using scanning electron microscopy. After burning the outer layer of the
rice husk, was found as a corrugated structure was found to be well-organized, as
seen in Figure 4.7(a). The inner epidermis has loose layers and a highly porous
structure (Figure 4.7(b)). The ash particle has a hull-like form. But because of their
fragility, some of these particles tend to disintegrate when handled, losing their hull-

like form. The grinding time has a significant impact on the microstructure of RHA
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(Chindaprasirt et al., 2008). RHA particles are coarse, porous, and have an uneven

distribution, as seen in the images. Additionally, they vary in size and shape.

o o B 53 ~
.00 & ignal A= SE2 Date: 4 Sep 2023 = 5.00 4 Signal A= SE2 Date: 4 Sep 2023
WD =13.1mm Mag= 1.00KX Time: 15:03:22 WD =13.2mm Mag= 1.00KX Time: 15:04:45
a) Outer surface b) Inner surface

Figure 4.7: SEM images of control burned RHA

Rice husks have distinct morphologies on their inner and exterior surfaces. The silica
is mainly found in the strong interlayer, or epidermis, of rice husk, filling up the gaps
between the cells (Deshmukh et al., 2012; Sharma et al., 1984). The study by Krishnarao
& Godkhindi (1992) found that the exterior epidermal cells contained most of the
silica, with the acnie-shaped protrusions having the highest concentration. The rice
husk has a very porous structure because it has broken apart during the thermal
breakdown of organic materials. As seen in Figure 4.8, the grain of the rice husk ash-
derived silica has an uneven form, and particle size varies from 50-70 nm for SP and
40-60 nm for NS. With a greater SEM magnification, it is evident that the synthesized
silica has heterogeneous mesopores because of the different sizes of the grains. Pore
holes are shown by dark-hued surfaces, while amorphous silica is indicated by
brilliantly colored surfaces. On the other hand, the structure of synthesized silica
indicates a propensity to agglomerate. Younesi & Ghasemi (2011) produced nano-
silica with a small particle range from 50 to 120 nm. Owing to their amorphous and

aggregated state, silica powder and nano-silica particles lack distinct boundaries.
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Figure 4.8: SEM images of extracted SP, and NS from RHA
4.1.8 Energy Dispersive X-Ray (EDX)

The proportion of silica in the samples was ascertained by EDX analysis of the RHA,
SP, and NS. Si and O, which accumulate as SiO2, were the most prevalent components
in RHA, SP, and NS. The existence of silica is confirmed by the Si and O peaks (Figure
4.9). Both components exhibit the primary distinctions. The weight percentage of
silicon in RHA, SP, and NS was 42.44%, 34.14%, and 27.42%, respectively, according
to the EDX. RHA was mostly composed of oxygen and silicon at weight
concentrations (Bakdash et al., 2020; Nduka et al., 2022). These findings aligned with
the quantitative analysis of XRF. Nano silica with a composition of 65% was reported
by Ma (2012). Ghorbani (2015) produced silica nanoparticles in a purer form with a

composition of 95.5%.
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Figure 4.9: EDX spot analysis results of RHA, SP, and NS powder samples

4.2 TEST RESULTS OF PASTE SAMPLES

In this section test results of the paste samples are discussed. Normal consistency,

setting time, soundness, autoclave expansion, SEM, and EDX results are included.

4.2.1 Normal Consistency

Figure 4.10 shows the influence of RHA, SP, and NS on the normal consistency of the
cement paste. As the amount of RHA, SP, and NS in the paste increased, it was noticed
that the water demand increased gradually. The low specific gravity and larger
specific surface area of RHA, SP, and NS in comparison to cement are the primary
causes of the increased water demand in paste samples. Therefore, the porous nature
and extremely small RHA, SP, and NS particles require more water than regular

cement particles to maintain the proper flow. Figure 4.10 shows that the water
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requirement of cement paste containing 2.5% to 15% RHA, SP, and NS was raised to
11.1% to 51.9% for RHA, 11.1% to 55.6% for SP, and 3.7% to 33.3% for NS as compared
to the control sample. Normal consistency value with RHA and SP was collected from

the research done by Nila (2024).
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Figure 4.10: Normal Consistency of RHA, SP, and NS blended cement paste

Consistency also gradually increased as the amount of NS in the sample increased. In
contrast to specimens with RHA and SP, these cement paste specimens had a lower
consistency. The findings align with previous research findings from other
investigators. According to Rao (2003), the cement pastes containing 20% to 30% SP
demanded water needs up to 40% higher than the control sample. Qing (2007) studied
the influence of nano silica and found very high consistency values compared to the
control samples with 100% cement. Calica (2008) and Marthong (2012) also studied,
pastes incorporating RHA needed more water to attain normal consistency than
samples without RHA. Due to improved water-binder particle interaction, the water

consumption of binder particles rises, resulting in higher consistency (Ltifi et al., 2011).
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4.2.2 Initial and Final Setting Time

Initial and final setting times of the blended cement paste with different levels of RHA,
SP, NS, and the control samples are illustrated in Figures 4.11 and 4.12. Figures 4.11
and 4.12 show that the initial and final setting times increase when the percentage of
RHA and SP increases (from 0% to 15%). On the other hand, the initial time rises
gradually up to 5% with NS replacement, after that it decreases, and the final setting
time gradually decreases with NS in comparison to the control. Various factors
influence setting times, including cement type, water-cement ratio, admixtures, and
the chemical process known as hydration. Compared to the control cement paste, the
initial setting time increased by 30.6% and 38.8% for 2.5% and 5% RHA, 24.7% and
35.3% for 2.5% and 5% SP, and 37.7% and 35.3% for 2.5% and 5% NS.

Furthermore, the final setting time was increased by 12.2% and 16.7% for 2.5% and 5%
RHA, respectively. Compared to the control cement paste, the 2.5% and 5% SP showed
a 13.3% and 19.4% increase in the final setting time, respectively. On the other hand,
the final setting time decreased with the NS replacement by 2.9% to 11.1% for a 2.5%
to 15% replacement level. When cement-based materials contain nano silica particles,
the initial and final setting times of the mixture are decreased (Babu et al., 2019; Hou
et al., 2013; Kumar et al., 2021; Mukharjee & Barai, 2014; L. P. Singh et al., 2012; M.-H.
Zhang et al., 2012). The hydration process is further slowed, and the setting time
increases as the amount of RHA/ SP containing smaller microparticles (Qing et al.,
2007). In contrast to cement, RHA, and SP particles, nano-silica particles are finer.
Because NS particles have a greater specific surface than RHA, SP, and cement
particles, an increasing NS content causes the paste to become even thicker
(Kontoleontos et al.,, 2012). Consequently, early hydration is facilitated, which
decreases the setting time. The setting time with RHA and SP was collected from the

research done by Nila (2024).
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Figure 4.11: Initial setting time with RHA, SP, and NS replacement
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Figure 4.12: Final setting time with RHA, SP, and NS replacement

4.2.3 Soundness Test

The result of the soundness test with Le- Chateliers apparatus is shown in Figure 4.13.
It demonstrates that the soundness was < 10 mm for every paste combination. Thus,
it is concluded that adding RHA/SP/NS to CEM I paste does not significantly alter

volume after setting.
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Figure 4.13: Soundness test of RHA, SP, NS blended paste
4.2.4 Autoclave Expansion Test

Figure 4.14 shows the autoclave expansion results for RHA, SP, and NS mixtures. The
effect of cement replacement with RHA, SP, and NS was minor, although the growth
pattern was nonlinear. The soundness result showed that the blended cement paste
grater sometimes expanded on higher replacement than lower replacement, and
sometimes the opposite result. Autoclave expansion demonstrated promising results.
Converse findings were also observed in a prior investigation (Abbas et al., 2017). In
general, the autoclave expansion test revealed that every mixture satisfied the 0.8%
allowable limit given by ASTM C596 (2023) and ASTM C1157 (2008). Autoclave
expansion value for RHA and SP blended cement was taken from the research done

by Nila (2024).
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Figure 4.14: Expansion of Cement, RHA, SP, and NS blended pastes
4.2.5 Scanning Electron Microscopy (SEM) of Paste

SEM analysis was used to determine the microstructure of hardened cement pastes
with or without RHA, SP, and NS with a w/b ratio of 0.27 and an age of 3, 7, and 28
days; the results are shown in Figures 4.15, 4.16, 4.17, and 4.18, respectively. Figure
4.15 shows that the calcium hydroxide (C-H) content of the regular Portland cement
specimen is comparatively higher than that of the calcium-silicate-hydrate (C-S-H)
gel, though with increasing curing days C-S-H gel increased. On the other hand,
specimens containing RHA/SP/NS particles have a clear, strong gel structure with less
C-H. The pozzolanic reaction of RHA/SP/NS particles may cause this. Therefore,

RHA/SP/NS acts as a pozzolanic activator and a filler.

Figure 4.16 shows SEM micrographs with 5%, 7.5%, and 10% RHA at various ages (3,
7, and 28 days). The hydration products C-=S5-H and calcium hydroxide are detected
in the composite at 3, 7, and 28 days. At 7 days of curing, the micrograph shows the
foil honey-comb structure of calcium silicate hydrate (C-S-H) and the hexagonal-

shaped C-H crystals (Ca(OH):2) with big crystalline particles. The strength of the
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cement is mainly determined by the C-S-H, which comprises more than 70 -75% of the

hydrated cement paste.
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Figure 4.15: SEM images of Cement paste at different curing ages

The Ca/Si ratio of C-S-H decreased when RHAs with a high amorphous silica content
were used in place of cement Khan (1985); Uchikawa (1986); Yu (1999). Richardson
(1999) claims that the morphology of C-S-H changes as the Ca/Si ratio decreases,
becoming "foil-like" for lower ratios and fibrillar for higher ratios. By reducing the
linked capillary pores and improving the pore structure of system, the "foil-like"

morphology of C-S-H is more effective for filling the voids.
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Figure 4.16: SEM images with different % replacement of RHA in Cement paste at
different curing ages
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As shown in Figure 4.16, the amount of unhydrated cement (CsS, C2S, CsA, and CsAF)
decreased as the curing period and RHA concentration increased. The calcium
hydroxide created by the hydration of Portland cement interacts with the amorphous
RHA silica when introduced to cement paste. This process produces secondary C-5-
H. Although primary C-5-H is generated during cement hydration, and the secondary
C-5-H created by the pozzolanic reaction is chemically identical, the latter helps to
increase strength and reduce porosity in the cementitious system. By consuming
unused calcium hydroxide and enabling unhydrated cement particles to continue
hydrating, RHA also accelerates early hydration through nucleation effects and

encourages long-term hydration.

As SP has approximately the same amount of silica as RHA, it has shown similar
behavior under the replacement, as shown in Figure 4.17. A few silica agglomerations
were also seen. With higher replacement, this agglomeration increases. This
agglomeration of SP may introduce a weak interfacial transition zone. C-S-H gel made
by SP agglomerates has been observed to have inferior binding performance (Kong et
al., 2013). The locations of agglomerated particles are indicated on the SEM images to

detect the presence of unreacted particles.

Oversaturation and inadequate mixing are the causes of these agglomerated particles,
which are predictably unreacted cement and silica particles. As a result, compressive
strength decreased as the replacement of SP increased. Agglomeration of fine silica
particles reduces cement hydration through localized dehydration, which creates
voids with little to no strength-bearing structures. This, in turn, is the cause of
decreased mechanical resistance and durability performance, according to Nazari &
Riahi (2011) and Said (2012). It has been discovered that nano-silica particles affect the
hydration behavior of hardened cement-based materials and cause variations in their
microstructure (Hou et al,, 2013; Jo et al,, 2007). Additionally, a few nano-silica

agglomerates have also been seen in SEM analysis, as shown in Figure 4.18.
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Figure 4.17: SEM images with different % replacement of SP in Cement paste at
different curing ages
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Figure 4.18: SEM images with different replacement of NS in cement paste at
different curing ages
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In cement-based products, NS agglomerates due to the high pH and ionic strength of
the cement hydration system as well as its high surface energy, which affects the
materials' efficiency (Amiri et al., 2009; Kirby & Lewis, 2004; Kong et al., 2015; Reches
et al., 2018). Researchers found that the primary cause of the decreased compressive
strength with a high level of NS was the agglomeration of particles (Bolhassani &
Samani, 2015; Mendes & Repette, 2021).

4.2.6 Energy Dispersive X-Ray (EDX)

The atomic ratio of Ca and Si, as measured by EDX analysis, is the stoichiometric Ca/Si
ratio, which measures the crystals in different parts of the sample. Pure Portland
cement undergoes hydration to produce a C-S-H phase with a Ca/Si ratio of around
1.7 (Richardson, 1999). As SCM substitution increases, this ratio drops. When this ratio
decreases, it signifies the formation of the C-5-H phase as the C-H content decreases,
and when it increases, it indicates the excess of C-H as the pozzolanic reaction
decreases (Karunarathne et al., 2019). Figure 4.19(a) shows that by 28 days, the Ca/Si
ratio of C-S-H in the control is extremely high (5.13). As RHA content increased from
5% to 7.5%, the Ca/Si ratio value steadily dropped to assist the pozzolanic process as
shown in Figure 4.19 (b) and (c). At 5% RHA Ca/Si ratio was 3.93, which was decreased
to 2.04 with 7.5% RHA. The low Ca/Si ratio with 7.5% RHA should show better
compressive strength, but with 5% RHA, this study found higher compressive

strength in mortar at 28 days curing.

Although a significant number of studies have been done on C-S-H phases in hydrated
Portland cements, the relationship between the chemical composition of the phase and
the compressive strength of the hardened material is not well understood (Papatzani
et al., 2015). Micromechanical and elastic properties of the material study have shown
that C-5-H phases with low Ca/Si ratios have appropriate properties (Kim et al., 2013;
Pelisser et al., 2012). However, the results cannot be directly translated into

macroscopic mechanical properties because compressive strength depends on a
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variety of factors, including the materials and mix design (Cordon & Gillespie, 1963;
Rao, 2001; Weaver et al., 1974), the chemical composition, the specimen geometry
(Bazant, 1996; Carpinteri, 1994; Karihaloo et al., 2003), and test conditions like loading

rate (Sukontasukkul et al., 2004; Zhang et al., 2012).

Figure 4.19 (d) and (e) illustrate how the Ca/Si ratio value gradually decreased to
support the pozzolanic process as the SP concentration increased from 5% to 7.5%.
The Ca/Si ratio was 4.75 for 5% SP and dropped to 3.33 with 7.5% SP. The increased
compressive strength in mortar specimens at 28 days was validated by the low Ca/Si
ratio in specimens with 7.5% SP. As the NS concentration increased from 5% to 7.5%,
Figure 4.19 (f) and (g) indicated that the Ca/Si ratio value progressively dropped to

assist the pozzolanic process.

At 5% NS, the Ca/Si ratio was 4.35 while with 7.5% NS, it reduced to 3.77. Though
7.5% NS had a lower Ca/Si ratio, the compressive strength of mortar with 7.5% NS
decreased in comparison to 5% NS it might be because of the agglomeration, which
was confirmed by SEM analysis. It appears that the 5% NS has the best dispersion in
the sample, with less agglomeration than larger replacements. As a result, pozzolanic
reactivity of NS, nucleation effect, and filling effect all improved in mortar with 5%

NS.
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Figure 4.19: EDX result of RHA, SP, and NS blended paste samples
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4.3 TEST RESULTS OF MORTAR SAMPLES

In this section test results of mortar samples are discussed. Flow table, water demand,
flexural and compressive strength, pozzolanic activity, water absorption, density,
volume of permeable pores, drying shrinkage, and sulfate resistance test results are

included in this section.
4.3.1 Flow Table Test

Figure 4.20 illustrates the flow of RHA, SP, and NS-induced mortar samples. A flow
table conforming to EN 1015-3 (2004) was used. The addition of RHA reduced
flowability from 163 mm (control) to 125 mm compared to the reference control
sample. Its large specific surface area is the cause of this reduction in flowability. As
the replacement ratio increases, RHA absorbs more mixing water on its surface and
pores, reducing free water and flowability. The addition of SP and NS reduced
flowability from 163 mm (control) to 117 mm and 114 mm, respectively, compared to
the reference sample. In general, the higher specific surface area of RHA, SP, and NS

reduces the flowability of the fresh mixture.

RHA SpP NS

Flow value (mm)
=
(e)

0 25 5 7.5 10 15

% Replacement of cement

Figure 4.20: Flow of RHA, SP, and NS mortars
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4.3.2 Water Demand Test

Figure 4.21 shows the water demand of RHA, SP, and NS. The BS 8615-1 (2019)
threshold value is shown by a dotted reference line. According to the standard, the
water demand should not exceed 115% of that required for cement cement-only test.
According to the findings, the paste required more water to give a similar flow to the
control as the RHA, SP, and NS levels increased. As a result, the use of RHA, SP, and
NS replacing cement increases the water/binder ratio and water demand of cement
mortars. In light of this, the water/cement ratios were adjusted from 0.5 to 0.62, 0.5 to
0.67, and 0.5 to 0.60 for RHA, SP, and NS replacement quantities, respectively. When
cement was substituted by 15% RHA, SP, and NS of cement, the water requirement
increased by 118%, 117%, and 114%, respectively. This indicates that with large
surface area mineral particles, adding to cement mixes requires more water or

chemical admixtures to maintain the workability of the mixture.
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Figure 4.21: Water demand of RHA, SP, and NS

The obtained results showed that the water demand of NS remains lower than the
optimum value specified by BS 8615-1 up to 15% replacement because of
agglomeration that was also observed in SEM analysis. Besides, for SP up to 10%

replacement, the water demand remains lower than the threshold value.
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Agglomeration was also observed in SP, but lower rate than in NS because of slightly
higher particle sizes. The rheological behavior of cementitious mixes reported in the
literature indicated that adding nano-silica significantly increases the water demand
of cementitious mixes compared to the control (Aggarwal et al., 2015). On the other
hand, the water demand of RHA exceeded the limit from 5% replacement. According
to other research, RHA increases the water requirements for Portland cement mortars
and concrete due to additional unburnt carbon (Ganesan et al., 2008; Mehta, 1994;

Rukzon et al., 2009; Rukzon & Chindaprasirt, 2006).

4.3.3 Flexural Strength Test

The flexural strength of mortar samples with constant and varying w/b ratios was
examined. With the constant w/b ratio, no water adjustment was made, which affected
the flow as discussed earlier and might affect the compaction due to that change in

workability.

a) Constant w/b ratio

The flexural strength of RHA, SP, and NS mortars was examined at 3, 7, 28, and 90
days of curing with cement replacement rates of 2.5%, 5%, 7.5%, 10%, and 15%. The
tindings indicated that the flexural strengths of every batch increased with the curing
period increased. The development of the flexural strength of RHA, SP, and NS
mortars at different curing ages in comparison to the control sample is shown in

Figure 4.22 (a), (b), and (c) with a constant w/b ratio (0.5).

Figure 4.22(a) shows that mortar with RHA for all replacements has 0.3-7.9% greater
flexural strength than the control at 90 days of curing. The slow pozzolanic reaction is
widely acknowledged to cause the prolonged strength development of pozzolanic
pastes and composites. According to the findings of this study, pozzolanic and filler
effects cause RHA mortars to develop a notable increase in flexural strength over time.

After 28 and 90 days of curing, the maximum flexural strengths, 6.45 and 6.83 MPa,
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were obtained with 7.5% volume replacement of cement by RHA. With a 15-20%
cement replacement at 28 days of age, Jamil (2016) and Venkatanarayanan &

Rangaraju (2015) found a slight increase in the flexural strength of RHA-mortar.
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Figure 4.22: Comparison of flexural strength among control, RHA, SP, and NS

blended mortar with constant w/b ratio

In Figure 4.22(b), mortar with SP up to 10% replacement gave 4.1-12.5% greater
flexural strength than the control at 90 days of curing. This result is due to the
increased binding strength of the cement paste-fine aggregate interfacial zone. After
28 and 90 days of curing, the maximum flexural strengths, 6.51 and 7.12 MPa,

respectively, were obtained with 7.5% volume replacement of cement by SP.

On the other hand, the flexural strength of mortar can be improved in the early days
of curing when NS is used to replace the cement content. Figure 4.22(c) shows that
mortar with NS for all replacements has 5.7-10.3% greater flexural strength than the
control at 28 days of curing. At 90 days of curing, 7.5% NS replacement showed a 7.7%
increase in strength compared to the control, where other replacement strengths were
close to the control. After 28 and 90 days of curing, the maximum flexural strengths of
6.21 and 6.82 MPa were obtained with 7.5% volume replacement of cement by NS.

Flexural strength with NS slightly decreased compared to RHA and SP. Because of
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their large surface area, these particles cannot be spread equally, which may cause this

reduction.
b) Varying w/b ratios

Figure 4.23 shows the flexural strength of RHA, SP, and NS mortars developed with
various curing ages relative to the control sample while maintaining flow by adjusting
water demand for different replacements. Figure 4.23(a) and (c) show that mortar with
RHA, NS, and varying w/b ratios for all replacements has reduced the flexural
strength than the control up to 90 days of curing. In Figure 4.23(b), mortar with SP for
2.5% and 5% replacement gave 2.8-6.2% higher flexural strength than the control at 90
days of curing. At this age, the maximum flexural strength, 6.72 MPa, was obtained

with 2.5% volume replacement of cement by SP.
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Figure 4.23: Comparison of flexural strength among control, RHA, SP, and NS

blended mortar with varying w/b ratios

According to ABrAMS (1919) law, as long as the mix is workable, the water/binder

ratio is the only factor affecting concrete strength. Flexural strength of concrete is
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determined by 0.7,/f; according to IS 456 (2000). Therefore, there is a direct
correlation between flexural and compressive strengths. Thus, generally, when the

water-to-binder ratio rises, the flexural strength reduces.
4.3.4 Compressive Strength Test

The compressive strength of mortar samples was measured with constant and varying
w/b ratios. With varying w/b ratios, the compaction effect was expected to be the same
as the flow was maintained the same, and only the pozzolanic reaction effect may be

found.
a) Constant w/b ratio

Figure 4.24 shows the compressive strength of mortar with a constant w/b ratio (0.5).
As shown in Figure 4.24(a), the control mortar gave a higher compressive strength
than the RHA replaced mortar at the age of 3 days. However, samples with 2.5% and
5% RHA outperform compared to the control mortar at a later age (90 days). The 2.5%
and 5% RHA replacement increased compressive strength by 6.9% and 1.2%,
respectively. The proper ratio of SiO: (from RHA and cement) and Ca(OH): (a by-
product of the cement hydration reaction) results in a C-S-H reaction known as
pozzolanic, which enhances the microstructure and improves compressive strength of
mortar (McCarthy et al., 2013). Studies have reported that the pozzolanic reaction and
reactive silica in RHA may be partially responsible for the increase in strength (Al-
Khalaf & Yousif, 1984; Ganesan et al., 2008; Islam & Akter, 2012). Researches suggested
that pozzolanic activity of RHA begins later than usual and becomes significant when
a considerable amount of Ca(OH): is generated as a cement hydration product.
Following 90 days of curing and a 2.5% cement replacement level, the highest
compressive strength of mortar resulting from the pozzolanic reaction of RHA is 59.2

MPa.
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At that age and 5% cement replacement level, the maximum compressive strength of
mortar was found by the RHA pozzolanic reaction to be 56.1 MPa. According to Zhang
& Malhotra (1996), 10% RHA replacement showed greater strength at all ages than the
control. With SP, compressive strengths at 3, 7, 28, and 90 days are given in Figure
4.24(b), indicating that adding 2.5%, 5%, 7.5%, 10%, and 15% dosages of SP increased
the compressive strength. Maximum compressive strength was found with a 10%
cement replacement with SP. It increased compressive strengths by 8.9%, 41.4%, 19%,
and 9.7% from the control at 3, 7, 28, and 90 days, respectively. These enhancements
resulted from the increased surface area of the particles, which increases the rate of
pozzolanic reaction. Additionally, SiO: serves as an activator and packing material to

further accelerate the pozzolanic process.

On the other hand, NS blended mortar achieved maximum compressive strength at
28 days of curing. This study found that NS showed a 0.4 — 1.7% strength increment
up to 7.5% replacement at 28 days of curing. Maximum compressive strength was

found with 5% replacement at 90 days curing age (56.2 MPa), shown in Figure 4.24(c).
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Figure 4.24: Compressive strength of RHA, SP, and NS mortars with constant w/b

ratio
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Because of the large surface area, the reactivity of the nano-silica, which accelerated
the creation of C-5-H gel, the compressive strength of mixes, including NS, has
steadily increased when compared to the control mix. However, with increasing
replacement after 5% NS, the compressive strength begins to reduce. The results of

this study align with Kuli (2016).

b) Varying w/b ratios

The compressive strengths of mortar with varying w/b ratios are shown in Figure 4.25.
Samples with 5%, 7.5%, and 10% RHA marginally enhanced compressive strength
compared with the control mortar at a later age of 90 days, even though raising the
w/b ratio reduces compressive strength. Compressive strength increased 1.9%, 1.9%,
and 1.7%, respectively, with 5%, 7.5%, and 10% RHA replacement. The pozzolanic
reaction of RHA produces mortar with a maximum compressive strength of 56.5 MPa
after 90 days of curing with a 7.5% cement replacement level. Figure 4.25(b) shows
compressive strengths with SP at 3, 7, 28, and 90 days. The compressive strength
improved with the replacement of cement by SP up to 10%. At 90 days of age and 7.5%
cement replacement level, the maximum compressive strength 63.4 MPa of mortar.

The increase was 14.4% more than the control at 90 days.

The NS mixed mortar increased compressive strength compared to the control sample
with every replacement. According to this study, after 90 days of curing, NS showed
a 2.8 — 15.8% strength increase up to 15% replacement. As seen in Figure 4.25(c), the
maximum compressive strength with 2.5% replacement after 90 days of curing age is
64.2 MPa, which increased the strength by 15.8% compared to the control sample.
More agglomeration was seen in SEM analysis when the w/b ratio was constant, while
the amount of SP or NS was increased. This is because there may not be enough water
available to adequately disperse the increased amount of SP or NS. More water is

available to spread the silica particles when the w/b ratio is raised. Because the
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additional water may serve as a medium for improved dispersion of the silica, this

may assist in lessening agglomeration.
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Figure 4.25: Compressive strengths of RHA, SP, and NS mortars with varying w/b

ratios

SP or NS may fill small voids in the cement paste and react with calcium hydroxide to
create additional C-S-H gel, increasing the strength, if it is sufficiently dispersed.
Therefore, higher compressive strength was achieved even with increased w/b ratio
because of the improved microstructure, pozzolanic reaction, and decreased porosity

by SP and NS replacement.
4.3.5 Pozzolanic Activity

Pozzolanic activity of RHA, SP, and NS with constant and varying w/b ratios was

analyzed by the Strength Activity Index (SAI) method. The BS 8615-1 (2019) standard

was followed for this.
a) Constant w/b ratio

To evaluate the pozzolanic reactivity of RHA, SP, and NS in mortar, SAI was

conducted. The threshold SAI as per BS 8615-1 (2019) is shown by a reference line.
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According to the standard, the activity index at 28 days and 90 days shall not be less
than 75% and 85% of the strength of the control mortar, respectively. At 28 and 90
days, the compressive strength of the control mortar was found to be 50.2 MPa and

55.4 MPa by a constant w/b ratio (0.5).
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Figure 4.26: Pozzolanic reactivity comparison among RHA, SP, and NS at a constant
w/b ratio
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Figure 4.26 (a) and (b) show the strength activity indices of RHA, SP, and NS. At 28
days of curing age, the compressive strength of mortar containing 2.5%, 5%, 7.5%,
10%, and 15% RHA was determined to be 58.2, 53.9, 51.4, 489, and 47.4 MPa,
respectively. At 90 days of curing age, the same values were 59.2, 56.1, 54.6, 49.0, and
47.9 MPa, respectively. The SAI for RHA, SP, and NS exceed the minimum criteria for
both 28 and 90 days, as stated in BS 8615-1 (2019). SP gave more than 100% of SAI up
to 10% replacement level, whereas only 2.5% RHA and 5% NS gave at 106.9% and
106.1%, respectively, of SAI at 90 days curing. The increased water requirement
resulting from the high specific surface of RHA, SP, and NS could be the reason for
this trend in the strength activity index. One significant drawback of the SAI test is
that, in certain situations, it would not be able to distinguish between an active

pozzolan and an inert filler (Borges et al., 2021; Kasaniya et al., 2021).

b) Varying w/b ratios

Figure 4.27 (a) and (b) shows the strength activity index of RHA, SP, and NS with
varying w/b ratios. At 28 days, the compressive strength of mortar containing 2.5%,
5%, 7.5%, 10%, and 15% RHA was determined to be 51.4, 51.5, 50.4, 45.5, and 39.9MPa,
respectively. At 90 days of curing age, the same values were 55.3, 56.5, 56.5, 56.3, and
53.1 MPa, respectively.

The SAI of RHA, SP, and NS exceed the minimum criteria for both 28 and 90 days, as
stated in BS 8615-1 (2019). SP demonstrated more than 100% of SAI up to 7.5%
replacement, whereas 5% and 7.5% RHA gave at 102.2% and 100%, respectively, SAI
at 90 days of curing. Conversely, 2.5% of NS showed more than 100% SAI, which was
115.8% SAI at 90 days curing. Despite having a greater w/b ratio, the extra C-S-H gel
created by silica powder or nano-silica increases strength and reduces the usual

strength-lowering effect that a higher w/b ratio would have.
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Figure 4.27: Pozzolanic activity comparison among RHA, SP, and NS at varying w/b
ratios

4.3.6 Water Absorption Test

Water absorption test of mortar samples with constant and varying w/b ratios were
conducted. This should reflect the effect of water content on the compaction and

thereby voids inside the matrix.
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a) Constant w/b ratio

The strength and durability of cement composites are increased with a decrease in
water absorption. Figure 4.28 shows the water absorption of RHA, SP, and NS blended
mortar at a constant w/b ratio. The RHA substitution for cement gave higher
absorption values than the control mix at 90 days of curing. The first reason for this
might be the larger size of the RHA particles, and the second is that the hydration of
the cement is primarily responsible for the water absorption of RHA mortar. Still, the
pozzolanic reaction of RHA particles is less relevant because of the presence of larger
RHA particles. In this regard, a decrease in cement may lead to an increase in the water
absorption of RHA mortar, which is correlated with an increase in RHA content.
According to Antiohos (2013), the coarse texture of RHA does not enhance water
resistance through pore filling or pozzolanic effects. In contrast to finer or smaller
RHA particles, coarser or larger RHA particles have a lower propensity to evenly
disperse over vast regions in the wet mixture evenly, according to Venkatanarayanan

& Rangaraju (2015).

Because of this higher water absorption, RHA blended mortar showed lower
compressive strength. Figure 4.28 demonstrates that just 2.5% and 5% RHA have
water absorption of 7.6%, which is quite like the control mix water absorption (7.5%)
and indicates an improvement in compressive strength. Up to 5% replacement of
cement with RHA water absorption increased slightly (1.2%) in compare to control.
The final products have more voids and are more permeable to liquid when RHA is
added to the combinations in higher percentages. The RHA mortars absorb more
water when the replacement level of RHA rises due to the increase in permeability.
This result is supported by the result found by Potty (2014). The primary cause of
porosity was the decreased workability of RHA blended mortar at a constant w/b ratio

during casting.
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On the other hand, when SP or NS was added, the water absorption of specimens
decreased at 90 days of curing. The increase in C-5-H in the mortar and the
performance of the silica filler are the leading causes of the reduced water absorption

in SP or NS blended specimens (Abhilash et al., 2021).
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Figure 4.28: Water absorption of RHA, SP, and NS blended mortar at constant w/b

ratio

Though SP or NS decreases water absorption in comparison to the control mix, the
water absorption increases with the increased replacement of SP or NS. This may be
due to poor dispersion of the SP or NS in the mortar, which might cause the particles
to agglomerate, and agglomeration was seen in SEM analysis with higher
replacement. Inadequately distributed silica did not react well and might cause

internal gaps or cracks in the structure, which increased water absorption.
b) Varying w/b ratios

Figure 4.29 shows the water absorption of RHA, SP, and NS blended mortar at varying

w/b ratios. The result indicates that cement replacement with RHA reduced water

Chapter 4: RESULTS AND DISCUSSIONS 136



absorption compared to the control mix at varying w/b ratios. Water absorption
decreased when the w/b ratio increased, maybe because more water was available.
However, the total hydration process remained insufficient, leading to a decrease in

compressive strength compared to a constant w/b ratio.
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Figure 4.29: Water absorption of RHA, SP, and NS blended mortar at varying w/b
ratios

For SP and NS blended mortar, the water absorption decreased up to 7.5% and 10%
cement replacement with varying w/b ratios, respectively, but increased in
comparison to a constant w/b ratio at 90 days curing. 7.5% SP reduced water
absorption by 11.7% and 4.6% with a constant and varying w/b ratio, respectively.
Besides, 10% NS reduced water absorption by 9.8% and 0.7% with a constant and
varying w/b ratio, respectively. The greater the w/b ratio, the more free water there is,
and it will not be bound in the hydration products, which leads to a more porous
matrix. Although silica powder or nano-silica assists in better packing and hydration,
too much water in the system might cause bigger capillary pores to develop, raising

the overall porosity of the specimens.
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4.3.7 Density

The density of mortar samples with constant and varying w/b ratios was measured.
The effect of varying w/b ratios in compaction was visible in this section. Properly

compacted specimens should be denser.

a) Constant w/b ratio

Figure 4.30 shows the dry bulk density values of hardened mortars at a constant w/b
ratio. The density of the control mix (0% replacement) is shown by a horizontal line in
this figure. For the control mix, the bulk density achieved 2285 kg/m3. RHA blended
mortar increased bulk density up to 5% replacement. It increases density by 2.2-6.8%
from the control mix. RHA blended mortar with 5% replacement showed the
maximum density of 2440 kg/m3. Though 5% replacement showed maximum density,
maximum compressive strength was found with 2.5% replacement. It may be beyond
2.5% replacement of cement with RHA gives more filler effect rather than a pozzolanic

reaction.

For SP blended mortar, 5%, 7.5%, and 10% replacement showed higher density.
Maximum density achieved at 7.5% replacement of cement by SP, which was 2390
kg/m3. Mortar with NS increased density by 7.1-9.8% to the control mix. A 2.5%
replacement of cement by NS showed the maximum density of 2505 kg/m?. However,
with 10% SP or 5% NS, maximum compressive strength was found to be greater than
that of the control. It may be a higher pozzolanic reaction and nucleation effect of
SP/NS. The development of more C-5-H and the micro filler effect of the increased
RHA/SP/NS might be the cause of this. As seen in Figure 4.24, this increase in
compressive strength was a direct result of the hardened density improvement. As the
amount of RHA/SP/NS content increased, the density of the RHA/SP/NS blended
mortar dropped because RHA/SP/NS has a lower density than other materials. As the

amount of rice husk increased, the density reduced because of the porosity caused by
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the presence of rice husk, according to the results of another study (Ahmad et al., 2015;
Yuzer et al, 2013). However, the change in overall density for using pozzolanic

material was minor (2% to 9%).

The apparent density is shown in Figure 4.31. The apparent density was calculated
considering internal pores as a component of the volume of the specimen. In addition
to internal pores, the volume corresponding to bulk density also contains open pores
of particles and voids created by several particles packing together as a single unit

(referred to as stacking pores).

The apparent density of the control sample increased by 21.4% of its bulk density.
Figure 4.31 shows that the replacement of cement by RHA increased apparent density
by 22.2 — 25% of its bulk density, which was greater than that of the control sample.
That means that the replacement of cement by RHA slightly increased internal
porosity, which was confirmed by the water absorption result shown in Figure 4.28.
On the other hand, the apparent density of SP and NS blended mortar increases by
13.1 - 20.9% and 17.3 — 20.1% respectively, compared to its bulk density, which was
less than that of the control sample. The internal porosity seemed to decrease with the

replacement of cement by SP and NS.
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Figure 4.30: Bulk density of RHA, SP, and NS blended mortar at constant w/b ratio
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Figure 4.31: Apparent density of RHA, SP, and NS blended mortar at constant w/b

ratio
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b) Varying w/b ratios

Bulk density at various w/b ratios is shown in Figure 4.32. It shows that the bulk
density was reduced by using RHA as a cement replacement at various w/b ratios. On
the other side, the bulk density slightly increases when SP and NS replace cement at
various w/b ratios. Maximum bulk density was achieved when 2.5% SP replaced
cement, and it was 2360 kg/m®. 2.5% NS also showed the maximum bulk density, and
it was 2330 kg/m3. Figure 4.33 shows the apparent density at various w/b ratios.
Maximum apparent density is achieved with 2.5% RHA, SP, and NS. The apparent
density values are 2820 kg/m? 2920 kg/m?3, and 2940 kg/m* respectively.
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Figure 4.32: Bulk density of RHA, SP, and NS blended mortar at various w/b ratios
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Figure 4.33: Apparent density of RHA, SP, and NS blended mortar at various w/b
ratios

4.3.8 Volume of Permeable Pores

Volume of permeable pores of mortar samples with constant and varying w/b ratios
was measured. The effect of water content on compaction and pozzolanic reaction

should be compared with the porosity value.
a) Constant w/b ratio

Figure 4.34 shows the volume of permeable pores of the RHA, SP, and NS blended
mortar at 90 days of curing. The control specimen volume of permeable pores was
17.6% at 90 days curing. With the addition of RHA as a replacement for cement, the
volume of permeable pores increased, and as a result a water absorption increased
(Figure 4.28). The 7.5% rice husk cement mortar exhibited the maximum volume of

pores (20%), which was 13.5% times more than that of the control sample. Other
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studies have found that adding rice husk increases the volume of permeable pores,
which is consistent with our findings (Ahmad et al., 2015). The compressive strength
is influenced by the degree of porosity. For a strength increased from around 54.6 to
59.2 MPa, the volume of permeable pores decreased from 20% to 18.2% with RHA.
With 2.5% RHA, slightly increased water absorption and volume of permeable pores
(3.3%) were observed. Because of this negligible increment, maximum compressive
strength was found with 2.5% RHA. From Figure 4.34, it is evident that adding SP and
NS reduced the volume of permeable pores. As the volume of permeable pores
reduced, water absorption was also reduced with SP/NS incorporation in cement

mortar.

Generally, compressive strength increases with the decrease of porosity; in the case of
SP or NS blended mortar, a complex relation was noted. The porosity slightly
increased from 14.4% to 17.3% with SP and from 14.8% to 16.6% with NS. However,
strength increased from 55.5 to 60.8 MPa and from 49.3 to 56.2 MPa, respectively. SP
or NS refines and rearranges pore structures. Hu (2024) found that the strongest link
with compressive strength is seen in the fractal dimension of bubble distribution.
Smaller, uniformly spaced pores hinder the easy propagation of fractures, preventing
failure under compressive stress; hence, a refined, smaller-pore structure can
nonetheless contribute to greater strength. Hu (2024) found that NS considerably
increases the strength of mortar while simultaneously increasing its porosity, due to

decreased fluidity.
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Figure 4.34: Volume of permeable pores of RHA, SP, and NS blended mortar at

constant w/b ratio
b) Varying w/b ratios

Figure 4.35 displays the volume of permeable pores of the RHA, SP, and NS blended
mortars with varying w/b ratios. The porosity increased as the w/b ratio increased in
comparison to the constant w/b ratio. Excess water tends to cause voids in the
hardened structure, increasing porosity when the w/b ratio is too high. 2.5% rice husk
cement mortar gave the maximum porosity (21.4%), which is 21.8% more than that of
the control sample. Whereas 7.5% SP showed the maximum porosity (24%), which is
36% more than the control sample. On the other side, NS reduced porosity in
comparison to the control sample, although the w/b ratio increased. Only 2.5%
replacement of cement with NS showed slightly higher porosity (20.8%), which was
18.3% more than the control sample. The findings showed that NS reduced the
amount of permeable pore space in mortars with a constant w/b ratio, but it had no

influence on the volume of permeable pores in mortars with high w/b ratios. This
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might be because the large pores were split into smaller ones when NS was added,

but the overall pore volume remained unchanged (Yogendran et al., 1987).
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Figure 4.35: Volume of permeable pores of RHA, SP, and NS blended mortar at

varying w/b ratios

The compressive strength decreased as the porosity increased with the replacement of
cement by RHA. However, the relationship between compressive strength and
porosity for SP or NS replaced mortar is not fully defined. Although the porosity
increased from 20.2 to 23.9%, the compressive strength increased from 54.0 to 63.4
MPa with the replacement of cement by SP. Besides, when the compressive strength
increased from 56.9 to 64.2 MPa, porosity increased from 16.7 to 20.8% with the
replacement of cement by NS. However, the data is too scattered to define a
relationship. Hu (2024) found that porosity does not primarily influence compressive
strength. According to Kong (2019) observations, adding colloidal NS to mortar
promotes strength by creating open pores that hold onto free water for the extended

hydration of cement.
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4.3.9 Drying Shrinkage Test

Figure 4.36 shows the shrinkage results of RHA, SP, and NS blended mortar at
different ages. Cement was partially replaced in mortars with varying RHA, SP, and
NS (0%, 2.5%, 5%, 7.5%, 10%, and 15%). A constant water-to-binder ratio (0.48) was
used for all specimens. Figure 4.36(a) shows that replacement in volume percentage
and mortar drying shrinkage are negatively impacted when amorphous silica is
combined with coarse RHA particles. Numerous studies have demonstrated that
concretes with pore refinement additives often exhibit higher creep and shrinkage
values (Monteiro, 2006). The particle size and structure of RHA cause internal pore
development in the cement paste. As the cement paste dries, the drying shrinkage
increases due to the additional paths for moisture to evaporate created by these small
interior holes. Beyond 5% replacement with RHA showed higher shrinkage than the
control. It can be noted that a 15% ratio gave higher drying shrinkage than the control

mortar by about 11.2%.

Figures 4.36(b) and (c) illustrate how SP and NS affect drying shrinkage. The drying
shrinkage decreased from 5% to 15% replacement with SP and all replacement with
NP with the curing ages (7 to 28 days). Compared to the control sample, at 28-day
drying shrinkage decreased by 3.6%-13.1% when the amount of SP increased from 5%
to 10%, as shown in Figure 4.36(b). From Figure 4.37(b), the optimum replacement of
SP to produce the lowest shrinkage was 10%, which reduced shrinkage by 13.1% more
than the control. Figure 4.37(c) shows that the optimum replacement of NS to produce
the lowest shrinkage was 5%, which reduced shrinkage by 58.9% compared to the
control. Because the C-5-H gel structure was improved and the microstructure was
changed, the nano-mechanical qualities of paste with SP and NS replacement were

enhanced (Shah et al., 2016).
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Furthermore, the pore structure started to refine as the pore size decreased, and the
proportion of pores in the paste decreased (Giineyisi et al., 2015; Ibrahim et al., 2020;
M. K. Mohammed et al., 2014). The decreased shrinkage implied a more disjointed
pore structure, where moisture is lost through convoluted paths more slowly. Du &
Pang (2015) verifies the experimental findings from this study. Besides, compared to
the control sample, at 28-day drying shrinkage decreased by 31.8%-58.9% when NS

increased from 0% to 15%, as shown in Figure 4.36(c).

4.3.10 Sulfate Resistance Test

Figure 4.38 shows the expansion of mortar mixes with RHA/SP/NS in a sodium sulfate
(Naz2S0s) environment. The expansion started slowly and significantly increased after
4 weeks of immersion. With the increase of replacement by RHA, expansion slightly
increased compared to the control (4 to 5%) due to the porosity. Only 10% RHA
replacement showed lower expansion because it had lower porosity than the control

mix.

Figure 4.38(b) shows that expansion slightly increased for all replacements by SP
because it showed higher porosity than the control for increasing w/b ratios.
Maximum expansion was observed for 15% replacement, which was 0.25% at 15
weeks of immersion. On the other side, 5% and 7.5% replacement by NS showed
slightly lower expansion than the control (Figure 4.38(c)). This is because the increase
in replacement as well as the w/b ratios by NS reduces the porosity. Low permeability
is crucial because it prevents the diffusion of harmful chemicals into the concrete

matrix (Neville, 2010).
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4.4 TEST RESULTS OF CONCRETE

In this section, the test results of concrete samples are discussed. Fresh density,
workability, compressive strength, water absorption, hardened density, volume of
permeable pore, UPV, RCPT, sorptivity, and surface electrical resistivity test results

are included.
4.4.1 Fresh Density of Concrete

Figure 4.39 shows the fresh density of concrete. With the replacement of cement by
RHA, SP, and NS, the fresh density reduced slightly. The fresh density of the control
sample is 2375 kg/m? With 15% RHA, the density of the concrete decreased by 2.2%
to 2320 kg/m?. The high porosity and large specific surface area of RHA are responsible
for the density decrease. As RHA has a lower density than cement, the density of
concrete decreased when RHA was used in place of cement (Mayooran et al., 2017). It
is important to note that the tendency of density decrease became more noticeable the

more RHA was applied.
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Figure 4.39: Fresh density of RHA, SP, and NS blended concrete
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Besides, the fresh density of concrete mixes decreased as the level of SP or NS in the
mixture increased. With 15% SP, the NS fresh density value was reduced by 1.3% and
2.6% respectively, compared to the control mix. SP or NS absorbs water quickly
because of its higher surface area. The decreased workability validated this
perception. As the amount of SP or NS in the concrete mix increases, it becomes less
workable. Additionally, SP and NS have a specific gravity of 2.051 and 2.019,
respectively, which is significantly lower than that of cement. The fresh density of

concrete, therefore, decreases as SP or NS is used in place of cement.

4.4.2 Workability (Slump)

The workabilities, as determined by the slump test, decreased as RHA, SP, and NS
increased, as shown in Figure 4.40. RHA has a relatively high specific surface area
because it is a porous substance having macro and mesopores both within and outside
the particles. As a result, there remains less free water, which reduces slump as the
RHA absorbs some of the mixed water on its surface (Le et al., 2012; Ro6ler et al., 2013).
The workability of mixes decreased with higher RHA content while maintaining a
constant total amount of mixing water. At greater RHA dosages, such as beyond 10%,
the workability drops to a minimum to qualify as workable concrete. It may be
concluded that mixes containing RHA will need a greater water content than similar

conventional mixes to achieve the necessary workability (Le et al., 2014).

In cases of SP or NS doses exceeding 7.5%, workability decreases drastically. This is
because high dosages of NS have poor dispersion and a high packing density, which
lowers the amount of free water (Seifan et al., 2020). The 15% SP and NS reduced
workability by 91.4% and 95.7% respectively. In order to establish silanol (Si—-OH)
linkages, a portion of the water in the mixture migrates towards the surface of the SP
or NS particles with unsaturated bonds, increasing the water demand for flowability

(Mukharjee & Barai, 2020).

Chapter 4: RESULTS AND DISCUSSIONS 152



180

=o=—RHA SP NS

150 A
— 120 A
g
k!
Q& 90 -
g
=]
—
n

60

30 A

0 T T T T T
0% 2.5% 5% 7.5% 10% 15%

% Replacement of cement

Figure 4.40: Workability of RHA, SP, and NS blended concrete

4.4.3 Compressive Strength

Figure 4.41 shows the compressive strength of concrete incorporating RHA, SP, and
NS. The compressive strength of concrete is increased when RHA is used in place of
the cement up to 10%, as shown in Figure 4.41(a). According to M.-H. Zhang (1996),
10% RHA replacement showed greater strength at all ages than control OPC. Concrete
with 7.5% RHA had the greatest 56-day strength, 14.7% more than the control. The
pozzolanic and filling effects are mostly responsible for the strength enhancement.
The internal water curing action may be the reason why the insertion of the porous
RHA raises the degree of cement hydration at 56 days. Additionally, the C-H
consumption indicates that the pozzolanic reaction of RHA happens to a high extent

at this age, causing a significant pore refinement.
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Because the SP and NS have strong pozzolanic activity and reduced particle size, the
compressive strength of concrete increased even at an early age, as shown in Figure
4.41(b) & (c). Concrete specimens with 7.5% SP were found to have a maximum 23.4%
improvement in compressive strength when compared to control specimens. An
excessive amount of SP results in agglomeration (confirmed by SEM analysis), which
weakens the material due to open pores. The findings demonstrated that 7.5% cement
may be substituted by SP, while the achieved workability could compact the sample
properly. On the other hand, cement could be replaced by NS up to 10% to increase
the compressive strength of concrete. Concrete with 7.5% NS had the greatest 56-day
strength, 22% more than the control. Using excessive NS (>10%) reduces the
workability, so to guarantee that specimens do not experience excessive self-
desiccation and breaking, it is necessary to modify the water dosage in the mixture
while utilizing a larger concentration of NS. As a result, with a constant w/b ratio,
instead of strengthening composites, beyond 10% NS replacement reduced the

strength due to agglomeration.

4.4.4 Water Absorption

Water absorption is one of the primary durability properties and increases the
possibility of alkali aggregate reactions. Figure 4.42 shows the water absorption of
RHA, SP, and NS blended concrete. Concrete with RHA reduces water absorption, a
crucial factor for long-term durability. The addition of RHA to the composites was
shown to have the potential to significantly refine the pores in the interface layer and
matrix, which reduces water permeability. The radial expansion of Portland cement
hydration products in pozzolanic particles would have a pore-modifying impact,
consequently diminishing the interconnectivity among pores (Cook et al., 1989).
Because of the decreased porosity at higher RHA concrete, the water absorption of
concrete decreased as the RHA content increased. Water absorption in concretes with

2.5%-15% RHA dropped to 32.8%—-46.8% compared to the control concrete.
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Figure 4.42(b) and (c) show that adding SP or NS in concrete decreased water
absorption, which suggests fewer capillary holes and improved resistance to
permeability. Water absorption in concretes with 2.5%-15% SP dropped to 3.2%-—
20.7% and with 2.5%-15% NS dropped to 50%-59.5%, as compared to the control
concrete. By filling up the pores, NS could reduce the porosity and permeability of
concrete (Mahdikhani et al., 2018). Additionally, the age of RHA, SP, and NS concrete
affects how much water it absorbs. The findings also show that water absorption
declined with age. Gel progressively fills up the initial water-filled gaps, which causes

the water absorption to decrease with age.

4.4.5 Density

Concrete density plays a significant role in estimating lattice constants for the C-5-H
phase in hydrated Portland cement, determining porosity, and evaluating strength
and durability (Shatat, 2016). Figure 4.43 shows the bulk density of RHA, SP, and NS
blended concrete. The density of concrete increased with RHA/SP/NS content in place
of CEM I because of their strong pozzolanicity, filler effect, and pore refinement. The
fineness, amorphous silica content, and replacement level of RHA/SP/NS affect the
density of the concrete. Calcium hydroxide [Ca(OH):] and calcium silicate hydrates
[C-S5-H] were the key hydration and reaction products for the RHA/SP/NS paste. The
reaction caused the paste containing pozzolana to have a lower Ca(OH): content than
the control Portland cement paste. The incorporation of RHA/SP/NS in concrete

reduced its porosity.

In Figure 4.43(a), it has been shown that the density of RHA blended concrete
increased. RHA decreases the porosity and width of the interfacial zone in a manner
that increases density (Hadipramana et al.,, 2013). The pore structure of concrete
became finer due to the increasing content and fineness of RHA, which decreased the

volume of large pores and the overall porosity of concrete, as reported by van Nguyen

(2011).
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According to Adenuga (2010) and Yuzer (2013) reported, the density of RHA concrete
was within the normal weight range, or between 2200 and 2550 kg/m3, as
recommended by the ACI Committee and Falade (2011). This study found the density
of RHA blended concrete in the same range. The bulk densities of the concrete
mixtures, including SP (for all replacement) or NS (5-10% replacement), were higher
than those of the control mixture. The concrete combination with 7.5% SP and 5% NS
has a remarkable maximum bulk density of 2430 and 2360 kg/m?* respectively. Cavity
filling, catalytic stimulation of hydration product formation, and faster pozzolanic
processes are some of the connected mechanisms contributing to the observed

increase in bulk density in concrete mixtures containing SP or NS.

Figure 4.43(c) shows that the bulk density value rises with the NS percentage until it
reaches 10%, after that, it falls to 15%. Kondo (1968) gave the following interpretation
of this- It is possible to calculate the distance between NS particles if they are evenly
distributed throughout the cement paste and each one is encased in a cube pattern.
The hydration products diffuse and cover the NS particles according to Legrand &
Wirquin (1994) once the hydration process starts. By limiting the formation of Ca(OH):
crystals, the crystallization will be controlled to be in a proper state if the NS content
and the distance between them are suitable. Additionally, the high activity of the NS
found in cement paste, according to Legrand & Wirquin (1994) can further encourage
cement hydration. This results in a more uniform and compact cement matrix and
smaller Ca(OH): crystals. This leads to an improvement in the pore structure.
Additionally, using nano-silica as a catalyst in cementitious processes plays a critical
role in driving the development of hydration products and enabling their production,

ultimately leading to increased bulk density (Heikal et al., 2013).

Figure 4.44 shows the apparent density of RHA, SP, and NS blended concrete. The
apparent density of RHA blended concrete slightly increased compared to the control

mix. The 2.5% RHA replacement showed a higher apparent density of 2500 kg/m?3.
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According to the literature, RHA serves as a filler in the early stages because it must
wait for Ca(OH): to be formed during the early stages of cement hydration before the
pozzolanic reaction can start (Bapat, 2012). This is supported by the observation that
densities decreased with curing age. Conversely, SP blended concrete showed higher
apparent density than the control. Maximum apparent density was found by 2.5% SP

replacement, which was 2520 kg/m?®.

However, with NS replacement, the apparent density decreased with the increased
pozzolana percentage. Nano silica has a lower inherent density and much finer
particles than cement. The total density of solid particles decreases when they replace
cement. To produce the strength-giving calcium silicate hydrate (C-S-H), which is less
dense than the cement components from which it is created, Ca(OH)2 were consumed
during secondary hydration (Bapat, 2012; Page & Page, 2007; Shetty & Jain, 2019). This
is the reason for the gradual decrease in density. In addition, higher agglomeration

with NS could be another reason for lower density.

4.4.6 Volume of Permeable Pores

Figure 4.45 shows the volume of permeable pores of RHA, SP, and NS blended
concretes. Porosity was higher at the early age. With the increasing curing age, the
porosity decreased compared to the control sample. Minimum porosity was observed
for 7.5% for all types of replacements of pozzolans. RHA, SP, and NS showed 2.1%,

2.4%, and 2.4% volume of permeable pores, respectively.

At 15% replacement, the volume of permeable pores slightly increased for NS. This
may have happened due to the decreased workability with increasing replacement of
cement by NS. In general, the compressive strength was observed to decrease as
porosity increased. After 56 days of curing, 7.5% RHA had a maximum strength of 30
MPa with a minimum porosity of 2.1%. Strength increased by 14.7% and porosity

decreased by 65.3% when 7.5% RHA was substituted for cement.
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7.5% SP enhanced strength by 23.4% with 35 MPa and decreased porosity by 59.8%
during the same curing days. Additionally, by reducing porosity by 59.4%, 7.5% NS
enhanced strength by 22%. Because pozzolanic processes influence compressive
strength and porosity in quite different ways, it is crucial to regulate them separately.
Further extensive study with concrete may be necessary to conclude this relationship.

Superplasticizer may require making SP or NS blended concrete workable.

4.4.7 Ultrasonic Pulse Velocity (UPV)

In general, high pulse velocity readings in concrete indicate high-quality concrete.
According to Malhotra (1976), better durability is expected for concrete with a pulse
velocity range between 3660 - 4575 m/s. Figure 4.46 shows that the RHA/SP/NS
blended concrete has better quality than the control mix. The pulse travels through
voids at a significantly slower pace than it does through solid matter, which extends
its travel time and lowers the computed velocity. Greater pulse velocity propagation

through the concrete will result from a smaller volume of capillary pores.

For RHA, up to 15% replacement showed better velocity than the control mix.
Maximum pulse velocity of 4.5 km/s was observed for 7.5% RHA. That means that
with 7.5% RHA, concrete gets denser than control, as a result, the volume of permeable
pores was minimum (2.1%) in this replacement after 56 days of curing. Besides, for
SP/NS up to 10% replacement showed better velocity than the control. Beyond that
limit, the pulse velocity slightly dropped compared to the control mix. This is
explained by the fact that for mixes containing SP/NS, the amount of water needed to
achieve the same workability increased as the SP/NS level increased. As a result, as
hydration progressed, more capillaries would remain in the SP/NS blended concrete.
The most significant element influencing the velocity of ultrasonic pulse transmission
in concrete has been identified as the existence of voids (Neville, 2011). In addition,
the low workability for 15%SP and NS replacement may negatively influence the

reduction of pore volume.
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Figure 4.46: Ultrasonic pulse velocity of RHA, SP, and NS blended concrete

4.4.8 Rapid Chloride Penetration Test (RCPT)

Figure 4.47 shows that, in comparison to the control mixture, RHA/SP/NS-based
concrete exhibits remarkable resistance to chloride penetration. Up to 15%
replacement, the total coulomb charge flowing through RHA-blended concrete
specimens steadily decreased. This is because the average pore size has reduced, and
the interfacial zone has improved (Chindaprasirt et al., 2007). RHA and hydration
products can limit the production of small, inconsistent pores, hence increasing the
durability of concrete. According to Zahedi (2015), RHA concrete had the highest
chloride resistance improvement at a 20% replacement ratio. All the pozzolans
showed better resistance to chloride penetration. Because of the strong pozzolanic
activity of SP/NS particles, the cement hydrates more quickly and produces more
reaction products. Additionally, SiO: particles restore the particle packing density,

which leads to the pore size refinement in cement paste.
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The pozzolanic reaction and the nano-filler effect of nano-silica made the
microstructure of the concrete mix more uniform and less porous. Algamish & Al-
Tamimi (2021) demonstrated that adding nano-silica increases durability against
chloride penetration. Additionally, the SP/NS in the cement matrix can efficiently
block capillaries in the concrete, creating tortuosity and more disjointed transport
routes that increase the resistance of the concrete sample to chloride permeability (Du

et al,, 2014; Zhang et al., 2021).
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Figure 4.47: Chloride permeability of RHA, SP, and NS blended concrete

When added to the mixture at higher replacement ratios of SP/NS, the particles will
adhere together and become unable to disperse uniformly in the cement matrix, as
mentioned previously. As a result, the chloride ion permeability will be lower than
that of the concrete with the ideal threshold SP/NS. The chloride resistance capability
of concrete is therefore increased, and the quantity of free chloride ions in the pore
system is decreased when cement is substituted with SP/NS. Removing unbound
chloride ions would improve the durability of concrete since they encourage corrosion
of steel reinforcement. The use of RHA/SP/NS in concrete implies that the steel

embedded in the reinforced concrete is protected, which lowers the possibility of
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concrete deterioration due to chloride intrusion, particularly in coastal areas or areas

exposed to de-icing salts.

4.4.9 Sorptivity

Figure 4.48 shows the water absorption rate of RHA, SP, and NS blended concrete.
The capillary absorption profiles can be classified as either initial (or primary) or
secondary absorption depending on the varying rates of water uptake. In the first 24
hours, the micropores of the matrix and small capillary pores absorb water quickly,
which is responsible for the primary rate of absorption. In contrast, larger capillary
pores and voids in the matrix and interfacial zones (ITZ) cause slower secondary

absorption, which starts after day 1 (Yang et al., 2006).

As shown in Figure 4.48(a), as the amount of RHA increased, absorption increased
than the control mix. This might be explained by how the smaller voids are arranged
when the larger RHA surface area is used (Siddique, 2007). The mix containing 7.5%
RHA had a 21.2% increase in sorptivity compared to the estimated sorptivity of the
control specimen, as shown in Figure 4.49. While the initial absorption of 7.5% RHA
and control is equivalent, the secondary absorption of 7.5% RHA increases
dramatically, as shown in Figure 4.48(a). This might be because unburned carbon in
the rice husk weakens ITZ and introduces air gaps. The findings of this study comply
with Singh & Shukla (2023) findings.

The average concrete water absorption values as a function of SP and NS
concentration are shown in Figures 4.48 (b) and (c). With 7.5 and 10% SP, sorptivity
was decreased, and only 7.5% NS showed lower sorptivity than the control. The
enormous voids were partially filled with SP/NS, and the resulting C-5-H split the
large pores into smaller ones. As a result, the concrete absorbed water at a slower pace
due to the improved pore structure and decreased capillary pore connectivity. The

microstructures in the ITZ were thinner and more uniform. As a result, the water
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transport channel was either refined or partially stopped. Minimum absorption was
observed with 10% SP and 7.5% NS. With the addition of 10% SP, sorptivity was

reduced by 34.4%, and 7.5% NS reduced sorptivity by 36.9%, as shown in Figure 4.49.
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Figure 4.48: Water absorption rate of RHA, SP, and NS blended concrete

Replacement of cement with SP/NS also reduced the initial absorption. The observed
decrease in absorption is consistent with Du (2014) and Najigivi (2012) research.
Though the water absorption rate was slightly higher with RHA, the sorptivity of
RHA blended concrete falls in an excellent durability class, as the values are < 6
mm/vh according to Table 3.12. As well as SP or NS blended concrete, it was also in

an excellent durability class.
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Figure 4.49: Sorptivity of RHA, SP, and NS blended concrete
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4.4.10 Surface Electrical Resistivity

The electrical resistivity of all mixes appears to increase, according to data shown in
Figure 4.50. The refined microstructure created by the silica-rich RHA interacting with
the Portlandite produced by cement hydration may be the cause of the better electrical
resistivity performance of RHA-based concrete mixes. The ideal level of electrical
resistivity is achieved when 15% of cement is substituted with RHA. When 15% of
mixes are aged for 56 days, their electrical resistivity increases by 22.6 kQ2-cm, which
is an indication of low chloride ion permeability according to Table 3.12. On the other
hand, SP and NS blended concrete showed more electrical resistance than RHA
blended concrete. The 15% SP and NS blend showed surface electrical resistivity of
26.3 and 23.1 kQ-cm, respectively. The surface electrical resistivity of concrete
significantly increases because of efficient ion transport blocking, pore refinement,

and permeability reduction by SP/NS.
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Figure 4.50: Surface electrical resistivity of RHA, SP, and NS blended concrete
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4.5 CHAPTER SUMMARY

When RHA/SP/NS replaced cement due to the pozzolanic activity of these binders,
secondary C-S-H gel was produced. Because of this secondary C-S5-H, strength
improvement was seen in RHA/SP/NS blended mortar or concrete. Cement could be
replaced up to 5% with RHA/ 15% with SP/ 5% with NS in mortar samples with a
constant w/b ratio. While 2.5% RHA increased compressive strength maximum (6.9%)
after 90 days of curing, along with an increase in density increased 2.2%. Though RHA
increased water absorption at a constant w/b ratio, the increment with 2.5% RHA was
negligible (1.2%). As a result, porosity and expansion under sulfate attack were
slightly increased, amounting to 3.3% and 4.1%, respectively. On the other hand, 2.5%

RHA showed minimum shrinkage, which was 6.5% lower than the control.

In the case of SP/NS, early strength development was observed because of high
pozzolanic activity. Strength development continued up to 90 days of curing, but with
NS, later strength development was not significant due to higher agglomeration. With
10% SP, the strength increased by 41.4% after 7 days of curing, and by 9.7% after 90
days of curing. Besides, with 5% NS strength, the increment increased by 24.5% after
7 days of curing, but it dropped after 90 days of curing to only 1.4% increment over
the control. When cement was replaced with SP/NS in mortar, better durability was
observed than in RHA blended mortar. For concrete samples, a 7.5% replacement was
possible to improve strength and durability at a constant w/b ratio, as HRWRA was
used to maintain workability. Strength was improved 14.7%, 23.4%, and 22% with
RHA, SP, and NS, respectively. In comparison to RHA, extracted SP and NS showed
better strength and durability in mortar and concrete samples. Besides, due to early
hydration behaviour, SP/NS could be used in that type of structure where early

strength is necessary.
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Chapter 5: CONCLUSIONS

This chapter summarizes the contents described in the introduction, methodology,
results and discussions section without repetition. This contains the summary of the research

work and key findings and conclusions.

5.1 GENERAL

The primary goal of this research was to evaluate the viability of using RHA, SP, and
NS as partial substitution of cement in mortar and concrete. The objective was to
determine how RHA, SP, and NS enhanced mortar and concrete properties while
lowering cement usage. Initially, the study focused on various materials
characteristics of RHA, SP, and NS, including their physical, chemical, and
morphological properties. PSD, XRF, and XRD were used to examine physical and
chemical characteristics, and SEM analysis was done to investigate the morphology
and hydration of RHA, SP, and NS blended paste. Normal consistency, setting time,
and soundness test on paste samples revealed the effect of RHA, SP, and NS. In
addition, the study used the flexural and compressive strength test, flow table test,
water absorption test, drying shrinkage test, and sulfate resistance test to evaluate the
microstructural characteristics of mortar. Workability, compressive strength, UPV,
RCPT, water absorption, sorptivity, and surface electrical resistivity tests were done
to assess fresh, hardened, and durability characteristics of concrete. With all these
investigations, insights into the potential benefits of incorporating RHA, SP, and NS
into mortar and concrete were made. By reducing the use of cement and utilizing
industrial by-products, such as RHA, SP, and NS, the research contributes to
environmental sustainability by minimizing pollution and promoting a more

sustainable future for the construction industry.
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5.2 KEY FINDINGS

e Material properties

The physical and chemical characteristics of RHA, SP, and NS were carefully
examined using XRF, XRD, and PSD. The results show that RHA, SP, and NS have a
high silica concentration that was 79.4%, 79.3% and 92.6% respectively and a general
amorphous structure, whereas SP has some crystalline components. In addition to its
amorphous component, the specific surface area and particle fineness of RHA can be
enhanced through controlled combustion and grinding. RHA comprised larger
particles, whereas SP and NS had predominantly small particles with significant
pozzolanic activity. RHA, SP, and NS pore size distribution is its primary physical
characteristic that affects its pozzolanic reactivity, water requirement, and specific
surface area (SSA). RHA particle microstructures are found to be irregularly shaped,
with surface porosity. Agglomeration was seen for SP and NS in the SEM analysis. SP
and NS have a high surface area and energy, which causes them to agglomerate and
distribute unevenly in the cement matrix. SP/NS agglomeration and uneven
dispersion may limit the number of sites available for the heterogeneous nucleation of
hydration products.

e Paste properties

The study revealed that the addition of RHA, SP, and NS influenced the consistency
and setting time of fresh cement paste. Increased water demand was noted for the
proper workability of fresh cement paste with the addition of RHA, SP, and NS.
Normal consistency increased 11.1 to 51.9% for RHA, 11.1% to 55.6% for SP, and 3.7%
to 33.3% for NS. When cement was replaced by RHA beyond 2.5%, water demand
exceeded the code limitation (115%), and with 15% RHA, water demand was 117.8%.
With SP beyond 10% replacement water demand exceeded the code limitation, and
with 15% SP, it was 116.7%. On the other hand, with NS replacement up to 15% the
water demand was less than the limitation, and with 15% NS, it was 114.2%.

Moreover, RHA and SP increased setting time, particularly with higher levels of RHA
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and SP. Final setting time increased 12.2% to 73.3% for RHA and 13.3% to 27.2% for
SP. However, NS reduced the setting time with higher replacement levels. Final
setting time was decreased by 2.8% to 11.1% for NS by 2.5% to 15% replacement. SEM
analysis showed more C-S-H with RHA, SP, and NS than the control. Due to
secondary C-S-H production, the Ca/Si ratio decreased, as observed in EDX analysis.
e Mortar properties

The study shows that mortars containing RHA, SP, and NS gave better strength and
durability than the control sample. Agglomeration was observed with a higher level
of SP and NS. Flow was reduced with RHA, SP, and NS inclusion because of decreased
particle size; flow decreased rapidly. Flow was reduced 5.5% to 23.1% for RHA, 7.5%
to 28.0% for SP, and 22.5% to 29.8% for NS. Although SP and NS have a large surface

area, due to agglomeration, they exhibit lower water demand compared to RHA.

It was found that mortar with RHA, SP, and NS improves flexural and compressive
strength. The optimum RHA, SP, and NS replacement to improve flexural strength
was 7.5%, and the strength improvement was 7.9%, 12.5%, and 7.7% respectively. This
study suggests replacing cement with a maximum of 2.5% RHA, 10% SP, and 5% NS
to improve compressive strength with a constant water-to-binder ratio. With 2.5%
RHA, 10% SP, and 5% NS, the strength improved 5.9%, 9.7%, and 1.4% after 90 days
of curing. With varying water-to-binder ratios, flexural strength slightly decreased
with RHA, SP, and NS blended mortar, but compressive strength increased
significantly. With 7.5% SP at varying w/b ratios, strength increased 14.4% and with
2.5% NS, the strength increased 15.8% after 90 days of curing. It was also observed
that RHA and SP blended mortar achieved better strength at longer curing ages, while
NS blended mortar achieved strength at an early age at a constant w/b ratio. A 5% NS
strength improvement was observed after 7 days of curing, increasing to 24.5%.
However, this improvement dropped to 1.4% after 90 days of curing. The rapid rise in
early-day strength indicates the value of NS-modified concrete for building projects

that require rapid strength development.
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The RHA blended mortar absorbed more water than the control mortar at a constant
w/b ratio. Water absorption increased 1.2% to 17.8% when cement was replaced with
RHA from 2.5% to 15%. However, water absorption was reduced with SP and NS
blended mortar in comparison to the control. With SP/ NS, water absorption decreased
17.6% to 7.9% and 13.7% to 9.0% respectively. It was found that mortars with RHA
beyond 5% replacement had a higher drying shrinkage value than the control;
however, with SP and NS, it was less than that of the control. 2.5% RHA showed 6.5%
less shrinkage than the control. 13.1% less shrinkage value was observed with 10% SP.
When cement was replaced with NS, up to 15% showed less value than the control,
and lower shrinkage was found with 5% NS, which was 58.9% less than the control.
NS showed better sulfate resistance than SP and RHA. With 5% NS expansion, the
result was 12.7% less than the control. RHA/SP blended mortar shows slightly higher
expansion than the control sample under sulfate attack. Expansion increased slightly
under sulfate attack, 2.3% to 15% with SP in comparison to the control, whereas with

RHA, expansion was 4.1% to 60.9%.

e Concrete properties

As with mortar, concrete workability decreased with increased amounts of RHA, SP,
and NS. Workability decreased 91.7%, 91.7%, and 94.4% with RHA, SP, and NS,
respectively, in comparison to the control. The 7.5% replacement showed optimum
compressive strength for all pozzolanas in concrete. It was 14.7% strength
improvement with RHA, 23.4% with SP, and 22.0% with NS. The durability of
concrete, including water absorption, chloride penetration, and surface resistivity,
decreased and increased upon incorporating RHA, SP, and NS into the concrete.
Water absorption decreased 32.8% to 46.8% for RHA, 3.2% to 20.6% for SP, and 50%
to 59.5% for NS. Chloride penetration decreased 24.2% to 72.5% for RHA, 13.3% to
76.4% for SP, and 3.2% to 75.8% for NS after 28 days of curing. Besides, surface
resistivity increased 5.2% to 193.5% for RHA, 2.6% to 241.6% for SP, and 1.3% to 200%
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for NS after 56 days of curing. RHA shows a higher rate of water absorption than

SP/NS blended concrete, but the water absorption rate remains within the limit.

In case of mortar and concrete samples, the w/b ratio was kept constant at 0.5 and 0.45,
respectively. But to maintain workability, high-range water reducing admixture
(HRWRA) was used in concrete. When RHA replaced cement, the workability
decreased with increasing replacement because of the high water demand of RHA. As
a result, beyond 2.5% replacement with RHA strength, there was no improvement in
mortar. On the other hand, by maintaining proper workability in concrete up to 7.5%
replacement, higher strength was shown. On the other hand, in mortar, the w/b ratio
was slightly higher than the concrete; as a result, up to 10% replacement was possible
with SP in mortar. However, due to high water demand and agglomeration, despite
using HRWRA, workability decreased with SP, and up to 7.5% replacement was

possible.

In the case of NS, water demand was lower in comparison to RHA and SP because of
higher agglomeration. For this instance, 5% replacement with NS showed high
strength in mortar, but with proper dispersion and less agglomeration due to better
workability, 7.5% replacement showed higher strength in concrete. The study
concludes that the RHA, SP, and NS can be promising SCM options for cementitious
media. It would enable a large amount of cement to be substituted, creating green
concrete, which would ultimately help the building sector achieve a circular economy,

ease climate change, and accomplish the Sustainable Development Goal (SDG13).

5.3 LIMITATION OF THE STUDY

In SEM analysis, it was clear that with higher levels of replacement by SP/NS,
agglomeration happened. Inadequate dispersion is one of the reasons for exacerbating
SP/NS agglomeration. In this study, no dispersion method was applied to reduce

agglomeration. Besides, workability was reduced by incorporating SP/NS in
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cementitious media. No superplasticizer was used to maintain the workability in this

study.

5.4 RECOMMENDATION FOR FUTURE STUDY

In this study, it was found that with increasing w/b ratio and cement replacement with
SP/NS, strength was also increased. The mechanisms behind it could be the future
scope of the study. One significant issue that needs careful investigation is the
dispersion of SP/NS into the cementitious media. The effect of chemical and physical

means of dispersion could be the field of future study.
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Appendices

Table A.1: Normal consistency of Control, RHA, SP, and NS blended pastes

% RHA Normal % SP Normal % NS Normal
Consistency (%) Consistency (%) Consistency (%)

0 27 0 27 0 27

2.5 30 2.5 30 2.5 28

5 32 5 32 5 29.5

7.5 35 7.5 35 7.5 30.5

10 36.5 10 37 10 32.5

15 41 15 42 15 36

Table A.2: Setting times of cement paste using different replacement of RHA

% RHA Initial setting time (min) Final setting time (min)
0 85 180
25 111 202
5 118 210
7.5 145 230
10 160 246
15 176 312
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Table A.3: Setting times of cement paste using different replacement levels of SP

% SP Initial setting time (min) Final setting time (min)
0 85 180
25 106 204
5 115 215
7.5 116 228
10 113 225
15 124 229

Table A.4: Setting times of cement paste using different replacement of NS

% NS Initial setting time (min) Final setting time (min)
0 85 180
25 117 175
5 115 171
7.5 99 165
10 97 162
15 94 160

Table A.5: Soundness of RHA, SP, and NS blended cement pastes

% RHA Expansion % SP Expansion % NS Expansion
(mm) (mm) (mm)
0 2 0 2 0 2
2.5 2 2.5 2 2.5 1
5 1 5 4 5 5
7.5 2 7.5 3 7.5 3
10 3 10 4 10 1
15 1 15 1 15 1
Appendices 217



Table A.6: Autoclave expansion of RHA, SP, and NS blended cement pastes

% RHA Expansion % SP Expansion % NS Expansion

(%) (%) (%)

0 0.02 0 0.02 0 0.02
2.5 0.06 2.5 0.04 2.5 0.04

5 0.07 5 0.03 5 0.03
7.5 0.05 7.5 0.07 7.5 0.09
10 0.10 10 0.06 10 0.04
15 0.07 15 0.10 15 0.04
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Appendix B: Test results of RHA, SP, and NS blended mortar samples

Table B.1: Flow test of RHA, SP, and NS blended mortars

% RHA Flow (mm) % SP Flow (mm) % NS Flow (mm)

0 163 0 163 0 163
2.5 154 2.5 150 2.5 126
5 143 5 129 5 123
7.5 135 7.5 126 7.5 119
10 131 10 121 10 117
15 125 15 117 15 114

Table B.2: Flexural strength of RHA blended mortars with constant w/b ratio

% RHA Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.84 5.22 5.45 6.49
5 434 4.88 6.16 6.35
7.5 4.20 4.80 6.45 6.83
10 4.02 4.60 5.81 6.49
15 3.82 5.00 5.82 6.42
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Table B.3: Flexural strength of SP blended mortars with constant w/b ratio

% SP Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.07 4.27 6.40 6.59
5 4.06 4.70 6.32 6.73
7.5 4.00 4.75 6.51 7.12
10 4.24 5.27 6.49 7.03
15 4.04 4.19 5.73 6.45

Table B.4: Flexural strength of NS blended mortars with constant w/b ratio

% NS Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.58 5.60 6.08 6.31
5 4.51 5.82 5.98 6.33
7.5 4.52 591 6.21 6.82
10 4.34 5.88 6.08 6.44
15 427 5.88 5.95 6.33
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Table B.5: Flexural strength of RHA blended mortars with varying w/b ratios

% RHA Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.36 4.54 5.44 5.49
5 4.64 4.90 5.43 5.61
7.5 4.51 4.55 5.65 5.67
10 4.85 4.98 5.34 5.74
15 4.08 4.35 5.17 6.09

Table B.6: Flexural strength of SP blended mortars with varying w/b ratios

% SP Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.45 5.05 5.16 6.72
5 4.06 4.87 5.30 6.51
7.5 4.37 4.58 5.09 6.34
10 4.00 4.61 4.98 6.04
15 3.96 4.14 4.87 5.61
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Table B.7: Flexural strength of NS blended mortars with varying w/b ratios

% NS Flexural strength (MPa)
3 days 7 days 28 days 90 days
0 4.99 5.10 5.63 6.33
2.5 4.51 4.54 4.60 5.60
5 4.37 4.45 5.16 5.74
7.5 4.13 4.53 5.17 5.83
10 3.87 5.05 5.39 5.93
15 3.70 493 4.98 5.19

Table B.8: Compressive strength of RHA blended mortars with constant w/b ratio

% RHA Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
2.5 31.0 37.8 58.2 59.2
5 26.7 38.8 53.9 56.1
7.5 29.7 31.8 51.4 54.6
10 254 32.3 48.4 49.0
15 28.5 29.6 47.4 47.9
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Table B.9: Compressive strength of SP blended mortars with constant w/b ratio

% SP Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
2.5 36.0 46.5 53.5 57.6
5 34.5 46.7 57.6 58.5
7.5 34.1 47.2 58.0 58.6
10 35.1 49.7 59.8 60.8
15 32.4 39.7 51.9 55.6

Table B.10: Compressive strength of NS blended mortars with constant w/b ratio

%NS Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
2.5 34.5 42.2 52.8 52.9
5 35.1 43.8 50.4 56.2
7.5 32.7 44.4 51.1 51.5
10 32.3 42.2 49.6 50.5
15 29.5 39.5 47.8 49.3
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Table B.11: Compressive strength of RHA blended mortars with varying w/b ratios

% RHA Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
25 33.3 37.6 51.4 55.3
5 31.4 34.0 51.5 56.5
7.5 29.3 31.4 50.4 56.5
10 29.2 35.8 45.5 56.3
15 26.1 32.8 39.9 53.1

Table B.12: Compressive strength of SP blended mortars with varying w/b ratios

% SP Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
2.5 38.2 44.3 52.2 61.4
5 35.8 48.6 52.4 61.6
7.5 33.3 47.2 53.3 63.4
10 32.4 47.2 50.6 59.9
15 25.7 36.5 42.9 54.0
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Table B.13: Compressive strength of NS blended mortars with varying w/b ratios

%NS Compressive strength (MPa)
3 days 7 days 28 days 90 days
0 32.3 35.2 50.2 55.4
2.5 39.8 48.0 49.1 64.2
5 36.9 47.0 494 61.2
7.5 35.4 48.7 50.2 60.3
10 34.2 47.9 48.7 59.1
15 30.7 41.1 45.3 57.0

Table B.14: Water absorption of RHA, SP, and NS blended mortar after 90 days

curing with constant w/b ratio

% RHA Water % SP Water % NS Water
absorption (%) absorption (%) absorption (%)
0 7.5 0 7.5 0 7.5
2.5 7.6 2.5 6.2 2.5 6.5
5 7.6 5 6.2 5 6.6
7.5 8.1 7.5 6.6 7.5 6.7
10 8.4 10 6.9 10 6.8
15 8.9 15 6.9 15 6.8
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Table B.15: Water absorption of RHA, SP, and NS blended mortar after 90 days

curing with varying w/b ratios

% RHA Water % SP Water % NS Water
absorption (%) absorption (%) absorption (%)
0 7.5 0 7.5 0 7.5
2.5 6.5 2.5 7.1 2.5 5.5
5 6.9 5 7.1 5 6.4
7.5 7.1 7.5 7.2 7.5 7.2
10 7.4 10 7.6 10 7.5
15 7.5 15 7.7 15 9.1

Table B.16: Bulk density of RHA, SP, and NS blended mortars after 90 days curing

with constant w/b ratio

% RHA  Bulk density % SP Bulk density % NS Bulk density

(kg/m?) (kg/m?) (kg/m?)
0 2285 0 2285 0 2285
2.5 2335 2.5 2215 2.5 2505
5 2440 5 2350 5 2445
7.5 2255 7.5 2390 7.5 2275
10 2250 10 2330 10 2250
15 1930 15 2135 15 2205
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Table B.17: Apparent density of RHA, SP, and NS blended mortars after 90 days

curing with constant w/b ratio

% RHA Apparent % SP Apparent % NS Apparent

density density density

(kg/m?’) (kg/m?) (kg/m?)
0 2770 0 2770 0 2770
25 2850 2.5 2510 2.5 3010
5 3010 5 2660 5 2930
7.5 2820 7.5 2860 7.5 2690
10 2790 10 2820 10 2660
15 2370 15 2495 15 2585

Table B.18: Bulk density of RHA, SP, and NS blended mortars after 90 days curing

with varying w/b ratios

% RHA  Bulk density % SP Bulk density % NS Bulk density

(kg/m?) (kg/m?) (kg/m?)
0 2285 0 2285 0 2285
2.5 2215 2.5 2360 25 2330
5 2200 5 2340 5 2270
7.5 2145 7.5 2175 7.5 2210
10 2060 10 2175 10 2140
15 2020 15 2155 15 2135
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Table B.19: Apparent density of RHA, SP, and NS blended mortars after 90 days

curing with varying w/b ratios

% RHA Apparent % SP Apparent % NS Apparent

density density density

(kg/m?) (kg/m?) (kg/m’)
0 2770 0 2770 0 2770
2.5 2820 2.5 2920 2.5 2940
5 2720 5 2860 5 2675
7.5 2600 7.5 2860 7.5 2635
10 2495 10 2755 10 2585
15 2455 15 2700 15 2560

Table B.20: Volume of permeable pores in RHA, SP, and NS blended mortars after 90

days curing with constant w/b ratio

% RHA  Porosity (%) % SP Porosity (%) % NS Porosity (%)

0 17.6 0 17.6 0 17.6
2.5 18.2 2.5 11.7 2.5 16.7
5 19.0 5 11.6 5 16.6
7.5 19.9 7.5 16.4 7.5 15.6
10 19.3 10 17.3 10 15.3
15 18.6 15 14.4 15 14.8
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Table B.21: Volume of permeable pores in RHA, SP, and NS blended mortars after 90

days curing with varying w/b ratios

% RHA  Porosity (%) % SP Porosity (%) % NS Porosity (%)
0 17.6 0 17.6 0 17.6
2.5 214 2.5 19.2 2.5 20.8
5 18.9 5 18.3 5 15.1
7.5 17.6 7.5 23.9 7.5 16.2
10 17.4 10 21.1 10 17.2
15 17.8 15 20.2 15 16.7
Table B.22: Shrinkage value of RHA blended mortars
Time Shrinkage of RHA blended mortars at different replacement level (%)
(days) 0 25 5 7.5 10 15
7 0.040 0.074 0.076 0.065 0.056 0.044
14 0.102 0.091 0.086 0.093 0.088 0.088
21 0.107 0.094 0.094 0.095 0.089 0.091
28 0.107 0.100 0.106 0.114 0.118 0.119
Table B.23: Shrinkage value of SP blended mortars
Time Shrinkage of SP blended mortars at different replacement level (%)
(days) 0 25 5 7.5 10 15
7 0.040 0.053 0.056 0.060 0.055 0.068
14 0.102 0.092 0.085 0.082 0.074 0.091
21 0.107 0.109 0.099 0.093 0.086 0.104
28 0.107 0.121 0.103 0.100 0.093 0.107
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Table B.24: Shrinkage value of NS blended mortars

Time Shrinkage of NS blended mortars at different replacement level (%)
(days) 0 25 5 7.5 10 15
7 0.040 0.019 0.025 0.046 0.035 0.057
14 0.102 0.035 0.030 0.048 0.040 0.065
21 0.107 0.057 0.035 0.050 0.048 0.066
28 0.107 0.057 0.044 0.058 0.057 0.073

Table B.25: Expansion of RHA blended mortar under sulfate attack

Replacement RHA blended mortar expansion (%) at different curing time
level (%) (weeks)
1 2 3 4 8 13 15
0 0.008 0.010 0.017 0.020 0.200 0.205 0.220
2.5 0.000 0.016 0.023 0.032 0.206 0.224 0.229
5 0.005 0.015 0.017 0.027 0.211 0.214 0.231
7.5 0.010 0.019 0.019 0.022 0.195 0.218 0.231
10 0.006 0.007 0.016 0.019 0.140 0.158 0.172
15 0.012 0.037 0.037 0.058 0.337 0.345 0.354
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Table B.26: Expansion of SP blended mortar under sulfate attack

Replacement  SP blended mortar expansion (%) at different curing time (weeks)
level (%) 1 2 3 4 8 13 15

0 0.008 0.010 0.017 0.020 0.200 0.205 0.220

2.5 0.000 0.004 0.025 0.040 0.146 0.224 0.228

5 0.001 0.002 0.009 0.029 0.227 0.232 0.236

7.5 0.001 0.006 0.011 0.024 0.203 0.220 0.225

10 0.003 0.007 0.019 0.026 0.217 0.235 0.239

15 0.032 0.037 0.040 0.047 0.244 0.249 0.253

Table B.27: Expansion of NS blended mortar under sulfate attack

Replacement NS blended mortar expansion (%) at different curing time (weeks)
level (%) 1 2 3 4 8 13 15

0 0.008 0.010 0.017 0.020 0.200 0.205 0.220

2.5 0.009 0.012 0.016 0.022 0.217 0.240 0.254

5 0.018 0.024 0.030 0.142 0.173 0.174 0.192

7.5 0.004 0.005 0.006 0.187 0.201 0.202 0.215

10 0.023 0.024 0.030 0.147 0.232 0.242 0.248

15 0.013 0.039 0.043 0.224 0.235 0.241 0.251
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Appendix C: Test results of RHA, SP, and NS blended concrete samples

Table C.1: Fresh density of RHA, SP, and NS blended concretes

% RHA  Fresh density % SP Fresh density % NS Fresh density

(kg/m?) (kg/m?) (kg/m?)
0 2375 0 2375 0 2375
2.5 2365 2.5 2365 25 2355
5 2345 5 2355 5 2345
7.5 2335 7.5 2355 7.5 2320
10 2335 10 2355 10 2320
15 2320 15 2345 15 2290

Table C.2: Workability of RHA, SP, and NS blended concretes

% RHA  Slump (mm) % SP Slump (mm) % NS Slump (mm)
0 180 0 180 0 180
2.5 170 2.5 145 2.5 110
5 160 5 60 5 80
7.5 95 7.5 30 7.5 45
10 55 10 25 10 15
15 15 15 15 15 10
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Table C.3:

Compressive strength of RHA blended concretes

% Replacement

Compressive strength of RHA blended concrete (MPa) at

level different curing days
14 days 28 days 56 days
0 22.3 26.6 27.6
25 23.8 26.6 28.9
5 22.6 25.1 30.7
7.5 23.8 294 31.7
10 24.3 259 29.9
15 24.6 26.9 27.6

Table C.4: Compressive strength of SP blended concretes

% Replacement

Compressive strength of SP blended concrete (psi) at

level different curing days
14 days 28 days 56 days
0 22.3 26.6 27.6
2.5 25. 28.9 30.7
5 274 28.9 33.2
7.5 24.8 27.9 34.2
10 22.3 24.3 25.3
15 21.4 24.1 249
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Table C.5: Compressive strength of NS blended concretes

% Replacement Compressive strength of NS blended concrete (psi) at
level different curing days
14 days 28 days 56 days
0 22.3 26.6 27.6
2.5 259 28.9 31.4
5 26.6 29.1 32.9
7.5 27.1 32.9 33.7
10 274 32.2 32.4
15 21.5 24.2 25.7

Table C.6: Water absorption of RHA blended concretes

% Replacement Water absorption of RHA blended concrete (%) at different

level curing ages
14 days 28 days 56 days
0 44 4.2 3.8
2.5 4.5 4.3 2.5
5 4.5 4.1 2.3
7.5 4.5 4.1 2.2
10 4.2 4.1 2.2
15 4.0 3.8 2.0
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Table C.7: Water absorption of SP blended concretes

% Replacement Water absorption of SP blended concrete (%) at different
level curing ages
14 days 28 days 56 days
0 44 4.2 3.8
2.5 44 4.1 3.7
5 4.4 3.9 3.6
7.5 4.2 3.6 3.5
10 41 3.5 3.5
15 3.9 3.2 3.0

Table C.8: Water absorption of NS blended concretes

% Replacement Water absorption of NS blended concrete (%) at different
level curing ages
14 days 28 days 56 days
0 44 4.2 3.8
2.5 4.5 3.9 1.9
5 3.9 3.6 1.8
7.5 3.9 3.2 1.7
10 3.9 2.8 1.6
15 3.3 23 1.5
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Table C.9: Bulk density of RHA blended concretes

% Replacement

Bulk density (kg/m®) of RHA blended concrete at different

level curing ages
14 days 28 days 56 days
0 2290 2315 2315
2.5 2220 2280 2435
5 2255 2315 2430
7.5 2275 2320 2430
10 2280 2350 2400
15 2295 2340 2355

Table C.10: Bulk density of SP blended concretes

% Replacement

Bulk density (kg/m?®) of SP blended concrete at different

level curing ages
14 days 28 days 56 days
0 2290 2315 2315
25 2330 2335 2350
5 2295 2385 2390
7.5 2340 2340 2430
10 2310 2320 2375
15 2265 2290 2355
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Table C.11: Bulk density of NS blended concretes

Bulk density (kg/m?) of NS blended concrete at different
% Replacement
curing ages

level
14 days 28 days 56 days
0 2290 2315 2315
25 2220 2230 2300
5 2245 2260 2360
7.5 2250 2275 2355
10 2260 2300 2330
15 2220 2240 2245

Table C.12: Apparent density of RHA blended concretes

% Replacement Apparent density (kg/m®) of RHA blended concrete at
level different curing ages
14 days 28 days 56 days
0 2580 2530 2465
25 2590 2565 2500
5 2590 2560 2480
7.5 2585 2530 2480
10 2585 2515 2495
15 2580 2495 2465
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Table C.13: Apparent density of SP blended concretes

% Replacement ~ Apparent density (kg/m?®) of SP blended concrete at different

level curing ages
14 days 28 days 56 days
0 2580 2530 2465
25 2685 2620 2520
5 2640 2585 2515
7.5 2610 2540 2490
10 2600 2515 2480
15 2590 2450 2440

Table C.14: Apparent density of NS blended concretes

% Replacement  Apparent density (kg/m?) of NS blended concrete at different

level curing ages
14 days 28 days 56 days
0 2580 2530 2465
2.5 2510 2470 2460
5 2470 2460 2450
7.5 2465 2460 2415
10 2460 2450 2405
15 2460 2430 2395
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Table C.15: Volume of permeable pores of RHA blended concretes

% Replacement Porosity (%) of RHA blended concrete at different curing
level ages
14 days 28 days 56 days
0 11.2 8.5 6.0
2.5 14.3 11.0 2.7
5 12.9 9.5 2.1
7.5 12.0 8.3 2.1
10 11.7 6.6 3.9
15 11.2 6.2 4.6

Table C.16: Volume of permeable pore space of SP blended concretes

% Replacement Porosity (%) of SP blended concrete at different curing ages
level 14 days 28 days 56 days

0 11.2 8.5 6.0
25 13.4 10.9 6.8

5 13.1 7.8 4.9
7.5 10.4 7.9 24

10 11.3 7.7 4.3

15 12.6 6.5 3.5
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Table C.17: Volume of permeable pore space of NS blended concretes

% Replacement

Porosity (%) of NS blended concrete at different curing ages

level 14 days 28 days 56 days
0 11.2 8.5 6.0
2.5 11.4 9.8 6.5
5 9.2 8.1 3.6
7.5 8.8 7.4 24
10 8.0 6.3 3.1
15 9.6 7.8 6.3

Table C.18: Ultrasonic Pulse Velocity of RHA, SP, and NS blended concretes after 56

days of curing

% RHA  Velocity (km/s) % SP  Velocity (km/s) % NS  Velocity (km/s)

0 4.16 0 4.16 0 4.16
2.5 4.26 2.5 4.15 2.5 4.24

5 4.44 5 4.30 5 4.24
7.5 4.52 7.5 4.28 7.5 4.29

10 4.47 10 4.26 10 4.42

15 4.43 15 4.08 15 4.01
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Table C.19: Rapid Chloride Penetration test result of RHA, SP, and NS blended

concretes after 28 days curing

Charge passed Charge passed Charge passed
% RHA % SP % NS
(© (© (©
0 4008.8 0 4008.8 0 4008.8
25 3039.8 2.5 3474.3 2.5 3880.3
5 2463.1 5 2494.5 5 2895.9
7.5 1900.4 7.5 1986.9 7.5 1801.4
10 1469.2 10 1319.8 10 1421.9
15 1103.5 15 944 4 15 97.6

Table C.20: Sorptivity test results of RHA, SP, and NS blended concretes after 28

days curing

Sorptivity Sorptivity Sorptivity
% RHA % SP % NS
(mm/s'?) (mm/s'?) (mm/s'?)
0 0.04 0 0.04 0 0.04
2.5 0.07 2.5 0.05 2.5 0.04
5 0.06 5 0.06 5 0.05
7.5 0.05 7.5 0.04 7.5 0.03
10 0.08 10 0.03 10 0.06
15 0.07 15 0.05 15 0.07
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Table C.21: Surface electrical resistivity result of RHA, SP, and NS blended concretes

Resistivity Resistivity Resistivity
% RHA % SP % NS
(kQ-cm) (kQ-cm) (kQ-cm)
0 7.7 0 7.7 0 7.7
2.5 8.1 2.5 7.9 2.5 7.8
5 11.0 5 11.6 5 9.3
7.5 14.2 7.5 18.5 7.5 15.8
10 15.3 10 22.0 10 19.8
15 22.6 15 26.3 15 23.1
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