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ABSTRACT

Cement is an important material in the construction industry. However, the
environmental problems associated with the mining and calcination of limestone for
cement production necessitates the search for supplementary cementitious materials
with minimal threat to the environment.

Periwinkle and clam shells, processed into ash are potential substitutes for cement in
concrete. This study was designed to investigate the suitability of Periwinkle Shell
Ash (PSA) and Clam Shell Ash (CSA) and a hybrid of both as partial replacements for
cement in concrete. Shells were sourced from Amassoma, Bayelsa State, Nigeria,
washed, sun dried and calcined at varying temperatures (200, 400, 600 and 800 °C).
These were pulverised to pass through 75 um sieve to produce PSA, CSA, and hybrids
of both, mixed at 70:30, 60:40, 50:50, 40:60 and 30:70. Grade MZ20 concrete
specimens were produced at varying Portland limestone cement (PLC) replacement
levels (0, 20, 30, 40 and 50%) with 0% as control, and cured for 28 days prior to
testing. Specific gravity, flexural strength, compressive strength, Water Absorption
Index (WAI), Chloride Induced Strength Loss Index (CISLI), and Sulphate Induced
Strength Loss Index (SISLI), were conducted in accordance with British Standards.
Combined mixture methodology was used to develop regression models from
laboratory data, analysed and optimised at 95% confidence interval to ascertain
Optimum Pozzolanic Reactivity (OPR) based on Strength Activity Index (SAl).
Emissions of CO, associated with calcination of samples were analysed and compared
to that of PLC using data from energy demand and carbon footprint.

Specific gravities were 3.12+0.24, 2.96+0.01, 3.00+0.10, 3.14+0.03, while flexural and
compressive strengths were 5.29+0.14, 2.83+0.10, 2.83+0.08, 3.36+0.21 and
27.74+1.41, 18.27+1.10, 19.21+0.25, 21.67+2.29 N/mm2 for PLC, PSA, CSA and
60% PSA:40% CSA, respectively, at 40% cement replacement level, produced at 600
°C. Compressive strengths of 60% PSA:40% CSA, were 78.1% of PLC, 118.6% of
PSA and 112.8% of CSA; implying that the hybrid was stronger than PSA or CSA.
Also, WAI, CISLI, and SISLI, were 1.98+0.19, 2.84+0.08, 3.25+0.17, 2.75+0.13;
24.56£2.15, 19.34+0.37, 0.44+0.08, 6.10+0.84; and 16.47+1.43, -10.97£1.32, -
16.88+0.68, 4.09+0.62 for PLC, PSA, CSA and 60% PSA:40% CSA. The PLC had the
least WAI but diminished more in strength due to chemical attacks and absence of
pozzolans compared to PSA and CSA. The OPR based on SAI was 55.5% PSA:44.5%
CSA, and cement replacement levels were 19.7, 23.2, and 44.0%, for PSA, CSA and
55.5% PSA:44.5% CSA, respectively, produced at 425, 527, and 607 °C. A uniform
compressive strength of 20.8 N/mm2 was obtained for PSA, CSA and 55.5%
PSA:44.5% CSA, produced at 425, 527, and 607 °C, respectively, satisfying the SAI
criteria. Optimised WAI, CISLI, and SISLI of PSA, CSA and 55.5% PSA:44.5% CSA
were 2.46, 2.52, 2.51; 2.10, 3.06, 12.72; and -33.16, -31.48, -0.08%, when produced at
425, 527, and 607 °C. A kilogram of pozzolan emitted 350g of CO, at calcination,
while that of PLC was 490g; providing a 28.60% savings in CO, emissions.

Periwinkle and clam shells enhanced cement replaceability and satisfied the strength
activity index pozzolanic criteria, when synergised and ashed optimally. Consequently,
environmental pollution associated with excessive limestone harvest and processing
was mitigated.

Keywords:  Cement replacement, Pozzolans, Calcination, Strength activity index
Word count: 497
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CHAPTER ONE
INTRODUCTION
1.1.  Background to the Study

Sustainability is the goal behind any and every advanced profession, as it demands for
a preserved tomorrow irrespective of the activities of today. Currently and globally,
there is constant pressure on all sectors of society to limit greenhouse gas emissions

into space, as well as the unsustainable exploitation of natural resources, (IPCC, 2022).

Locally, there is a demand for population growth rate to be balanced with available
resources through boosting human capital development, reducing waste, creating job
possibilities and increasing the quality and standard of living, (Anyanwu et al., 2015).
On the other hand, those who work in civil engineering, as well as other engineering,
environmental, and science-related fields, have a responsibility to deliver engineering
facilities in the most cost-effective, environmentally sound, and socially responsible

manner possible without sacrificing the facilities' quality, (Qureshi, and Nawab, 2013).

Nigeria does have a vast population exceeding 213 million and growing at a rate of
2.4% annually (Data Commons 2023). Nigeria's Real Gross Domestic Product (GDP)
is currently at $2,066, which equates to an average 32,600 per day (Data Commons,
2023). This implies that average Nigerians are expected to cater for their education,
clothing, health, food, shelter and general maintenance from daily income of ¥2,600.
Worse still, Nigeria’s average GDP growth rate decreases at -3.1% annually (Premium
Times, 2023).

The over reliance of Nigeria on the oil sector is has greatly impacted on her
productivity as a Nation, (Anyanwu et al., 2015). Because of these unpleasant realities,
experts in economics, academia, accounting, and other business-related professions
have underlined the necessity for economic diversification in the country, but it is clear
from the track record so far that little has been done to that end. As a result, the
population that should be her greatest asset is now having a negative impact on her

ability to live on her rich and fertile land.
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With its many chains of production, including fertilizer manufacturing, real farming,
processing, preserving, packaging, marketing, and management, agriculture is one
industry that has the ability to employ more than 50% of the country's healthy
population, (Jobberman, 2023). It will be unrealistic to expect the -current
administration to cover the initial costs necessary to establish and equip such
agricultural institutions as well as the ongoing costs associated with providing for this
proportion of the country's population. So, a good strategy would be to increase the
allure of farming beyond what it already has by maybe adding value to both farm

waste and by products (Jobberman, 2023).

A good example would be the establishment of businesses that would purchase farm
items from adjacent communities and then sell the finished, attractively packaged
goods to these communities at reasonable prices, making fantastic use of the parts that
were first deemed waste. Some of these are; the husk from processed rice, the chaff
and cob from maize, the bunch of palm fruit, the shells of coconut, palm kernel, snail,
oyster, clam, eggs, periwinkle and crab etc. Such an industry would have created a
means for locally empowering locals and provided more motivation to farmers thereby
ensuring a better livelihood. Moreover, the environment would be better protected

from careless garbage disposal, (Kalkanis et al., 2022)

There are far too many advantages and benefits of effective waste management for a
country. For instance, "ground granulated blast furnace slag" (GGBS), a by-product
from the steel industry, could replace as much as 70% of cement in concrete or sand-
crete structures, (Walker and Pavia, 2011). The cement industry over the years has
developed greater attention towards integrating by-products from the agricultural as
well as industrial sectors into the manufacture of cement, hence the existence of CEM
I, CEM I1I, CEM IV and CEM V, which are either pozzolanic cements with low or
high concentrations of pozzolans or slag cements. This is all in a bid to answer the

global call towards sustainability (Isaksson and Steimle, 2009).

Cement types in engineering are basically five in number; CEM I, (Ordinary Portland

cement), CEM 11 (Portland composite cement), CEM Il (Blast furnace slag cement),

CEM IV (Pozzolanic cement) and CEM V (composite cement). Of these, it is evident

that excluding CEM I, the other types of cement are seen integrating two major forms
2



of by-products as additives in cement production process. These are of the hydraulic
forms and pozzolanic forms. The hydraulic additives are known to exhibit close
resemblance with cement in terms of its formation of calcium silicate hydrate gel when
it reacts with water, and as such, literature reports that such materials (e.g. Slag), when
used as a replacement material, replaces up to 70% of cement in cement structures
(Walker and Pavia, 2011). However, the second form of additive is of a pozzolanic
nature, and these must react with calcium hydroxide and water to develop secondary
calcium silicate hydrate gels; These have been seen to replace between 10 — 25% of

cement in cement structures (Walker and Pavia, 2011).

Agriculturally produced pozzolanic cementitious materials are predominantly
manufactured. The majority of them are produced by pulverisation and controlled or
uncontrolled combustion. Providing an ideal and optimised temperature for the
dihydroxylation of Agricultural Pozzolans (AP), via calcination, and for use as partial
substitutes for cement in the construction industry, is of global interest (Danner and
Justnes, 2018).

1.2. Problem Statement

The structural maturity of Portland cement in terms of its setting time, rate of
hydration or strength gaining is faster compared to lime binder. Regardless, neither
Portland cement nor lime can be regarded as the ideal binder as these are unsustainable
in areas of energy demand, carbon footprint, and cost associated with their production.
Cement production for instance requiring calcination temperatures ranging between
1450 to 1600 °C for the formation of clinker, results in the consumption of about 4.5
GJ of energy and emission of about 850 gCO, per ton of clinker produced ((Habert,
2013), of which about 50-63% is attributed to the calcination phase and about 37-50%
attributed to the combustion of fossil fuels (BREF, 2010). Similarly, lime, which is
superior to cement in areas of durability, workability and long term strength, requires
calcination temperatures ranging between 800 °C and 1200 °C hence consuming an
average of 4.25 GJ of energy and emitting about 1.092 tons per tonne of quicklime
produced, of which about 68% is attributed to the calcination process, 30% attributed
to fuel combustion and 2% attributed to electricity (Stork et al., 2014).



While in desperate search for a material that possesses the beneficial properties of both
lime and cement binders, the greater challenge for the engineering and research
community remains developing sustainable means of reducing energy demand, carbon
footprint as well as cost. As such, current trends are in energy efficiency (optimising
materials and processes associated with the production phase such as the switching
from horizontal kilns to vertical kilns (Schorcht et al., 2013)); lower carbon energy
sources (switching from fossil fuels to gas or biomass (Stork et al., 2014)); end of pipe
solution (Carbon Capture and Storage/Utilization, (TNO, 2012; Stork et al., 2014;
CEFIC, 2013)); carbonation (lime structures exhibit greater tendencies towards
carbonation when compared to cement). Campo et al., (2021), reports that between 80
— 92% of emitted carbon is reabsorbed over a period of 100 years in lime mortar

structures); and use of Supplementary Cementitious Materials (SCM’s).

In Nigeria, approximately 54 Mta of cement is produced annually, of these, Dangote
dominates the industry with a 32.25Mta capacity and roughly a 60% market share;
BUA Group comes in second with 11 Mta and a market share of roughly 20.4%;
followed by Lafarge Africa with 10.5 Mta and a market share of roughly 19.5%,
(Asokolnsights, 2023, Cemnet 2023). Dangote’s flagship plant at Obagaja in Kogi
State Nigeria, commissioned in 2008 is the largest plant in Nigeria and responsible for
about 30% of Nigerian annual cement production. However, Dangote has reported that
in 45 years, its 647 million tons of limestone reserves would be completely used up in
course of cement production, (Asokolnsights, 2023), see figure 1.1. This is a
significant threat to Nigeria and Nigerians as the country might be forced into
limestone/cement importation at very unsustainable costs. It is therefore a timely
necessity to search for alternative and sustainable sources of CaCOs, for complete or

partial replacement of cement.



Dangote production capacity

Plants & capacity

Ibese Plant, 12 Mt/a [l Obajana Plant, 16 Mt/a.25
I Gboko Plant, 4 Mt/a

Figure 1.1: Dangote’s Cement Plants in Nigeria
Source: Asokolnsights, 2023



Research into the use of agro-based SCM’s can be traced as far back as the late 70s
(Cook et al., 1977). A great number of publications exist in the area of optimising
partial replacement levels of cement or lime binder using agro based SCM’s such as
rice husk (Cook et al., 1977; Zhang and Malhotra, 1996; Abalaka, 2012; Ettu et al.,
2013; Kumar et al., 2016). Further agro based SCM’s researched on are Periwinkle
shell (Umoh and Ujene, 2015; Eziefula et al., 2020; Antia et al., 2020), Palm kernel
shell (Olowe and Adebayo, 2015; Oti et al., 2015; Fadele and Ata, 2016), clam/oyster
shell (Lertwattanaruk et al., 2012; Olutoge et al., 2016; Ephraim et al., 2019), coconut
shell (Kumar and Kumar, 2014; Bheel et al., 2021) cassava peels (Salau et al., 2012;
Ofuyatan et al., 2018; Ogbonna et al., 2020), maize husk (Kevern and Wang, 2010;
Ndububa and Nurudeen, 2015; Kamau et al., 2016), and snail shell (Etuk et al., 2012;
Syed and Vaishali, 2014), etc. In a bid to obtain more practicable results, researchers
have equally opened a window into hybrid agro based SCM in which agro based
SCM’s synergised to form single partial cement replacement materials (Ajay et al.,
2007, Kannan and Ganesan, 2012; Umoh et al., 2013; Inti et al., 2016; Ban and Nobert
2016; Dankwah and Nkrumah, 2016).

While these researchers have obtained excellent results thus far, optimum cement
replaceability can only be achieved when the best materials are produced under the
best conditions. For instance, the chemistry of Portland cement clinker, built at very
high calcination temperature contains four distinct elements which are CaO, SiO,,
Al;O3 and Fe,03. These elements are in definite proportions which give the cement its
binding and strength giving qualities. As such, cement substitutes are expected to have
a chemical resemblance of a sort to cement in order to maximise their potential to
sustainably and partially replace cement. While previous research delved more on
single agro based SCM’s, and more recent researchers into agro hybrid SCM, only
Dankwah and Nkrumah, (2016) was cited to have published findings on the synergy of
agro based SCM’s rich in both CaO and SiO,, no marvel his sample could effectively
replace up to 30% of cement which is one of the best results cited in this research. In
their work, the synergy of rice husk ash (RHA) and Snail Shell Ash (SSA) was not
varied but fixed at a ratio of 20:80. Also, knowledge on the effect of variations in

calcination temperature was absent.



Having established the independent roles played by calcination temperature and
synergistic ratio in building cement-like sample’s chemical signature, it will be of great
value to establish the combined effect of variations in these production parameters in
order to open a doorway into greater cement replacement possibilities. This is the focal
point and knowledge gap aimed to be filled after the successful completion of this
research work. A simplified breakdown of the problem statement is as shown in Table
1.1.

1.3. Aim and Objectives
This study is aimed at optimising the production parameters for periwinkle shell ash, clam
shell ash, and a hybrid of both for enhanced cement replaceability in concrete, that yields

comparatively practical mechanical and durability properties.
The objectives are:

1. determination of the physical and mechanical properties of Clam Shell Ash,
Periwinkle Shell Ash and Clam/Periwinkle ash synergised samples produced under
varying calcination temperatures and synergistic ratios as well as durability
contribution to Concrete specimens, when used as partial cement substitutes;

2. analysis experimental data and develop models for the optimisation of calcination
temperature, synergistic ratio and cement replacement level, in the production of
PSA/CSA hybrid pozzolan as partial cement replacement material in concrete; and

3. evaluate the sustainability features of using optimized agricultural by-
products/wastes as partial replacements to Portland cement in Engineering

structures.



Table 1.1: Basic Research Questions

SIN  RESEARCH QUESTIONS ANSWER AVAILABLE OBJ.
LITERATURE?
1 Is the partial / complete Sustainability ~ Yes NO
replacement of Portland cementa (Economic,
timely necessity Social and

Environmentall
y related costs)

2 Avre the materials readily Yes and No Yes

available for the effective o
replacement of Portland cement? ~ (availability (GGBS, MetaStar,  NO
and material PFA, Agro-based

quality) Pozzolans)

3 Avre there solutions for the Limited Knowledge Gap YES
improvement of Pozzolan
properties for effective cement
replaceability?

4 What is the optimum temperature N.A. Knowledge Gap YES
for the calcining of Clam shell
ash for improved pozzolanicity?

5 What is the optimum temperature N.A. Knowledge Gap YES
for the calcining of Periwinkle
shell ash for improved
pozzolanicity?

6 Are there descriptive analysis on N.A. Knowledge Gap YES
the Calcination temperature and
hybrid ratio variations of clam
and periwinkle shell ash on the
Physico-mechanical and
durability properties cement
blended concrete

7 Are there analyzed and optimized N.A. Knowledge Gap YES
models on the Calcination
temperature and hybrid ratio
variations of agro-based
pozzolans with complementing
SiO2 and CaO content on the
mechanical and durability
properties cement blended
concrete




1.4. Justification of Research

The environmental indices of limestone harvest and processing in Nigeria are not friendly.
Lung diseases, CO, emissions and the destruction of the habitat of man, plants and
animals, are some fundamental concerns in the cement industry. Economically, the cost of
harvesting limestone, processing and transportation of cement is not sustainable due to the
decentralized locations of limestone in the country. Socially, employment opportunities in
the country relative to cement manufacturing cannot be said to be equal, and this is also as
a result of the decentralized locations of the primary raw material for cement

manufacturing (limestone).

This research is geared towards mitigating the challenges associated with cement binder
by looking into the use of agro based Supplementary Cementitious Materials as these do
not necessarily share the expensive and high technological know-how demands associated
with the other abatement measures as expressly outlined by a technical report published by
the European lime Association in 2014 (Stork et al., 2014). More so, the use of well-
produced agriculturally based Supplementary Cementitious Materials holds promise in
increasing strength and durability of cement structures while promoting the quality of the
agricultural sector by attaching value to agricultural by-products/waste (Walker and Pavia,
2011).

1.5. Scope and Limitations

The fundamental areas covered in this research are strength, durability and sustainability.
The strength of concrete samples was measured in terms of compressive and flexural
strength at ages 28 days, 56 days and 90 days. However, analytical models developed for
strength features at ages 28 days alone. Durability indices were recorded in terms of water
absorption, chloride attack and sulphate attack at ages 28 days, 56 days and 90 days.
However, analytical models will be developed for durability features at ages 28 days,
noting that while PLC concrete reaches maximum strength at 28days, pozzolan-cement
blended concrete exceeds 28 days in its rate of hydration and at such, 28 day findings for
pozzolan-cement blended concrete is the minimum benchmark for industrial applications.

Fineness, specific gravity and water demand were also covered in course of this study.

Sustainability analysis was measured in terms of cost, energy demand and CO, emissions.
Due to very high financial implications, physical findings such as amorphousness and
surface area will not be covered. Sample preparation required a high capacity milling

machine as well as a high temperature capacity furnace, which were locally fabricated.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Waste as a Binder Replacement

Using waste to partially replace binders is not a novel idea. Actually, pozzolans are a
subset of additional cementitious materials, a more general concept (SCMs). These
compounds have the ability to make binders more reactive, either on their own or in
response to hydration by-products of cement or lime. They have been known to aid in
long term strength gain, as well as resistance of concrete against chemical attacks and
hazardous exposure conditions, (Adam, 2004). Adam (2014) further divided
supplementary cementitious materials into hydraulic and pozzolanic, adding that an
increase in calcium oxide content promotes Hydraulic effects but reduces

pozzolanicity as shown in Figure 2.1.

Ground granulated blast-furnace slag (GGBS), an example of an SCM, forms
cementitious compounds simply by reacting with water, whereas pozzolanic SCMs,
which contain siliceous or aluminous amorphous oxide, only form secondary binding
properties when reacting with CaO or Ca(OH), in puverised state. The amorphous
content plays a significant role in the pozzolanic index of SCMs’ as sheown in Figure

2.2.

About 50% of tobermorite (C-S-H gel) is a hydration product of cement and water,
while 25 — 50% is portlandite (CaOH) and the remaining proportion of the hydration
product is ettringite (Adam, 2004). In essence, the hydration products of cement and
water are tobermorite, portlandite and ettringite. Portlandite is a filler with minimal
strength value but however, reacts with Sulphate ions to form expansive ettringite
which is a threat to the matrix of the cement structure, as enormous expansive
reactions can lead to the development of cracks. Calcium silicate hydrate gel (C-S-H
gel) is responsible for the strength within the cement matric. Curiously, portlandite is
the needed material by pozzolans to develop secondary C-S-H gel and hence giving the

cement structure more strength.
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SCMs
POZZOLANIC VS. HYDRAULIC EFFECTS

Differences in How Various Classes of
Supplementary Materials Respond

Pozzolanic Hydraulic

Silica Fume

Class F Fly Ash Low CaO
Medium CaO

Class C Fly Ash High Ca0

Slag

Figure 2.1: Pozzolanic and Hydraulic Supplementary Cementitious materials

Source: Adam, (2014)
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Along with being a by-product of cement's hydration, calcium oxide (Ca(OH),) is also
a component of lime binder, which is created by the calcination of limestone and

slaking of quicklime.

As such, both binders (cement and lime) generate portlandite as a by-product of
hydration and require the presence of pozzolans to activate the portlandite, mitigate the
formation of delayed ettringite as well as enhance the development of strength at ages
beyond 28 days.

2.2 Agricultural Wastes and Pozzolans

A Roman architect named Marcus Vitruvius Pollio, who was also an engineer and
lived in the first century BCE (15-25 BC), is known to have discovered the use of
pozzolans and how they were used to improve the performance of lime binders even in
the presence of water. The volcanic ash was found in Pozzuoli, a village close to
Mount Vesuvius, and was thus given the name Pozzolan. Marcus Vitruvius Pollio
wrote ‘Ten Books of Architecture’ and asserted that there is a certain powder that
exhibits astounding outcomes from natural sources. This material, when mixed with
lime and rubble, not only reinforces other construction types but also hardens

underwater when used to construct seashore piers (Marcus, 1960).

In order to meet the global need of reducing greenhouse gas emissions as well as
reduce the rate at which naturally resources are being harvested; improving on human
capacity development for meeting local empowerment needs; and ensure a safe
working environment, researchers have therefore put a lot of effort into determining
the feasibility of incorporating natural, industrial, and agricultural pozzolans into the
building industry. Knowledge Exchange for Young Scientists (KEYS) presented its

findings in the following areas at its first international conference:

i.  Developing nations are expected to contribute 80% of the global increase in
cement demand.
ii.  The total amount of CO, released by the cement industry accounts for between
5-8% of all carbon dioxide emissions worldwide.
iii.  The availability of these materials (SCMs) in nature has a major impact on the

viability of clinker substitution methods.
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iv. Fly ash and slag are excellent examples of materials that can replace
approximately 70% of cement; however, their global availability is less than
5%.

Major physical traits influencing pozzolans' pozzolanic reactivity include fineness,

specific gravity, amorphousness, and specific surface area. Walker and Pavia (2011)

found that amorphousness, rather than other pozzolan physical characteristics,

significantly influences the reactivity of the material.

The classes of pozzolans are summarized in Table 2.1 below in accordance with

ASTM C-618.
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Table 2.1: Pozzolan classification according to ASTM C-618 (2012)

POZZOLANIC PROPERTIES NATURAL ARTIFICIAL
Class N Class F Class C

Fineness (max. Ret. When wet sieved on 34 34 34
451 sieve), (%)

28 day Strength Activity Index (SAl), (%) 75 75 75
Min. “SiO; + Al,O3 + Fe;03” (%) 70 70 70
Loss on ignition (LOI) (%) 10 6-12 6
Sulphur trioxide (SO3) max. (%) 4 5 5
Water requirement max.% of control 115 105 105
Autoclave soundness % 0.8 0.8 0.8
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Vi.
Vii.

viil.

Xi.
Xil.
Xiii.

Xiv.

The European Standard EN 197-1 (2000) which is a standard for the classification of
cement further added that a pozzolan consists essentially of Silicon dioxide (SiO;) and
aluminium oxide (Al,Og). It further adds that the reactive SiO, content shall not be less
than 25% by mass. However, presence of CaO is negligible in pozzolan classification.

If all key sectors are actively involved, agriculture has the ability to meet local
demands for developing human capital and producing plenty of job opportunities, both
of which can make living safer and cheaper. Due to this, scholars in various fields of
science and engineering have focused on optimising the value chain in the agricultural
industry by devising methods to efficiently transform by-products from agricultural
sector to beneficial resources in the building and construction industry where they are
termed supplementary cementitious materials (SCM's) some of which include;

Rice Husk Ash (ASH) gotten from rice husk

Maize Husk Ash (MHA) gotten from maize husk

Maize Cob Ash (MCA) produced from maize cob

Palm Bunch Ash (PBA) produced from the frond (bunch) of palm trees
Palm Kernel Ash (PKA) produced from the kernel of Palm oil fruits
Coconut Husk Ash (CHA) produced from the husk of coconut fruit
Coconut Shell Ash (COSA) produced from the shell of coconut fruit
Cassava Peel Ash (CPA) produced from cassava peels

Periwinkle Shell Ash (PSA) produced from periwinkle shells

Snail Shell Ash (SSA) produced from snail shells

Clam Shell Ash (CSA) produced from waste clam shells

Oyster Shell Ash (OSA) produced from waste oyster shells
Moon-snail Shell Ash (MSA) produced from waste moon-snail shells

Bagasse Waste Ash (BWA) produced from sugarcane back waste
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2.2.1. Rice Husk Ash (RHA)

About 20% of the weight of rice is made up of the agricultural waste product known as
rice husk, which is produced from the milling of rice and 483.1 million tons of rice
were produced worldwide in 2016 (FAO, 2023). To satisfy its yearly need of 7.9
million tons, Nigeria increased its production of milled rice from 2.8 million tons in
2010 to 5.4 million tons in 2022, (Statista, 2023). As a result, with Nigeria's present
pace of rice production, no less than 1.16 million tons of husk are generated as waste

each year, (Science Nigeria, 2023).

The usage of rice husk ash, blended with lime cement mixtures for use in the
productions of sandcrete blocks was studied (Cook et al., 1977), which was one of the
earliest revelations of RHA as a potential partial substitute for binders. According to
their research, the calcination process used to produce RHA should be managed and
kept between 450 and 500 °C.

The cost of producing husk is around 32% of the cost of producing ASTM Type 1
cement, they stated, and 25% of the husk is transformed to ash during calcination
(Cook et al., 1977). Their findings revealed exceptionally high level of SiO,—roughly
93%—along with extremely small amounts of other oxides. A certain amount of
sodium aluminate was added to the blended lime mix to improve its tensile strength.
Results further demonstrated that a reduction in the initial and final setting times of
both lime and cement mixes is caused by a rise in rice husk ash and
NaAlO, concentration, (Cook et al., 1977).

At 40%RHA concentration, there was also no discernible difference between the
mortar specimens' compressive strength and the control's at 90 days of age. In contrast
to the control, ash-containing lime specimens demonstrated a greater rate of strength
increase after 90 days - the existence of a pozzolan with significant activity index was
cited as the cause of this. The RHA replacement level recommendations ranged from
10 to 20%.

Zhang and Malhotra (1996) burnt rice husk at temperatures below 800 °C for a short
period of time (unspecified) in order to observe the impact of RHA on the
characteristics of fresh and cured concrete. According to a chemical investigation, the
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RHA contains 0.5% CaO and 82.7% SiO,. Results for compressive strength
demonstrated that at 15% RHA, the RHA-blend concrete's compressive strength was
higher than the control at 1, 7, and 28 days. Additionally, it was demonstrated that as
the water/RHA blended cement ratio was lowered, the strength of the concrete rose.
The RHA cement blended concrete was found to set up more quickly than the control.
Regarding resistance to penetration of chloride ions and freeze-thaw cycling, the
concrete made with RHA cement combined with other materials fared better relative to
PLC concrete (Zhang and Malhotra, 1996).

Many studies on the viability of replacing cement and lime in the construction sector
with RHA were published in the 20th and 21st centuries (Zaid et al., 2021). They
produced their ash at a calcination temperature of 700 °C, and at 10% cement
replacement levels, optimum the 28-day result relative to compressive strength and
durability was reached. Also, between 5-10% RHA content, growth in strength of
concrete was demonstrated relative to the PLC control, particularly at ages longer than
28 days. Furthermore, superior durability findings were noted. Abalaka (2012)'s
production of RHA at 758 °C and with various replacement amounts was shown to
have lower compressive strength than the control excluding the concrete produced with
10% RHA as partial cement substitute and measured at 90 days, which was somewhat
stronger relative to PLC control concrete. Therefore, he advised that if early strength is

a priority, RHA percentages in concrete should not exceed 25%. (Abalaka, 2012).

Rice husk ash was the focus of research by Ettu et al., (2013) and Deepa et al., (2013),
whose studies were on evaluating the optimal and structurally feasible cement
replacement level using RHA. The rice husk was calcined by Ettu et al., (2013) at
temperatures below 650 °C and ground till it could pass a 600 um sieve. He achieved
outcomes at all ages that were comparable to controls at a replacement level of 15%.
The amorphous phase content, the degree of dehydroxylation, the specific surface area,
the amount of Ca(OH), in the cement paste, the admixture content, and the water to
binder ratio in the material appear to be the most significant factors that affect
pozzolanic activity, (Kulkani et al., 2014). A review of the responsiveness of RHA
employed in the construction industry was published by Das and Patel (2018). The
Si0O, content was determined to be the primary determinant of pozzolanic reactivity.
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Other elements such as the amorphous phase content, the degree of dehydroxylation,
the specific surface area, the amount of Ca(OH), in the cement paste, the admixture
content, and the water to binder ratio, as highlighted by Kulkani et al., (2014), where
also recalled by Das and Patel (2018). Studies on the strength of concrete have
indicated that rice husk ash in concrete fails to enhance early strength because of the
time needed for SiO, to form a bond with Ca(OH),. It was discovered that 20%
replacement represented the ideal RHA concentration in terms of strength. However,
after 90 days, the 40% RHA embedded concrete outperformed the control in terms of
strength. With more RHA concrete, durability improvements include decreased
chloride attack, increased corrosion resistance, decreased acid attack mass loss,
increased sulphate resistance, and improved carbonation performance. (Das and Patel,
2018).

Future studied by the authors were recommended in the areas of; costs of concrete
containing or not containing RHA; long-term durability and strength measured beyond
180 days and one year; capacity for increased RHA replenishment of cement; and

effect of chemical activators on the reactivity of RHA as a pozzolan

Similar to Das and Patel, (2018) this study recommends using the Strength activity
Index (SAI), to assess the reactivity of RHA in concrete after reviewing papers on its
use as a partial cement replacement. They came to the conclusion that RHA is a
promising material in the construction sector if manufactured under regulated
conditions after recognizing the interaction taking place between the silicon dioxide in
pozzolans with free Portlandite in cement. Shen et al., (2011) looked into how
calcination affected the silica content, specific gravity, and setting times of fresh
mortar in 2016. Results showed that as temperature rises, SiO, content gradually rises.
On the other hand, specific gravity drops as temperature rises. Results generally
showed that there was room for energy savings as well as reduction in carbon dioxide
emission by optimising the burning temperature in the manufacture of rice husk ash
(Shen et al., 2011). In lieu of early strength (14 — 28 days), Kumar et al., (2016)
supports the provisions of earlier studies by recommending maximum RHA content in
concrete to fall below 20%. Table 2.2 provides an overview of the key discoveries

found in the studied literatures.
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Table 2.2: Summarised literature on rice husk ash as a pozzolanic material

S/N Source Dehydroxyl. Pas. Oxides (%) RLR
Calc. Dur.  (um) SiO, FAS CaO MgO SO; (%)
(°C) (min)
1 Cook et al.,, 450-500 - - 93.0 93.7 043 042 - 10-
(1977) 20
2 Zhang and 800 - 45 872 875 05 035 02 15
Malhotra 4
(1996)
3 Zaid et al., 700 - - 623 789 126 35 0.6 5
(2021)
4 Abalaka A.E 758 240 954 96.2 - 1.24 0.0 25
(2012) 7
5 Ettu et al. 650 - 600 - - - - - 15
(2013)
6 Kumar et al. 400 - 4320 75 - - - - - 20
(2016) 600*

FAS = SiO2 + Al,O3 + Fe,04

X = Open air burning
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2.2.2. Maize Husk/Corn Cob Ash

The most significant grain crop in sub-Saharan Africa is maize or corn and more than a
billion tons of corn is produced worldwide (Olafusi and Olutoge, 2013). According to
Mr. Phillip Ojo, Nigeria's National Seed Council's Director General (NSCN), Nigeria
is the region's top seed provider, providing 70% of the seeds for maize used in West
Africa, (Beef2Live, 2017). Nigeria, which produces 6.9 million tons of corn annually,
is the 15th-largest producer of the grain in the world, (Beef2Live, 2017).

According to Sokhansanj et al., (2002), 15%, 22% and 50% by mass constitutes the
cobs, leaves and stalks respectively, for every kilogram of dry corn grains grown.
Inferring that the husk makes up at least 20% of the maize produced, Nigeria generates
no fewer than 1.38 million metric tons of husk and a million tons or more of cob each

year.

Studies on RHA as a pozzolanic material and alternative or partial cement replacement
material greatly exceeds that of maize husk and corn cobs as potential binder additives
in the co nstruction sector. However, Murthi et al., (2020) conducted an extensive
review on maize husk and how it might be effectively incorporated into concrete. They
covered different calcination methods and ultimately observed that heating the husk to
between 500 and 600 °C in an open reactor was a more feasible approach, transferring
it into a furnace, maintaining the temperature for 12 hours, and then cooling it for 24
hours. Before being ground, the specimen goes through two cycles of calcination at
600°C. At this mode of production, when compared to control, 28 day compressive
strength lost roughly 24.5% of its strength at 10% replacement level. Thus, the
recommendations provided restricted the usage of MHA to less than 10% in concrete
(Murthi et al., 2020). Regardless of the outcomes, using so much energy during the
production phase to only replace around 10% of the cement is not a sustainable
strategy.

Suwanmaneechot et al. (2015) studied the chemical composition, physical
characteristics, and engineering properties of maize cob ash. According to the findings,
corn cob ash that had a 4-hour heat treatment at 600 °C, was composed of FAS of 72%
(SiO, + Al O3 + Fe,03) and hence can be categorised as Class N calcined natural

pozzolan in accordance with ASTM C618.
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When compared to reference samples, the motar cubes, which replaced cement with
20% treated corn cob ash, had a 28-day compressive strength of 103%. Olafusi and
Olutoge (2013) conducted more research on the usage of CCA in concrete and
suggested that if early strength is a requirement, cement replacement levels should not

exceed 10%.

The effects of CCA in concrete as a partial replacement of concrete was studied (Isado
et al., 2014). In each of the three cases, the corn cobs were burned with oxygen present
in the open, creating the ash. All three publications recommended a maximum CCA of
10% when initial strength and durability characteristics have to be retained. In
agreement, 10% MHA was recommended as the appropriate replacement amount when
used as a cement replacement by Ndububa and Nurudeen (2015). Comparatively,
Kamau et al. (2016) generated CCA in the presence of oxygen for more than 8 hours at
temperatures between 650°C and 800°C. Results for compressive strength indicate that
7.5%, which was slightly less than the control, was the ideal replacement level. The
mechanism of combustion of the CCA was cited by the authors as the cause of the
results being unfeasible (Kamau et al., 2016). Table 2.3 is a summary of the key

discoveries found in the reviewed literatures;
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Table 2.3: Summarised literature on maize husk ash as a pozzolanic material

SIN Source Dehydroxyl. Pas. Oxides (%) RLR
g?:l; | (Dr#irr}) MM S0, FAS ca0 Mgo so,
1 Kevein and  500- 2160 - 383 390 783 50 17 10
Wang, 600
(2010)
2 Ndububa 600 - 75 782 803 33 38 05 10
and
Nurudeen,
(2015)
3 Kamau et 650 - - - 388 541 138 21 06 75
al., (2016) 800"

FAS = SiO2 + Al,O3; + Fe,03
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2.2.3. Palm Bunch Ash (PBA)
Global oil Production (2017) asserted that the production of palm oil reached 58.8

million tons globally in 2016, but it was anticipated to rise to 62.88 million tons by
2017-2018, an increase of 6.94%. At a yearly production rate of 970,000 tons, Nigeria
was positioned as the 5™ largest oil producers globally (World Oil Production, 2017),
with Indonesia and Malaysia occupying the top two spots. However, Otunye and
Azuma (2016) stated the significance of Nigeria in oil production, been the first

producers of the palm seedlings for Indonesia and Malaysia (2016).

As a result of the fueling of the palm oil production system with palm bunches
(Fronde) and palm kernels, palm oil production facilities naturally produce palm oil
fuel ash. However, this research chose to concentrate only on palm bunches and palm
kernels in order to facilitate control as well as management of the majority of palm

bunches and kernels that are now available as waste.

Amaziah and Zumah (2016) looked into the impact of PBA on concrete when it was
used in place of some of the cement. Palm bunch was created by open burning the
palm to ashes and sieving through a 600 um sieve. For regular concrete and light
weight concrete, the ideal replacement level was proposed at 5% and 20%,
respectively.

2.2.4. Palm Kernel Ash (PKA)

Both the husk and the shells of the palm fruit are used as fuel in the boiler of palm oil
mills after the palm oil has been recovered from the fruits (Olowe and Adebayo, 2015).
According to the United States Environmental Protection Agency (EPA, 2023), 5-25%
PKA by weight of solid waste is created following burning.

One of the many researchers that have studied the impact of palm kernel ash in
concrete when used as a partial substitute for cement in concrete is Olowe and
Adebayo, (2015). The ash prior to integration in a cement mix, was sieved to pass a 45
pum sieve, albeit their report did not specify how it was prepared. The findings of the
compression test showed that strength decreased with higher percentage replacement
levels and increased with age, which is consistent with the majority of earlier papers on
pozzolans that are particularly rich in silicon oxide and poor in calcium oxide. 10%

PKA was the ideal and suggested replacement level (Olowe and Adebayo, 2015).
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Oti et al., (2015) suggested replacing up to 50% of the cement in concrete. The mode
or temperature at which the ash was formed is unknown, but it was sieved to pass a 36
micron meter sieve. A super-plasticiser was also used in the research to regulate
workability and compaction factor. The 25% PKA content replacement level was ideal,
but using the strength activity index as a guide, a 50% replacement level produced

outcomes in terms of strength that could be used.

Oti et al., (2015) adjusted the rate of burning at which PKA was to be manufactured
between 350 °C and 750 °C in order to conserve energy and safeguard the
environment. They claim that 750 °C increases PKA's potentials for cement

replacement in concrete.

Recent studies on PKA's effects on concrete's compressive strength were reported by
Fadele and Ata, (2016). A 212 mm BS sieve was used to filter the ash after it was
produced by open burning for an unknown period of time or at an unknown
temperature. They recommended replacing cement up to 30% by weight at 5%
intervals, with 5% levels of replacement for grade M25 concrete and 15% levels
of replacement for grade M20 concrete. An overview of the major discoveries made in

the research reviewed may be found in Table 2.4;
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Table 2.4: Summarised literature on palm kernel ash as a pozzolanic material

SIN Source Dehydroxyl. Pas. Oxides (%) RLR
Calc.  Dur. (M)  Si0, FAS CaO MgO SO, (%)
(°C) (min)
1 Olowe and - - 45 - - - - - 10
Adebayo
(2015)
2 Oti et al, 350- - 45 - - - - - 25-50
(2015) 750
3 Fadele and Ata - - 71 - - - - - 5-15
(2016)

FAS = SiO2+ A|203 + Fe,04
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2.2.5. Coconut Husk Ash (CHA)

The outer layer of the coconut fruit before the shells is known as the husk. Nigeria is
listed as the 18 th country with the biggest capacity for coconut production by World.
Nigeria's annual manufacturing capacity was estimated to be 265,000 tons. The
coconut's flesh makes up between 40 and 70 percent of the entire fruit. This indicates
that the husk and shell make up more than 30% of the 265,000 tons of coconuts
produced in Nigeria. Around 61 million tons of coconuts were produced worldwide in
2014 (Atlas, 2017).

Arum et al. (2013), produced the samples by allowing the husk to air dry for three (3)
months before calcining it for six (6) hours at 700 °C and allowing it to cool for 72
hours before filtering through a 45 um sieve, provided more exact results. Their
specimens had longer setting periods than the control, like with all pozzolanic effects.
It's interesting to note that the compressive strength increased with increasing CHA
content up to 15%, before declining as the CHA content exceeds 15%. Thus, a partial
cement substitution level of 15% using CHA was advised (Arum et al., 2013).
Kurniawan et al. (2016) also looked into the results gotten by combining fly ash and
CHA in concrete. At 650 °C, the synergised sample was calcinated in an oven to create
the ash specimen. Strength effects were seen at ages 3 days and 7 days, and
replacement levels up to 30% were made. At a synergistic combination of 5% fly-ash:
25% CHA, the best compressive strength result was attained. Early observations on
strength (7 days curing) showed a strength increment of 8.4% larger than the control
specimen, and seen to be likely influenced by the fly-ash, which was found to contain
roughly 7.31% CaO. Nevertheless, 10% replacement level provided the best and most
acceptable outcomes for cement replacement utilizing solely CHA.

Anifowoshe and Nwaiwu (2016), thoroughly dried coconut fiber, calcined for 1 hour
and 40 minutes at a burning rate of 600 - 700 °C, and then allowed to cool before
filtering through a 150 micron screen. Replacement levels ranged from 0 - 100%, and
40% replacement level was recommended for light concrete structures. However, for
all curing ages reported as well as levels of substitution, it was observed that the
control retained superior compressive strength indices. Table 2.5 is a summary of the

key discoveries found in the reviewed literatures;
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Table 2.5: Summarised literature on coconut husk ash as a pozzolanic material

SIN Source Dehydroxyl. Pas. Oxides (%) RLR
(%)
Calc. Dur.
°C) (min) (um) Si0, FAS CaO0 MgO SO;
1 Arum et al. 700 360 45 480 745 6.6 - - 15
(2013)
2 Kurniawan et 600 360 - 63.3 64.0 0.77 029 0.53 10
al. (2016)

FAS = SiO2 + Al,O3 + Fe,03
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2.2.6. Coconut Shell Ash (COSA)

Bheel et al. (2021), examined multiple papers on the impact of COSA, which serves as
a partial substitute for cement, on the compressive strength, density, and setting times
of concrete. The shells were dried in the air for 48 hours and then allowed to burn
wildly in oxygen-rich environment before being sieved to pass a 75 pm sieve. Based
on the findings of the 28-day compressive strength test, a replacement percentage
range of 10-15 percent was recommended as ideal. With rising COSA content, density
was seen to decline. Setting times and compressive strength findings followed the
trend of earlier pozzolan studies in that an increase in COSA content decreases both
strength characteristics and setting times.

In order to study the impact of COSA's partial cement replacement on concrete,
Oyedepo et al., (2015) restricted their replacement amount to no more than 5% COSA.
Ash production was place throughout the course of two phases. Calcination of the
charred ashes to a temperature of 800 °C for 8 hours was required in phase two before
sifting to pass through a 75 micron screen. Phase one entailed uncontrolled burning of
the air dried shells for 3 hours. It is surprising that the oxide composition results
matched perfectly those of Bheel et al., (2021), which is unlikely given the different
fabrication methods for the specimens. The technique and objective sections of the
article are in conflict with the published compressive strength results, which were for
levels of 30% replacement. The paper did not include the results for the 5%

replacement level.

Findings on the impact of COSA on several concrete properties were also published by
Kumar and Kumar, (2014). The ash was created by uncontrolled burning for three
hours when there was oxygen present. The ashes were employed in startling amounts
to replace up to 30% of cement; the sieve size was not stated. Based on results for
compressive strength, the ideal and suggested replacement level was set at 10% COSA
content. Similarly, Olusunle et al., (2015) published findings on the effect of COSA in
cement structures and recommended 10% COSA as ideal level of cement substitution
relative to optimum strength and durability indices.

Between ages 3 -7 days, Ahmed et al. (2016) observed the pace at which cement

concrete gained strength in comparison to 10%COSA-cement blended concrete. It was
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found that the compressive strength of the control specimen increased by 59% between
ages 3 and 7 days, whereas the specimen made up of 10% COSA-cement increased by
67%. When compared to the 10% COSA-cement blended specimen, the control
specimen had 4% more compressive strength at age 3 (3 days), but by age 7, this
difference had decreased to 2.5%. (7 days). The authors came to the conclusion that
there would be no negative impact on the compressive strength of the final concrete
specimen at 10% replacement levels based on the results of the compressive strength
tests after 7 days.

The impact of COSA on the engineering characteristics of COSA-cement blended
concrete was the subject of research results published by Bheel et al., (2021). The
shells were calcined at 700 °C for 5 hours, and cooled at room temperature for an
additional hour prior to filtering through a 90 um sieve. According to results on
compressive and tensile strength of the COSA-cement blended concrete at ages 28
days, as measured between 0 — 20% COSA content, a recommendation of 10% COSA
cement substitution level was made. Table 2.6 provides a summary of the key

discoveries in the literatures analysed:;
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Table 2.6: Summarised literature on coconut shell ash as a pozzolanic material

S/IN Source Dehydroxyl. Pas. Oxides (%) RLR
%alc. Du_r. _ (%)
() (min) (um) Si0O; FAS CaO0 MgO SO;
1 Utsev  and X - 75 379 776 498 189 0.71 10-15
Taku (2012)
2 Kumar and X 180 - - - - - - 10
Kumar
(2014)
3 Bheel et al., 700 300 90 - - - - - 10
(2021)

FAS = SiO, + A|203 + Fe,03

X = Open air burning
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2.2.7. Cassava Peel Ash (CPA)

Food and Agricultural Organization of the United Nations published that Nigeria was
the lead cassava producer as at 2017 (Ikuemonisan et al., 2020), which accounted for
20% of the cassava produced globally with a production capacity of 54.8 million tons,

or around 20.4% of the total capacity for the production of cassava in the globe.

In concrete, cassava peel ash was also used to substitute cement to amounts as high as
25% at intervals of 5% (Salau et al., 2012). A 150 pm sieve was used to further
separate the ash after it had been produced at 700°C for 90 minutes. When the
percentage of CPA grew, it was noticed that the workability and compacting factor
decreased. According to suggestions provided in light of 28-day compressive strength
data, replacement levels shouldn't exceed 15% of CPA content. Raheem et al. (2020),
on the other hand, denied the viability of CPA use in concrete based on the unfeasible
28-day compressive strength result. The ash was produced by controlled burning at
500 degrees Celsius with an unidentified filter size for an unknown period of time or
rate. Using the peels from processed cassava as a partial substitute for cement in
concrete, they however observed that at ages 28 day, the compressive strength values
at 5% CPA content had a strength activity index (SAI) of 55% which is below the 75%
SAI requirement and hence recommended CPA levels to be below 5% if compressive

strength is of priority (Raheem et al., 2020).

Additional research on the impacts of CPA in cement structures when used as a partial
cement substitution utilizing various manufacturing techniques was reported by
Ogbonna et al. (2020) and Ofuyatan et al. (2018). According to Ogbonna et al. (2020),
5-10% is the maximum and appropriate level of replacement for cement based on 28-
day compressive strength using CPA. Strength activity index at this level was

above 75%, and hence satisfies the mechanical criteria for pozzolanicity.

Table 2.7 is a summary of some literatures on cassava peel ash as a supplementary

cementitious material.
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Table 2.7: Summarised literature on cassava peel ash as a pozzolanic material

S/IN Source Dehydroxyl.  Pas. Oxides (%) RLR

Calc. Dur. Si0, FAS CaO MgO SOs; (%)
(OC) (min) (p'm)

1 Salau et al. 700 90 150 58.0 722 853 502 218 15

(2012)

2 Ogbonna et - - 75 - - - - - 5-10
al. (2020)

3 Ofuyatan et 700 70 600 59.7 723 84 5.2 2.1 10
al. 2018

FAS = S|02 + A|203 + FeZOg

X = Open air burning
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2.2.8. Periwinkle Shell Ash (PSA)

The Littorinidae family of sea snails includes the periwinkle kind of sea snail which is
widely distributed throughout Nigeria's coastal regions and the rest of the world. The
shell is an unneeded by-product that is generally haphazardly disposed of or used in
unconventional ways as a substitute for coarse aggregate in the building sector after the
edible section has been removed. These snails are found in the Niger Delta lagoons
between the Nigerian cities of Calabar in the east and Badagry in the west. (Antia et
al., 2020). One of the seashells with a high CaO content that can improve the
pozzolanicity of waste materials with a high SiO, content for use in the engineering
and building industries is the periwinkle shell.

The results of using PSA in place of up to 40% of the cement in concrete were
published by Eziefula et al. (2020). A furnace was calcined at a temperature of 800°C
to make PSA. To allow it to pass through a 45 pm sieve, the ash was ground up.
Strength and workability/slump were shown to decrease with increasing PSA content.
Nonetheless, as stated by earlier studies, compressive strength was shown to increase
with age. According to results from 28 days of compressive strength tests, a
replacement level of 10% PSA was advised; however, results from replacement levels
of 10% to 30% were seen to exceed 80% of the mean compressive strength, and as
such, 30% of the cement could be substituted with PSA without negatively impacting

on the compressive strength of the cement structure.

Antia et al. (2020) produced PSA to blend with cement in the production of laterite
blocks. Cement was replaced up to 30% and results obtained on water absorption as
well as shrinkage observed to be feasible even at 30% cement replacement level.
Eziefula et al. (2020), produced PSA at 800 °C calcination temperature and Passinga
45 um sieve. According to the results of the compressive strength tests, the ideal
replacement level should be between 10% and 20% of the cement content. By adding
sodium nitrate (NaNO3) as an admixture, the replacement level could be increased to
30% without adversely affecting strength and durability (Eziefula et al., 2020).

Umoh and Ujene (2015) employed a distinctive manufacturing technique that
involved calcining the shells at 600 °C for 20 to 30 minutes, allowed to cool for 24
hours, and then crushed to pass through a 75 um sieve. It was demonstrated that the
28-day compressive strength was 0.96% greater at 30% PSA + 2% NaNO; than the
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control specimen when its level of substitution was set at 30% while the NaNO;
proportions were altered. Therefore, if larger PSA concentrations were to be used, the
scientists suggested adding 2% NaNOj to the cement mixture. (Umoh and Ujene,
2015).

According to Amarachi et al. (2021), PSA manufactured at 1000°C and sieved to pass
a 75 micron meter BS sieve possess potentials to substitute no less than 10% of PLC in
cement structures without degrading the compressive strength of the material by more
than 0.4% at age 28 compared to the control specimen. He went on to assert that
durability is enhanced at such high PSA concentrations due to increased resistance to

acid and sulphate attacks.

Table 2.8 presents an overview of the key discoveries found in the studied literatures.
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Table 2.8: Summarised literature on periwinkle shell ash as a pozzolanic material

S/IN Source Dehydroxyl.  Pas. Oxides (%) RLR
Calc. Time (%)
(°C) (min) (um) SiO, FAS CaO MgO SO,
1 Eziefula et 800 - 45 338 500 408 048 0.2 10-30
al. (2020) 6
2 Antia et al., - 75 356 7.6 443 9.0 - 5-30
(2020)
4 Umoh and 600 20-30 75 272 383 521 082 0.2 30
Ujene (2015) 6

FAS = SiO2 + Al,O3 + Fe,04

X = Open air burning
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2.2.9 Snail Shell Ash (SSA)

In the Eastern and Western areas of Nigeria, snails are extensively gathered, with the
edible half being eaten while the shell is dumped in landfills. It has enormous promise
in the building business, particularly as a cementitious alternative, just like most if not
all molluscs because it possesses a high concentration of calcium oxides (Tayeh et al.,
2019).

In order to use the ash as a partial substitute for cement in concrete, Etuk et al. (2012)
sun-dried the shells for three days prior to calcination for a period of four hours at 800
°C and grinding them till they passed through a 63 pum screen. He found that raising
the SSA percentage always lengthens setting periods and decreases strength. A 15%
replacement level was suggested as the ideal threshold. In addition, Zaid and Ghorpade
(2014) noted that snail shell ash when sieved using a 90micron meter BS sieve can
efficiently substitute 15-20% of cement in concrete and cement structures, without
significantly reducing strength.

Inyang and Etuk (2016) changed the SSA calcination range to 900 -1600 °C to observe
how temperature affected the chemical characteristics of the ash. The chemical oxides
in the ash were not significantly affected by temperatures above 900 °C, according to
the results. It follows logically that calcining shouldn't be done over 1000 °C to

conserve energy.

Regarding the impact of using SSA as a partial replacement for cement in concrete,
Syed and Vaishali (2014) discovered some quite unique and intriguing results. The ash
was made by first washing to remove organic waste, calcining at a temperature
between 600 °C and 800 °C, and then further grinding into fine powder. Compressive
strength for the 7 and 28 day tests was best at 20% SSA content, which was 5% and
8% more than control, respectively. 40% replacement level, however, was also higher
than the control at ages 7 and 28 days. About 50% SSA was recommended to replace

cement in an effective manner without sacrificing strength (Syed and Vaishali, 2014).

Raheem et al. (2016) observed the impact of dehydroxylation on the pozzolanic
indices of SSA, just like Inyang and Etuk (2016) did. They experimented with

temperatures between 650 and 1000 °C at various time intervals and found that
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calcining at 650 °C for 90 minutes is the best method, which they utilized to produce
the ash. The authors suggested a 20% optimal replacement amount based on the
Strength Activity Index (SAI). Table 2.9 is a summary of the key discoveries found in

the reviewed literatures.

2.2.10. Clam/Oyster Shell Ash (CSA)

Clams and oysters are both aquatic organisms that are abundant in Nigeria's coastal
regions and are known to be calcium-rich. Oyster shell, Short-necked clam shell,
cockle shell, and green mussel shell, were the four marine shells that Lertwattanaruk et
al. (2012) studied (OS). They were cleaned, ground to pass sieve No. 4, wet milled to
pass sieve No. 200, and then dried in an oven at 110 + 5 °C for 24 hours to turn them
into ashes. The resultant ashes were added to mortar at amounts up to 20% by mass of
the total cement as a partial cement substitute. Although the water required demand of
the fresh mixes did not quite follow literature, which claimed that water demand
decreased as the replacement level increased, setting times were shown to increase
with increasing percentages of the ashes. Also, it was found that as the percentage of
ashes utilized increased, thermal conductivity decreased.

Although researchers did not specify the particular method for preparation of the ash,
Ephraim et al. (2019), found that between 5 and 20% the ashes from the shells could
be utilized to substitute PL in cement structures successfully. Olutoge et al. (2016) also
cleaned and sun-dried clam shells for five days before they spontaneously caught fire
and sieved through a 4.75 pum sieve. The resultant ash was utilized in concrete to
partially replace cement. Maximum cement replacement amount was determined to be
5%, which had a SAI of 82.23% and was 17.8% lower than the control specimen.

Table 2.10 is a summary of the key discoveries found in the reviewed literatures;
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Table 2.9: Summarised literature on snail shell ash as a pozzolanic material

replacement

SIN Source Dehydroxyl. Pas. Oxides (%) RLR
Calc. Time
(°C) (min)  (um) SiO, FAS CaO MgO SO3 (%)

1 Etuk et al. 800 240 63 263 40.2 555 04 018 15

(2012)

2 Syed and 600- - 75 06 1.7 561 069 019 10-40
Vaishali 800
(2014)

3 Raheem et 650 90 - 0.78 223 501 059 024 20
al.(2016)

FAS = SiO,+ Al,O3 + Fe,04

X = Open air burning

39



Table 2.10: Summarised literature on clam shell ash as a pozzolanic material

SIN Source Dehydroxyl. Pas. Oxides (%) RLR
Calc. Time
(°C) (min)  (um) Si0, FAS Ca0O MgO SOj (%)
1 Lertwattanar 110 1440 75 0.84 1.04 540 0.08 0.16 20
uk et al.
(2012)
2 Ephraim et - - - 404 446 90.0 065 072 5-20
al., (2019)
3 Olutoge et X - 4.75 40.7 470 511 0.18 - 5-10

al. (2016)

FAS = SiO2 + Al,O3 + Fe,03

X = Open air burning
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2.2.11. Hybrid Agricultural Pozzolans (HAP)

The term "hybrid agricultural pozzolans” (HAP) refers to pozzolans that have been
created by combining two or more pozzolans, either during production or during
usage. The majority of the publications listed examined how these pozzolans worked
together while being combined at the point of application, in essence, the individual
pozzolans were made independently. Wheat straw ash (WSA) and RHA have a
synergistic impact, according to studies by Ajay et al (2007). The ashes were first
calcined at a regulated rate of 2 °C per minute up to 600 °C, followed by 2 hours of
grinding. In concrete manufacturing, 15% of cement was replaced with ashes, which
ranged between 10% RHA:5% WSA, 5% RHA:10% WSA, and 7.5% RHA:7.5%
WHA. In terms of strength and durability, it was claimed that equal amounts of WSA
and RHA (7.5% RHA + 7.5% WHA\) produced outcomes that were better than control
at all ages (Ajay et al.,, 2007). When RHA and Metakaolin are produced at
temperatures between 650 and 800 degrees Celsius and 700 and 850 degrees Celsius,

respectively.

Kannan and Ganesan (2012) found that an optimal level of cement replacement at 30
percent is feasible with no noticeable drop in neither compressive strength nor
durability of the cement concrete. It is seen from the above illustrations that the oxides
of Metakaolin, RHA, and WSA, are all poor in CaO and very rich in SiO,, with little
variance. Hence, utilizing only one pozzolan in higher proportions would have the

same effect as using the synergy of these pozzolans.

Many studies detailing the synergistic impact of different pozzolans on cement
constructions were published by Ettu et al. (2013). The individual effects of the
pozzolans were found to be either somewhat greater or roughly equivalent to the
combined effects in all of these. So, unless it becomes necessary to manage the
available resources fairly, there is no longer a necessity to combine pozzolans with
similar chemical properties. In general, the synergy of these pozzolans did not produce

any additional strength or durability effects.

Umoh et al. (2013) blended periwinkle shell ash (PSA), which is high in calcium oxide
(CaO), with bamboo leaf ash after taking into account the positive benefits of both
silicon oxide (SiO2) and calcium oxide (CaO) (BLA — rich in SiO2). The BLA
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proportion was fixed at 10%, and the PSA proportions were adjusted at 5% intervals
between 10% and 30%. As such, the 28-day compressive strength results, showed the
best mix was a synergy of 15% PSA:10%BLA.

The synergistic effects of RHA and GGBS used in partial cement substituting in geo-
polymer concrete were published by Inti et al. (2016). With RHA fixed to GGBS at a
30:70% ratio, up to 30% of the cement was changed. Although 30% replacement was
only one unit worse than the control level, the optimal replacement level was 20%.
Therefore, it's likely that changing the synergistic ratio of the pozzolans could lead to
more interesting results. Ban and Nobert (2016) researched on the indices obtainable
when synergising RHA and slag in sandcrete, which was similar to Inti et al. (2016).
Replacement levels were raised to 100% and effects were observed after fixing RHA
to GGBS at a ratio of 15:85%. Intriguingly, 70% replacement level was at its highest at
age 7, with 16% of the control’s compressive strength overtaking it at age 16days and
8.2% at age 28days. These are the first workable results at such young ages as 7 days
and 28 days with as high as 70% cement replacement levels in concrete. This is
explained by the fact that GGBS has high CaO levels for early strength development
and high SiO; levels for late strength growth.

RHA and cement kiln dust have a synergistic impact, according to Sulaiman and Aliyu
(2020). While it was noted that the RHA was rich in SiO;, a oxide composition of
cement kiln dust (CKD) revealed that it has excess 40% calcium oxides (CaO), making
the combination logical. In concrete, the pozzolans were utilized to replace up to 50%
of the cement in an equal ratio. The best mix design for this synergy was suggested
based on compression strength data between ages 14 and 28 days, which revealed that
15%RHA + 15% CKD demonstrated the greatest strength gain rate. However, the
authors also suggested that, should the necessity to raise the replacement level above
30% arise, the pozzolans' proportioning be changed so as to investigate the potentials
for more applicable results. The synergy RHA and SSA in masonry manufacturing, as
partial substitutes for cement in sandcrete at levels up to 50% was published by
Dankwah and Nkrumah (2016). The pozzolans were set at a 20% RHA: 80% SSA

ratio.

Without sacrificing the blocks' strength and longevity, a replacement level of 30% was

found to be ideal. However, a combination of both has increased replacement levels by
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up to 30%, and maybe even more if the proportioning ratio is altered. The majority of
RHA and SSA publications were unable to support replacement amounts of more than

20% in the cement mix.

2.3 Measuring Pozzolanic Properties

As previously highlighted, the pozzolanic effect or reactivity of SCM’s/Pozzolans is
dependent on some characteristics which can be physically, chemically and or
mechanically based. Physical characteristics such as fineness, amorphousness, specific
surface area have been shown to directly influence the reactivity of pozzolans in
concrete and mortar (Walker and Pavia, 2011). The chemical property which is
primarily the oxide compositions of the pozzolanic compound, is also a major factor
influencing pozzolanic activity as could be seen in the definition of pozzolans
(compounds with little or no binding property but develops such when in finely
divided form reacts with CaO or CaOH in the presence of water at room temperature).
Pozzolans are expected to have sufficient amount of silicon oxide as this is needed to
form the silicic acid (Si(OH);) needed in the acid based reaction with Portlandite
(Ca(OH),), (hydration product of cement or lime) to form secondary Calcium Silicate
Hydrate (CSH) gel. This reaction is as shown below;

Ca(OH), + (Si(OH)4) = Ca, + H,Si0274 + 2H,0 = CaH,Si04.2H,0

Mechanical characteristics of SCM/Pozzolans are detected after they have been
integrated in cement or mortar specimens and cured under specific ages ranging from 3
to 90 days. However, 28 day compressive strength of the concrete or mortar specimens

are usually used to determine strength activity of the SCM/Pozzolans.

2.3.1 Physical Properties

The basic physical properties guiding the reactivity of SCMs/Pozzolans are Fineness
and Shape (Amorphousness) of the materials.

2.3.1.1 Fineness/Surface Area

Fineness is a measure of the quantity of material passing through a specific sieve
number/size, in this context, fineness of the material is a relative measure of the area of
the material available for hydration also known as Surface Area. In order words, the

greater the fineness, the greater the area available for hydration and according to
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literature; increases in fineness increases strength (particularly at ages below 28 days),
reduces setting times and water absorption rate but increases slump and workability,
(Ahmad, 2002; Walker and Pavia, 2011; Sajedi and Razak, 2011; Huajian et al., 2015;
and Yu et al., 2021).

Figures 2.3 and 2.4, represents the effect of pozzolan fineness on compressive strength
of concrete. Yu et al., (2021), further added that in regards to the fineness of a
SCM/Pozzolan, the uniformity factor (n) which is a measure of the material’s
homogeneity is a strong variable greatly impacting on the pozzolanicity of the
material. It is mathematically expressed as the ratio of the diameter allowing the
passage of 60% of the material (D60) to the diameter allowing the passage of 10% of
the material (D10)

Whereas fineness is usually detected using either 45 or 90 um sieve, surface area
requires the air permeability apparatus while uniformity factor requires BS sieve set in
accordance to BS 410 — part 1 (2000) and standard conforming to BS EN: 933-1
(1997). Standard fineness determination for cement and pozzolans conforms to IS
4031 part 1 (1996), 1S 4031 part 15 (1991), BS EN 196-5 (1996), and BS 3892 — 1
(1997).
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These international methods generally adopt either wet sieving approach requiring the
use of a 45 um sieve or a dry sieving approach requiring the use of 90 um sieve. In
either case, the percentage of material retained on the specific sieve after sieving is
read as the fineness of the material as shown in the equation 2.1 below;

— WR
F=or (2.2)
Where;
F = percentage fineness of the material
Wr = Weight retained on the specific sieve in grams (g)
W+t = Total weight of sample before sieving in grams (g)

Figure 2.5 represents a directly relationship between SCM/pozzolan uniformity

coefficient and the compressive strength concrete.
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2.3.1.2 Amorphousness

Amorphousness is a shape factor. It tends to illustrate how far cementitious or
supplementary cementitious particles are from crystalline. Walker and Pavia (2011)
illustrated that amorphousness is the major factor determining the reactivity of
pozzolans. This is however a rather early conclusion as fineness as well as oxide
compositions plays an equally great role.

Table 2.11 IHllustrates that Microsilica (MS) has the highest finest, Table 2.12 shows
that GGBS is highest in amorphous content, but Figure 2.2 illustrates that Metastar has
the highest mechanical reactivity before GGBS and Microsilica. Although, Metastar is
shown to be mostly amorphous, with the second best in fineness after GGBS, theory of
Walker and Pavia (2011) on amorphousness being the greatest factor determining

pozzolanic reactivity did not follow absolutely.

49



Table 2.11: Rating of pozzolans as a function of fineness (Source: Walker and
Pavia 2011)

Pozzolan Surface area (m2/g) Fineness rating
MS 23.09 MS

Metastar 18.33 Metastar

RHA 13.70 RHA

RBD 4.29 GGBS

Tile 4.16 PFA

PFA 4.09 Leca

GGBS 2.65 Tile

Leca 1.28 RBD

YBD 0.31 YBD

50



Table 2.12: Mineralogical Compositions and rate of amorphousness of pozzolans
(Source: Walker and Pavia, 2011)

Pozzolan  Rate of amorphousness Mineralogical composition

GGBS (5) Totally amorphous No crystalline fraction

Leca (3) Intermediate Quartz, wadsleyite, mullite and illite

Metastar  (4) Mostly amorphous Quartz, tohdite, aluminium oxide, wollastonite
and paragonite

MS (4) Mostly amorphous Quartz and cristobalite

PFA (3-2) Intermediate to slightly  Quartz and mullite peaks

RBD (2) Slightly amorphous Quartz, hematite, anhydrite, gypsum, and anorthite

RHA (4) Mostly amorphous Quartz and cristobalite

Tile (2) Slightly amorphous Quartz, hematite, gismondine and gypsum

YBD (2) Slightly amorphous Mullite and cordierite
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2.3.1.3 Water Demand

An increase in water content generally increases water to binder ratio, increases
slump/workability, but reduces strength and durability (Eren, 2015). As such,
pozzolans with high water demand and higher water/binder ratio will theoretically
have lower strength and durability features. On a general note, mixes containing
pozzolans as partial cement replacements require more water to attain sufficient
workability hence increased water/binder ratio which could alter the strength

credentials of the resulting mortar or concrete particularly at early ages.

The effect of water demand of Portland cement on the structural performance of

concrete is as shown in Figures 2.6 and 2.7 respectively.
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2.3.2. Chemical/Oxide Composition

Researchers have indicated that chemical oxide composition of binders plays a major
role in determining the strengthening as well as durability properties of the resulting
concrete or mortar. Cement as a binder is known to be primarily composed of Calcium
oxide as well as silicon oxide. Table 2.13 indicates that between 60-66% of Portland
cement is made up of calcium oxide (CaO), 19-25% is made up of Silicon Oxide, 3 —

8% of aluminum oxide and 1-5% of Iron Oxide (Eren, 2015).

Table 2.13 clearly shows that C3S constitutes beyond 50% of the cement compound.
However, this compound is also responsible for the early rate of hydration as well as

early strength gain rate of the cement.

Cement is further known to hydrate beyond 80% at age 28 and above; a property
basically attributed to the fineness as well as the major chemical compounds of the

cement. This is as shown in the Table 2.14.

It therefore follows that below 28 days, an abundance of calcium oxide is responsible
for major strengthening of the resulting mortar or concrete, however, a balancing
strength effect beyond 28 days is attributed to the presence of Dicalcium Silicate (C2S)
which contains abundance of silicon oxide. Additionally, Tricalcium (C3A) aluminate
which is primarily composed of oxides of aluminium constitutes only about 8% of
cement clinker and is responsible for the earliest form of hydration (1-6 days) in

cement (Eren, 2015) as can be deduced from Tables 2.13- 2.14.
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Table 2.13: Major Chemical compounds of Portland cement (Source: Ozgur Eren,

2015)

Name of Compound Chemical Composition Abbreviation Percentage (%)
Tricalcium Silicate 3Ca0.Si10, C3S 51

Dicalcium Silicate 2Ca0.S10, C2S 23

Tricalcium 3Ca0.A1,05 C3A 8

aluminate

Tetracalcium 4Ca0.Al,03Fe,05 C4AF 9

aluminoferrite
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Table 2.14: The rate of Hydration /Strength gain (Source: Eren, 2015)

Chemical Compounds Time to achieve 80% hydration (days)
C3S 10
C2S 100
C3A 6
C4AF 50
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Table 2.15 Oxide Composition of Specific Pozzolans (Source:

Walker and Pavia,

2011)
Pozzolan SiO, Al,O3 SiO,+ CaO Fe0O3 SOz TiO, MnO K,O MgO P,0s
Al20;

GGBS 34.14 13.85 47.99 3927 041 243 054 025 026 863 -
Leca 52.78 2439 77.17 3.59 1142 039 088 0.37 282 270 -
Metastar 51.37 45.26 96.63 - 0.52 - - - 2.13 0.5 -
MS 92.10 2.13 9423 1.10 1.62 0.28 - - 1.32 1.05 0.23
PFA 65.32 2472 90.04 094 484 037 091 - 1.37 0.68 0.37
RBD 48.24 22.15 70.39 1031 6.67 694 091 - 297 1.17 0.26
RHA 93.84 193 9577 0.68 029 - - 0.12 1.38 045 1.11
Tile 46.61 2147 68.08 11.34 7.19 7.62 0.96 - 3.05 1.12 0.20
YBD 4390 4494 88.84 036 2.11 - 04 - 1.27 6.28 0.26
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Based on the above, it can be confidently stated that the replace-ability of cement using
supplementary cementitious materials is greatly dependent on the chemical properties
of the SCM and how they complement that of cement. A good combination of calcium,
aluminium and silicon oxide is therefore a necessary requirement of SCMs in order to

maintain early as well as late strength development of the resulting concrete mix.

Ground granulated Blast Furnace Slag (GGBS) a by-product of the steel industry can
replace up to 70% of cement due to its physical as well as chemical credentials. GGBS
is composed chiefly of calcium, magnesium and alumina-silicates. The rapid
quenching of the molten steel material yields glassy GGBS granules which are air
dried and further pulverized to fine powder (BS 6699, 1992). Ground granulated blast
furnace slag (GGBS) has been used as a partial replacement for cement in mortar and
concrete at replacement levels between 25 and 50%.

A typical compressive strength and percentage GGBS content as a cement replacement

is as shown in the Figure 2.8 (Bharnuke and Chore, 2014).

From the illustration in Figure 2.8, for both sand types, increase in GGBS content
leads to increasing compressive strength up to 40% replacement. However, results for
compressive strengths beyond 45% reduced with increasing GGBS content. Results at
60% replacement level are approximately the same as that of the control implying that
60% replacement level using GGBS as partial replacement is acceptable using

compressive strength as a yardstick.
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2.3.3 Cementation and Hydraulicity Indices

Cementation and Hydraulic indexes are parameters mainly dependent on the oxide
compositions of Silicon, Aluminium, Iron, magnesium and calcium. Figueredo et al.,
(2016), noted that silicon and aluminium oxides are the primary oxides responsibly for
the hydraulic behaviour of a material. In the discussion of their findings, they asserted
that at higher calcination temperatures, greater amounts of Alite (C3S) is been

produced.

ol - 2.8Si10, +1.1Al,0, +0.7Fe,0, (2.2)
CaO +1.4MgO

4l = SlozgagIZO33 (2.3)

Findings of Herbert ef al., (2019), as shown in Table 2.16, informs that Hydraulicity
Index is directly proportional to Cementation Index as well as compressive strength,
on the condition that all samples are prepared to have approximate uniform fineness.
This could explain the variation observed in the findings of Figueiredo et al., (2016),
as shown in Table 2.17 in which NHL2-B had a better cementation and Hydraulic
Indices when compared to NHL2-A, but was found to be lower in compressive

strength as the fineness of both samples was not defined.
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Table 2.16: Compressive strength and hydraulic index of calcined pozzolan-

cement mortars (Source: Herbert et al., 2019)

Pozzolan ID

Calcination Temperature

Based on 28 day curing 500 °C 600 °C 700°C 750°C 800°C Ref
age @30 Cem. OPC
replacement level
Ar  Comp. Strength 41.1 45.7 45.7 47.4 47.8 58.4
—-A  (Mpa)
Hydraulic Index  -4.22 23.49 2349 3373  36.14
Ar  Comp. Strength 42.0 43.1 49.8 48.1 48.2 58.4
-B  (Mpa)
Hydraulic Index  1.45 8.01 48.19 37.83  38.25
600 °C  700°C 750°C 800°C 850°C 900°C Ref
OPC
Ar  Comp. Strength 40.07 41.0 43.6 439 41.3 43.0 59.9
-C  (Mpa)
Hydraulic Index  -6.08 -442 994  11.82 -2.87 6.57
Ar  Comp. Strength 40.3 414 465  56.8 48.8 433 59.9
-C  (Mpa)
Hydraulic Index  -8.29 -221 2597 8287 38.67  8.29
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Table 2.17: Oxide composition. Cementation and hydraulicity index (Source:
Figueiredo et al., 2016)

Oxide NHL - 2A NHL - 2B NHL -2C
CaO 66.38 66.03 66.41
Si02 7.80 9.35 4.85
Al,O5 1.63 0.38 0.12
MgO 2.37 0.44 1.19
Fe,03 2.10 0.38 0.5
SO3 0.37 0.46 1.19
K,O 0.89 0.33 0.46
Na,O 0.31 0.49 0.49
TiO, 0.16 0.09 0.09
MnO 0.05 0.01 0.01
LOI 17.95 22.03 24.64
CI 0.36 0.40 0.21
HI 0.14 0.15 0.07
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2.3.4. Mechanical Properties

The mechanical activity of pozzolans is measured by compressive, tensile and or
flexural tests. A common approach is the strength activity index (SAI) approach which
specifies that a cement mix containing pozzolans as partial cement replacement, cured
for 28 days should be able to possess compressive strength results that are equal to or
greater than 75% of the control specimen containing 100% of cement as binder
(Walker and Pavia, 2011). The compressive strength development curve for Natural
lime as well Portland cement-based concrete is as shown in Figures 2.19 and 2.10

respectively.

The mechanical activity or strength development rate of cement mixes containing
pozzolans is primarily dependent on the physical and chemical factors reviewed above.
The rate of strength development in concrete is of great interest to the construction
industry. As such, concrete is expected to have achieved certain strength at respective
curing ages dependent on the concrete grade. This is a factor that could be used as a
guide in monitoring the mechanical pozzolanic reactivity of pozzolans in concrete at

defined curing ages
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Figure 2.9: Compressive strength of the mortars at 7, 14, 28, 91 and 180 days
Source: Figueiredo et.al. (2016)
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Figure 2.10: Grade M20 Nigerian cements and their concrete compressive
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Source: Nduka et al. (2014).
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From Table 2.18, it can be concluded that M20 graded concrete with a mix ratio

1:1.5:3 is expected to have compressive strengths not lower than 41%, 76% and 106%
at 3, 7 and 28 days respectively.
Similarly, Figure 2.11 represents a typical strength trend and rate for cement based

concrete structures as reported by CIVL 101(2021).
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Table 2.18: Average compressive strength achieved by Grade M20 concrete at

different curing ages (Source: Nduka et al 2014)

Comp. Nigerian Cement Brand > (%  Avg.
Strength  Dangote  Elephant  Unicem Atlas Other* Ibeto™ G % G.
(N/Mm2) M20). M20
3DAYS 7.80 9.00 7.50 8.70 15.00

% of G. 39.00 45.00 3750 4350 40.00  75.00 205.00 41.00
M20

7DAYS 14.80 17.50 15.00 13.20 17.00

% of G. 74.00 87.00 75.00 6750 65.00 85.00 45350 76.00
M20

28 days 19.00 22.50 22.50 22.00 21.80

% of G. 95.00 11250 11250 110.00 99.00 109.00 638.00 106.00
M20

xX —  Ibeto was not used in arriving at the average results
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2.4. Summary of Literature Review
The following briefly summarises the literature as reviewed.

1. The majority of articles used X-ray Florescence (XRF) and X-ray Diffraction (XRD)
investigations to identify the elemental (oxide) content and amorphousness of the

pozzolans.

2. With the use of equations for hydraulicity and cementation index, oxide
compositions are essentially required to forecast the hydraulic nature of samples.

3. Under different calcination temperatures, it was discovered that the cementation
index and hydraulic index of pozzolans form a quadratic curve, and this was observed

to cause a similar trend in the compressive strength of Pozzolan concretes.

4. The Strength Activity Index technique was primarily used to quantify the
mechanical pozzolanic activity of the pozzolans (SAI)

5. Calcination temperatures for the pozzolans' manufactured were found to range from
400 to 1000 °C.

6. It was found that the mechanical and durability properties of the resulting cement

structure were directly correlated with the pozzolanic material’s fineness.

7. Compressive strength is inversely correlated with the water-to-binder ratio. As a
result, methods for lowering concrete water use while preserving a satisfactory slump

must be proposed.

8. The precise time for calcination or combustion was hardly mentioned in any
publications, and there was no energy comparison between pozzolanic cements and
structures made entirely of Portland cement with regard to the environmental and

economic values and energy consumed in the production of the pozzolans.

9. The bulk of articles hardly ever mentioned or indicated the cost savings.

10. The appropriate calcination temperature must be determined by reference to other
scientific literature since no specific and optimum burning temperature has been

determined for the pozzolans according to their particular chemistries.
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11. For both SiO, and CaO rich pozzolans, cement replacement by single pozzolans
was often limited to below 20%. However, a synergy of the hybrid of both exhibited

acceptable results when employed over 30% replacement level.

12. The research that is currently available on hybrid pozzolans either combines
pozzolans with oxide compositions that are comparable to one another or fixes the
proportioning ratio of pozzolans with complementary oxides, leading to limiting

conclusion.

13. Previous research on hybrid pozzolans demonstrated that each individual pozzolan
was produced separately and independently before being combined to create the
hybrids. Given that energy demand and CO, emissions will be doubled, this method of
producing hybrid pozzolans will unquestionably have a detrimental impact on

sustainability.
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CHAPTER THREE
MATERIALS AND METHODS

3.1. Research Materials

Grade 42.5 Dangote Portland limestone Cement, river sand, 12.5mm to 19mm granite
and borehole water (used at water to binder ratio of 0.55), were the primary materials

for concrete production.

Supplementary cementitious materials used in this study are categorized as Primary
and Hybrid materials, with Agricultural pozzolans (AP) and Hybrid Agricultural
Pozzolans (HAP) being the two types.

Concrete specimens containing these materials as partial replacements for cement were
developed, tested in accordance with the research's objectives and the impacts were
measured. In light of this, the additional agricultural waste materials under the heading
of primary and hybrid materials are explained below, in addition to Portland limestone
cement, water, and aggregates (fine and coarse) which are the standard components for

concrete.

The study area is Niger Delta University environs of Amassoma community, Bayelsa
State, Nigeria, located at 4° 58' 13" N and 6° 6' 32" E, (Mindat.org, 2023). The

measured mean atmospheric temperature of the samples in this location was 25 °C.

3.1.1. Primary Research Materials

The primary research materials for this investigation were grouped under AP. They
included PSA and CSA. The primary materials were produced at five (5) respective
temperature conditions; atmospheric temperature, 200, 400, 600 and 800 °C. As such,

Ten (10) primary samples were developed as design specimens for the study.
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3.1.2. Hybrid Research Materials

The complementary oxides of silicon and calcium made up the five (5) sets of hybrid
materials that made up the synergistic synthesis of the hybrid research materials. The
hybrids were produced using mass proportioning in the following ratios: 70:30, 60:40,
50:50, 40:60, and 30:70. They were subjected to the same five levels of heat treatment
as is the case of the primary materials, to yield 25 hybrid research samples in total,
produced for the study. However, including the mix ratios of 100 : 0, and 0 : 100 (i.e.
PSA : CSA mix ratios), would bring the complete hybrid sample size to seven (7)
which if multiplied by the five (5) temperatures, brings the total number of samples to

thirty five (excluding the control.

3.1.3. Laboratory Tools and Equipment

The tools and equipment used were peculiar to the tests being conducted. All tools and
equipment were of standard quality and used in careful observation of the guidelines of
the relevant standards. On a broad scale, the following laboratory tools and equipment

were used in achieving the objectives of this research;

1. Compression testing machine
. Slump apparatus
Reactant frame

Dial gauges

2

3

4

5. Cube moulds
6. Rectangular moulds

7. Curing tanks

8. Pulverising machines

9. High capacity furnace

10. Digital infrared thermometer
11. Electric blower

12. Weighing scales

13. Sieve set and shaker

14. 90micron Sieve

15. Electric air blower

16. Concrete mixer

17. Wheel barrows
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18. Head pans
19. Camera

20. Pycnometer
21. Shovel

22. Head pans
23. Buckets

24. Trowels

3.2. Research Design

Table 3.1 is a summary of the research variables related and covered by this work.
Tables 3.2 and 3.3 are the temperatures and synergistic ratios adopted to achieve the

objectives of the study.
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Table 3.1: Research Variables

Independent Physical Mechanical  Durability
Variables Dependent Dependent Dependent
Variables Variables Variables

Calcination Colour Compressive  Water Absorption

Temperature Strength (WAI)

Synergistic Fineness Flexural Sulphate Attack

Ratio Strength (SISLID) and
(SIMLI)

Cement Specific Chloride Attack

Replacement Gravity (CISLI)

Level (Density)

Water Demand
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Table 3.2: Calcination Temperatures

Calcination Temperatures (°C)
25 200 400 600 800
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Table 3.3: Synergistic Ratios

Synergistic Ratio by Mass of Total Pozzolan content

PLC 100% 70%

60% 50% 40% 30% 100%
PSA PSA: PSA: PSA: PSA: PSA: CSA
30% 40% 50% 60% 70%
CSA CSA CSA CSA CSA
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3.3. Independent Variables

The independent Variables of this research exercise are Calcination temperature,

Synergistic Ratio and Cement Replacement Level.

3.3.1. Calcination Temperature (The Grinding Process)

Clam and Periwinkle shells were sourced from the environs of Amassoma Community,
in Bayelsa State. The samples were washed and sun dried for at least 48hours to a
moisture content of less than 3.0%, before subjected to a pre-pulverisation process. A
50 kg bag of periwinkle shell required about 15 minutes to be broken down and
prepared for calcination. A 50 kg of calm shell required a minimum of 45 minutes to
be broken down and prepared for calcination (requiring a hammer mill and followed
by an artesian mill). However, a synergy of both was ground for at-least 60 minutes

prior to Calcination.

Calcination on the clam shells, periwinkle shells and their synergies was done with the
aim of producing ash from the samples, releasing impurities such as CO,, and opening
up the trapped elements for oxidization. This was done at temperatures ranging
between 200 and 800 °C at 200 °C intervals. For the sake of a more detailed study,
non-calcined samples at atmospheric temperature were included in the study.

Calcination temperatures are as shown in Table 3.2.

3.3.2 Synergistic Ratio

Clam Shell Ash and Periwinkle Shell Ash were synergised to observe for possible
improvement in the Physico-mechanical behaviour of materials to be used in concrete.
For clarity of pattern, both materials were observed independently as well as when
synergised. Synergistic ratios are as shown in Table 3.3. The total number of samples
therefore incorporates the total number of temperatures as well as the synergies. The
sample configuration arising from the synergistic ratio and calcination temperature
necessitated the production of a total of 36 sample types for this research exercise as
shown in Table 3.4. Tables 3.5 and 3.6 represent the mix configurations for AP and
HAP concrete specimens.
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Table 3.4: Sample number and configuration for descriptive statistical analysis
(Objective 1)

SAMPLE ID CODE CALCINATION TEMPERATURE (°C)
PLC 1 25 200 400 600 800
PSA PSA 2 3 4 5 6
70PSA:30CSA 70P 7 8 9 10 11
60PSA:40CSA 60P 12 13 14 15 16
S0PSA:50CSA  50P 17 18 19 20 21
40PSA:60CSA 40P 22 23 24 25 26
30PSA:70CSA 30P 27 28 29 30 31
CSA CSA 32 33 34 35 36

Note: PLC is the control and its code name remains PLC, however, it is noted as
sample No. 1, hence, total sample size is 36
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Table 3.5: Mix Configuration for AP concrete specimens

Mass of Cement (PC) Replaced

20% 30% 40% 50%
Sample Code PC  PSA PC PSA PC PSA PC PSA
Control 100 O 100 0 100 0 100 0
PSA 80 20 70 30 60 40 50 50

Sample Code PC  CSA PC CSA PC CSA PC CSA

Control 100 O 100 0 100 0 100 0
CSA 80 20 70 30 60 40 50 50
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Table 3.6: Mix Configuration for HAP concrete specimens

Mass proportion of cement (PC)replaced
20% 30% 40% 50%
Sample PC PSA CSA PC PSA CSA PC PSA CSA PC PSA CSA
Code

Control 100 O 0 100 O 0 100 O 0 100 O 0

PSA 80 20 O 70 30 O 60 40 O 50 50 O

70P 80 14 6 70 21 9 60 28 12 50 3 15
60P 80 12 8 70 18 12 60 24 16 50 30 20
50P 80 10 10 70 15 15 60 20 20 50 25 25
40P 80 8 12 70 12 18 60 16 24 50 20 30
30P 80 6 14 70 9 21 60 12 28 50 15 35
CSA 80 O 20 70 0 30 60 O 40 50 0 50
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3.3.3. Cement Replacement Level

Cement was partially replaced by mass in the production of cube and beam concrete

specimens. The replacement levels are 20%, 30%, 40% and 50% respectively.

Based on variations in the cement replacement level, and Pozzolan type, the mix
configuration used in this study is as shown in Table 3.5 and 3.6 for AP specimens and

HAP specimens respectively

3.3.4. Physical Dependent Variable

Physical dependent variables include colour, fineness, specific gravity and water
demand.

3.3.5. Particle Size Distribution

Particle size distribution was conducted in accordance to BS 812 -103 (1985), for the
fine and coarse aggregate used in this experimental study in order to establish the
suitability of the materials in the production of concrete specimens.

3.3.6. Colour

The colour of the different samples was observed before and after calcination using the
British Standard colour chart (British Standard Colour. com, 2023).

3.3.7. Fineness
An indirect approach in accordance to the specifications of BS: 12 (1978) and IS 4031

part 1 (1996) was used to experimentally derive an index for the surface area of the

samples.
WR
F=_" (3.1)
Where;
F = percentage fineness of the material
Wg = Weight retained on the specific sieve ()
Wt = Total weight of sample before sieving ()
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3.3.8. Specific Gravity

All of the specimens underwent specific gravity testing in line with BS 4450-3 (1978),

and a potential correlation with mechanical properties was identified.

3.3.9. Slump and water demand

To determine and subsequently indicate the water demand for each mix, slump tests
were carried out on fresh concrete mixtures containing both primary and hybrid
samples as cement replacements in accordance with BS EN 12350-2; (2009). They

were compared to the outcomes of samples that contained only cement as a binder.

At a constant water/binder ratio, the higher the slump, the lower the water/binder ratio
required, the higher the hydraulicity of the material and hence the lower the water
demand. As such, water demand was seen as a vital component of this research work

to give a preliminary insight into the strength potentials of the samples in concrete.

3.3.10. Mechanical Dependent Variables

Mechanical dependent variables covered in this work are Compressive strength and

Flexural Strength.

3.3.11. Compressive Strength Test
Summing up the primary samples (10), hybrid samples (25), and the control (1), a total

of 36 samples were used as the research samples of this work. Compressive strength
tests were carried out at three (3) ages (28 day, 56day and 90day) using three (3) cube
specimens per mix. In essence, each sample had nine (9) cube specimens, hence a total
of 315 cube specimens per replacement level and 1260 cube specimens for 4
replacement levels (20%, 30%, 40% and 50%). The control specimens were 9 cubes,

which brings the total specimen size to 1269.

The cube specimens’ compressive strength was tested in accordance to BS EN 12390-
3 (2009). The curing method was full immersion for all concrete specimens produced
in course of the investigation. Using the strength activity index (SAI) technique, this

served as the main yardstick for assessing the reactivity of the pozzolans, and

83



contrasting the findings with those found for samples that contained 100% cement as
the binder.

The cube specimens were of 150 mm * 150 mm * 150 mm volumetric dimensions and
were subjected to submerged fresh water curing after 24 hr of production until the day
of testing. The compressive strength was calculated as the ratio of the crushing load at
failure (N) to the area of the cube being loaded.

. N ailure load (N
Compresswe Strength ( ) = ! - )
mm2 Area under loading (mm?2)

Strength Activity Index (SAI) according to ASTM C-618 and BS EN 12390-(3) is a

numerical index that measures the percentage relativity between the compressive

(3.2)

strengths of cement control concrete specimens and concrete specimens containing
pozzolanic/hydraulic materials as partial replacements for cement. According to the
cited standards, the compressive strength of cement blended concrete (concrete
containing pozzolans as a component of the binder) must not be than 75% of the

control concrete specimen (concrete containing cement as 100% binder component).

3.3.12. Flexural Strength test
In order to measure the samples effect in enhancing concretes ability to resist bending

due to loading, four point loading flexural strength test was conducted in accordance to
BS EN 12390- 5 (2009). The standards measure flexural strength using the following

equation.
— P
fof =5 (33)
Where
fe=  the flexural strength (in N/mm?)

P= the breaking load (in N);
B and d= the lateral dimensions of the cross-section (in mm) and

| is the distance between the supporting rollers (in mm).
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Figure 3.1: Loading mechanism for flexural strength testing
Source: BS EN 12390-5 (2009)
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Plate 3.1: Flexural strength testing of cement blended concrete beams
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3.3.13. Durability Dependent Variables

Durability dependent variables covered in this research work are water absorption,
Chloride attack and sulphate attack.

3.3.14. Water Absorption Index

Water absorption tests required the production of cube specimens of standard
dimension of 15 cm. Three (3) cube specimens per day per cement replacement level

per temperature amounted to a total of 1269 cube specimens.

Water Absorption Test; in accordance to BS 1881-122 (2011) was conducted on the
specimens to ascertain the water retaining capacity of the concrete specimens. Based
on recommendations from the BS 1881-122 (2011) and Coull (2014), water absorption
results were analysed for at ages 28, 56 and 90 days. Three (3) cubes per mix was
produced for this exercise, which after immersion curing, were oven dried at 105 £ 5
°C for 72 hours and resulting weight recorded as W1, furthermore, the specimens were
immersed in water for 24 hours and resulting weights recorded as W2. The ratio of the
difference in weights prior to immersion (oven drying weight, W1), and after
immersion (W2) to the oven dried weight (W1) expressed as a percentage constitutes
the water absorption capacity of the concrete specimen recorded as an index.

(W2— W1)x 100
w1

WAI = (3.4)

3.3.15. Chloride Induced Strength Loss Index

The marine environment is basically responsible for chloride attack. This is
particularly so because sea water typically contains about 3.5% of salt, of which
Chloride ions (CL") make up about 2%, Sodium ions (Na*) about 1.1%, Magnesium
ions (Mg*") about 0.14%, and Sulphate ions (SO,*) of about 0.27% (Shetty, 2005).
Hence, with the concentration of chloride ions above 50% of the salt composition in
sea water, chloride attack is thus the predominant attack in marine environment.
Additionally, as salts, Sodium Chloride makes up 78% while magnesium sulphate
makes up 15% of total salt content (3.5%) in sea water (Shetty, 2005).

A 10% sodium chloride solution was developed for the research exercise to create a
rapid reaction between the salt and the hydrating concrete structures. Using a modified
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approach to the Corrosion Resistance Coefficient (CRC) Method as Per Liu and Huang
(2012), Chloride Induced Strength Loss Index (CISLI) was used to relate the strength
lost due to chloride attack between a fresh water cured concrete specimens and the
chloride solution cured concrete specimens. Two sample sets were produced. One was
cured in fresh water and the other cured in chloride solution. Compressive strength of

the cured specimens was obtained at ages 28 days, 56 days, and 90 days.

The Weight Loss (%) and chloride induce strength loss index between the concretes

cured in fresh water and concrete cured in chloride solution was calculated as follows;

Conc.in fresh water—Strength of Conc.in chloride solution
Strength of concrete in fresh water

CISLI (%) = (3.5)

3.3.16. Sulphate Induced Strength Loss Index

A 5% Sodium sulphate solution was produced and used for this test method. Analysis
was carried out in accordance to Ranganath and Kumari (2018), In conformation with
IS 516. Cube specimens of size 150 mm*150 mm*150 mm were produced for the 36
sample types which were cured for 28 days before submerging into the 5% sodium
sulphate solution for 28 days, 56 days and 90 days respectively. The specimens were
weighed prior to soaking as well as after soaking. The loss in strength was calculated

as follows;

) __ Conc.in fresh water—Strength of Conc.in sulphate solution

SISLI (% (3.6)

Strength of concrete in fresh water

Where;
SISLI = Sulphate induced strength loss index (%)

3.3.17. Sulphate Induced Mass Loss Index

Using same method as highlighted under section 3.3.16, the sulphate induced strength
loss index was calculated as follows;

__ Wt.of Conc.in fresh water—Wt of Conc.in sulphate solution

SIMLI (%)

(3.7)

Wt.of concrete in fresh water
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3.3.18. Sustainability Footprint

Analysis of sustainability was done in the areas of CO, footprint, energy usage, and
cost. They were meticulously measured, and succinct comparisons were made between
the findings for the control samples, which had 100% cement as the binder, and
samples that contained AP and HAP as partial cement substitutes. The examination of
CO, footprint was constrained to findings based on fuel consumption for energy
generation, publications, and rational/logical assumptions due to the lack of carbon

capture equipment.

CO,, footprint generally results from the fuel burning for energy generation as well as
the calcination of the calcined material.

Energy and cost requirement were analysed by measuring the amount of energy used
in the production of the pozzolans as well as the cost implications and comparing same

to standard publications on the energy and cost requirement for Portland cement.

3.3.19. Experimental Production Summary

The experimental production summary, incorporating all the methods used in this

study are as shown in Table 3.7.
3.3.20. Design and Fabrication of Local Coal Powered Furnace

Calcination of the PSA, CSA and PSA/CSA hybrids required a high capacity furnace
that could contain no less than 50kg of cementitious materials at a given time, and its
internal temperature raised to at least 1000°C. As such, the furnace was designed to
have a surface area of 1.20m x 2.85m and a depth of 1.0m. This was partitioned into 4
chambers of 1.2m x 0.6m each, having internal areas as 0.70m * 0.324m at an internal
depth of 0.7m. The furnace was constructed with a grade M30 concrete and well
reinforced 16mm high tensile steel (Fe 415). The base of the furnace was constructed
with a mixture of sand and Plaster of Paris (POP) at a mix ratio of 1:1. Concrete does
not have the elastic modulus required to sustain its load bearing capacity when heated
to temperatures exceeding 400°C (Alhamad et al., 2022), as such, 50mm thick ceramic

fibre wool with a minimum insulation capacity of 2000°C was used to line the internal
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wall sections of the furnace. The furnace plan design and as fabricated are shown in

Appendix Al and Plate 3.2 respectively.

Table 3.7: Experimental Sample/Specimen Production Summary

S/  Test Type Test STD Syn Repl. Temp Test Spec. Contr Total
N ergy Level Age per ol Spec.
levels age spec.
A B C D E F (A*B*
C*D*E
) +F
1 Particle Size BS 812 -103 - - - - - - -
Distribution for Fine  (1985)
Aggregate
2 Particle Size BS 812 -103 - - - - - - -
Distribution for (1985)
Coarse Aggregate
3 Fineness Test BS: 12 (1978) 7 - 5 - - 1 36
and IS 4031
(1996)
4 Specific Gravity BS 4450-3; 7 - 5 - - 1 36
(1978)
5 Water BSEN 12350-2 7 4 5 3 3 9 0
demand/Slump/
Workability
6 Compressive BSEN 12390-3 7 4 5 3 3 9 1,269
Strength
7 Water Absorption BSEN 12390-8 7 4 5 3 3 9 1,269
and BS 1881-
122
8 Chloride Attack BSEN 12390- 7 4 5 3 3 9 1,269
11
9 Sulphate IS 516, 7 4 5 3 3 9 1,269
Attack Ranganath and
Kumari, (2018)
10  Flexural Strength BSEN 12390-5 7 2 5 1 3 3 213
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Plate 3.2: The designed and Fabricated Furnace in Use
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3.5. Data Analysis

The Results analysis methods were discussed under the headings of the three
objectives of this research.

The Excel tool ((Version 14.07268.5000 32-bit) on the Microsoft office application
platform was used to study the laboratory findings and develop descriptive statistical
relations on the response of varying temperatures and hybrid ratios on the physical
properties of CSA and PSA as well as the mixture of both. Furthermore, their
mechanical as well as durability contribution to concrete specimens, when used as

partial cement substitutes was developed and presented through the Excel tool.

In the development and analysis of models for the optimisation of calcination
temperature, synergistic ratio and cement replacement level, for the production of
CSA, PSA and CSA/PSA hybrid pozzolan as partial cement substitute, a combined
design was developed using Design Expert application (an optimisation application
tool, Version 13.0.5.0 64-bit) and the Combined Mixture and Response Surface |
optimal design was used. This done to integrate the ‘moisture’ process as a
complimentary factor to the ‘calcination temperature’ process factor. I optimal design
was used to best predict the interaction between variables in the equation (model) as
developed.

The design used mixture and process variables templates to generate the runs and
configuration required as shown in Table 3.6 to 3.8, to obtain the objective. The design
was fed with the independent variables (mixture and processes) as inputs/factors and
laboratory results obtained for dependent variables as responses or outputs. On
completion of the laboratory works, experimental results obtained at 28 days of curing
was used as responses to the application which were used to develop analytic models.
The models were analysed using the Analysis of Variance (ANOVA) tools to measure
for the significance of the models based on a 95% confidence level. The quality of the
regression models was accessed using the R? indicator on the regression analysis
template to give an overview of the depth to which the variables interact (R?), the
depth to which the model predicts interaction between variables within the boundaries
of the experimental framework (R?> — Adjusted) and the depth to which the model
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predicts interaction between variables outside the boundaries of the experimental

framework (R — predicted).

Tables, graphs and models were developed using the application that represent the true
state or relationship between the inputs (independent variables) and the responses
(dependent variables). Table 3.8, 3.9, and 3.10 are the experimental frameworks used
in the development and analysis of models for predicting the levels of interactions

between variables within and outside the boundaries of the research framework.

To evaluate the sustainability features of wusing optimized agricultural by-
products/wastes as partial replacements to Portland cement binder in Civil Engineering
structures, numerical analysis on cost of production was done using tools within
Microsoft Excel. Also, Energy demand per sample production and the CO, emission
associated with fuel combustion was quantified numerically and compared to standard

cement values.
Tables 3.8 — 3.10, are the experimental design templates generated with the help of

Design Expert application, to develop logical variations in the independent variables

prior to commencement of the mechanical and durability experimental works.
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Table 3.8: Experimental design template for model development, ANOVA and

Optimisation of Periwinkle Shell Ash Pozzolan

Comp.1 Comp.2 Factor Res.1 Res2 Res.3 Res. Res.5
3 4

Run A:PC B:PSA C: STRENGTH WAI CISLI SISLI SIMLI
TEMP.

% % °C N/mm? % % % %
1 100 0 800
2 80 20 600
3 70 30 25
4 70 30 400
5 50 50 400
6 80 20 400
7 60 40 200
8 70 30 600
9 60 40 25
10 70 30 800
11 100 0 25
12 80 20 200
13 50 50 800
14 50 50 25
15 50 50 400
16 80 20 800
17 60 40 600
18 60 40 800
19 80 20 25
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Table 3.9: Experimental design template for model development, ANOVA and
Optimisation of Clam Shell Ash Pozzolan

Comp.1 Comp.2 Factor Res.1 Res2 Res.3 Res. Res.5
3 4

Run A:PC B:PSA C: STRENGTH WAI CISLI SISLI SIMLI
TEMP.

% % °C N/mm? % % % %
1 100 0 800
2 80 20 600
3 70 30 25
4 70 30 400
5 50 50 400
6 80 20 400
7 60 40 200
8 70 30 600
9 60 40 25
10 70 30 800
11 100 0 25
12 80 20 200
13 50 50 800
14 50 50 25
15 50 50 400
16 80 20 800
17 60 40 600
18 60 40 800
19 80 20 25
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Table 3.10: Experimental design template for model development, ANOVA and
Optimisation of PSA/CSA hybrid Pozzolan

Comp. Comp. Comp. Factor Resp.1 Resp. Resp. Resp. Resp.

1 2 3 4 2 3 4 5
Run  A: B: C: D: Comp. WAI CISLI SISLI SIMLI
PC PSA  CSA  Calc. Strength
Temp
% % % °C N/mm? % % % %
1 50 25 25 400
2 70 0 30 25
3 50 0 50 25
4 50 0 50 800
5 60 24 16 200
6 70 0 30 400
7 80 0 20 400
8 50 25 25 800
9 70 30 0 400
10 50 0 50 400
11 100 0 0 800
12 60 24 16 600
13 80 20 0 400
14 80 20 0 25
15 80 0 20 25
16 50 25 25 600
17 100 0 0 25
18 60 40 0 800
19 70 30 0 600
20 50 50 0 400
21 60 24 16 400
22 50 50 0 25
23 50 50 0 800
24 60 0 40 800

25 50 25 25 25

26 60 16 24 600
27 60 16 24 200
28 80 10 10 400
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1. Physical Properties of Agro-based Pozzolans
Results of the fine and coarse aggregate’s particle size distribution, fineness, colour,

specific gravity, slump test and water demand as influenced affected by calcination
temperature, synergistic ratio and mixture configuration, for Portland limestone cement
(PLC), PSA, CSA and HAP hybrids were presented and discussed.

4.1.1 Gradation of aggregates

Figures 4.1 and 4.2 showed the gradations for fine and coarse aggregates indicating a
Zone 3 river sand coarse aggregate as per 1S 383 (1970), which is ideal for concrete
production. The particle size distribution of the coarse aggregate used for this
experimental work ranges between 4.75 mm to 19.10 mm, having a smooth ‘S’ curve
shape which expresses an even distribution of grain sizes across the different coarse
aggregate sieves and as such is considered well graded and suitable for concrete
production.
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4.1.2. Effect of Calcination on the Colour of Agro-Pozzolans

Periwinkle shell when pulverised atmospheric temperature, has a Manilla/Pale Ivory-
BS2660-3040 colour as can be seen in Plate. 4.1. It however changes in colour at
increasing calcination temperatures ranging from Cobweb/BS2660-3036 at 200°C to
Dark Castle Grey/BS2660-7089 at 800 °C. Clam shell ash did not change in colour
upon calcination as much as periwinkle shell ash as seen in Plate 4.1. Between ATM
and 800 °C, a range of milk coloured shades was observed; from Silver/BS2660-9093
at ATM to Flake Grey/BS2660-9094 colouration at 800 °C was observed. This is a
preliminary indication that higher temperatures are required for clam shell when
compared to that of periwinkle shell. Having established that PSA ashes earlier that
CSA, the synergistic effect combined with temperature at calcination on the

colouration of all 35 samples are as shown in Plate. 4.3.

An increase in CSA content generally increases the brightness of the material and
suggests a need for higher calcination temperature.Alternatively, the higher the PSA
content the darker the colouration of the hybrid material which suggest a lower

calcination temperature requirement
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Plate 4.1: Calcination temperature variation on the colour of PSA
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Plate 4.2: Calcination temperature variation on the colour of CSA
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4.1.3. Effect of Calcination on the Fineness of Agro Pozzolans

Results on Figures 4.3, 4.4 and 4.5 reveals clearly that increasing calcination
temperature enhances the fineness of the sample. This is scientifically logical seeing
that higher temperatures leads to the expansion and breaking of bonds that make
materials monolithic. It can however be seen that optimum temperatures for all
synergies but for 50% PSA, are at 800 °C. In terms of Synergy, linear trend between
CSA concentration and the fineness was observed, although not perfectly linear, it was
seen that higher CSA content could yield better fineness. 100% CSA at 800 °C was the
best result in terms of fineness having a fineness of 38.43% retained on the 90 pum
sieve, which was 98.5% of PLC with a fineness of 37.5% retained the 90 um sieve.

The cement industry should however note that whilst calcination temperature enhances
fineness, increasing calcination temperature has a direct relationship with energy
demand, cost and CO, emissions. whilst it is elementary to understudy the roe of
calcination temperature on fineness, more attention will be made on the mechanical,
durability and sustainability indices of the pozzolans before drawing a conclusion on

the optimal calcination temperature relative to pozzolan type.
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Figure 4.3: Calcination temperature variation on the fineness of PSA
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106



70.00

60.00
50.00
£
= 40.00
[7,]
w
an.oo
[
20.00
0.00
CONTROL PSA  70PSA 6OPSA 5OPSA  40PSA  30PSA

TEMP./ SYNERGY
ATM 200°C 400°C 600°C 800°C

Figure 4.5: Calcination temperature and synergistic ratio variation on the
fineness of HAP

107



4.1.4. Effect of Calcination on the Specific Gravity of HAP

Although the outcome of the calcination of CSA and PSA on specific gravity was
largely the same as that of fineness, a drop in specific gravity was seen at 800 °C.
According to Figures 4.6, 4.7, and 4.8, this drop was seen for all synergies. For the
five synergies under investigation, calcination temperatures of 400 °C and 600 °C
yielded the best specific gravities. The greatest specific gravity ever observed for 60P
at 400 °C, however, was 3.14, which was 0.32% higher than the control value, and this
was within the sample size (3.13). Hence, all synergies between 400 °C and 800 °C
exhibited significant hydraulic parameters and would require sufficient water to binder

ratio.

Specific gravity relates to how many times a material is heavier than water. However,
in simple terms, materials with higher volume possess lower specific gravity at
constant mass. Such materials will require a higher water/binder ratio to achieve
hydraulicity and this is a negative implication for the strength property of concretes. It
is therefore noteworthy that although 800 °C gave the best fineness, at that

temperature, a significant drop in specific gravity was observed.

The role of specific gravity of cementitious materials hasn’t been given much
attention, however, noting the specific gravity of the material at desirable conditions is
important as this will guide against alterations and errors in the production process. A
simple illustration is; if the optimum specific gravity of the pozzolans where to be
obtained as 3.14 (yielding the most desirable mechanical and durability indices of the
concrete), the fineness of the samples and humidity of the environment where the
sample is stored, must be kept constant in all other production scenarios in order to

maintain the obtained specific gravity.
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4.1.5. Calcination and synergistic ratio variation on the Slump/Water Demand
of HAP

Figures 4.9 and 4.10 are slump results for all specimens at 40% and 50% cement
replacement levels. The primary pattern in calcination temperature is that slump gets
high as temperature rises. However, at 50% replacement level, the trend was quite

similar to that of specific gravity, revealing a sharp drop in slump at 800°C.

Figures 4.9 and 4.10 show that a sine wave-like trend cresting at 60PSA and troughing
between 40P and 30P is generated in terms of synergistic ratio. Water demand of
concrete reduces with decreasing PSA up until 60P, increases between 60P and 40P,
and then drops once again between 40P and 100CSA,; representing the earliest

indication of the affinity of PSA and CSA to water demand in concrete.

From Figure 4.10, the slump at 60P/600 °C was observed to be 165 mm which is
approximately 22.22% greater than the control at 135 mm.

The ratio of water to total binder increases with increase in slump and reduces
proportional to water demand. At constant water to binder ratio (w/b = 0.55), slump
reduces as with increase water demand and increases with strength of concrete,
however, excessive slump would imply excess water, which would lead to cement

bleeding and subsequent loss in strength.

The effect of calcination temperature on water demand of PSA as represented by the
slump, indicates that increasing calcination temperature reduces water demand up to
600 °C before falling at 800 °C. This implies that ultimately strength indices of PSA
cement blended concrete will be positively affected by calcination up to a temperature
of 600°C. The trend obtained for CSA and the hybrid was similar to that of PSA.
Hence both primary agro-based pozzolans and the hybrid require calcination treatment

at about 600°C for optimum water demand.
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Figure 4.9: Calcination and synergistic ratio variation of HAP on the workability
of HAP cement blended concrete at 50% CRL
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4.2.  Mechanical Properties of Agro-based Pozzolan Cement Blended

Concrete

The mechanical properties covered are compressive strength and flexural strength. The
next six sub sections will cover results and discussions on the mechanical properties of

the three main types of pozzolans covered.

4.2.1. Calcination and mixture configuration variations on the compressive

strength of periwinkle shell ash cement blended concrete

Figure 4.11 express the relationship between the varying calcination and synergistic
ratio levels of PSA to the strength of PSA cement blended concrete. A steady

reduction in strength was observed with increasing cement replacement level.

Optimum replacement level for PSA produced at 800°C was at 20% level having a
compressive strength of 22.95 N/mm?. This was observed to be 82.7% of the control
strength of 27.74 MPa. Important observation from the results show that a total of
three specimens met the requirement for cement blended concrete in terms of strength
activity index. These are at 600 °C (20%), 800 °C (20%) and 800 °C (30%) having
compressive strengths of 21.55 MPa, 22.95 MPa, and 22.55 MPa, with strength
activity indexes of 77.7%, 82.7% and 81.3% respectively. These three could hence be

incorporated into concrete structures for plain concrete works.

Design factors and observed responses as input and output data for the mechanical and
durability properties of PSA cement blended concrete are as shown in Table 4.1. This
is raw material used by Design Expert in PSA data analysis, model development and

optimisation.
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Table 4.1: Design factors and responses as data inputs for PSA data analysis,

model development and optimisation

Components Factor Response 1 Response Response Response Response

2 3 4 5
Run PC PSA TEMP. COMP.STR. WAI CISLI SISLI SIMLI
% % “C)  (Nmm’) (%) (%) (%) (%)
1 100 0 800 27.74 1.98 24.56 16.47 9.29
2 80 20 600 21.55 1.74 9.14 -14.69 9.01
3 70 30 25 17.55 3.43 15.78 0.25 8.98
4 70 30 400 18.09 3.18 -8.06 -23.2 8.93
5 50 50 400 16.13 3.58 23.62 20.51 8.63
6 80 20 400 20.28 2.89 1.34 -37.58 8.39
7 60 40 200 17.02 3.52 3.4 -8.99 8.6
8 70 30 600 19.58 1.87 19.63 -0.98 9.02
9 60 40 25 16.78 3.58 11.8 -21.97 9.02
10 70 30 800 22.55 2.05 34.17 22.89 8.98
11 100 0 25 27.74 1.98 24.56 16.47 9.28
12 80 20 200 19.22 3.04 9.19 -14.75 7.82
13 50 50 800 17.86 3.03 21.6 -7.96 8.55
14 50 50 25 15.04 3.83 28.46 -30.99 8.63
15 50 50 400 16.13 3.58 23.62 20.51 8.63
16 80 20 800 22.95 1.86 32.03 -0.89 8.02
17 60 40 600 18.27 2.84 19.34 -10.97 9.13
18 60 40 800 18.87 2.94 22.55 -15.04 8.45
19 80 20 25 18.77 3.17 19.14 -13.2 8.79
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The probable model equations for the Compressive Strength (CS) of PSA cement

blended concrete is as shown in Equation 4.1 below;

CSpsa = (0.277 * PC) — (0.588 * PSA) + (0.012 * PC * PSA) + (8.191 x 10~* *
PSA*T) — (1.502 x 1075 « PC x PSA = T) — (1.183 x 10™* * PC * PSA *
(PC — PSA)) + (1.422 % 1077 % PC x PSA = T » (PC — PSA)) (4.1)

Where;

CSpsa = Compressive strength of PSA cement blended concrete (MPa)
PC = Mass concentration of Portland cement in total binder (%)

PSA =Mass concentration of Periwinkle shell ash in total binder (%)

T = Calcination temperature for the production of PSA (°C).

The response summary table (Appendix B-2) indicates that the trend of results for the
compressive strength of PSA cement blended concrete is government by a cubic

mixture and linear process factors.

Appendix B-3, is The analysed variance and regression coefficients of the model
Table for the compressive strength of PSA cement blended concrete. The models
generated are of cubic and linear mixtures involving the interaction between two
mixture components (PC and PSA) and one-factor component (Calcination
temperature). All but one (ABC (A-B)) of the model components had significant
interaction negating the hypothesis for nullification (P < 0.05). The integrated model
has a ratio between the mean square to the residual mean square (F value) of 103.6,
and P < 0.0001. The P-value obtained implies there is only 0.01% chance of an F-
value as large as 103.6 to occur due to noise, hence the model is significant and as

such, we do not accept the hypothesis for nullification

Unexplained variations in the response was mainly attributed to the lack of fit
component of residuals having a value of 4.33, as such, no pure error was observed in
the analysis, however, 4.33 predictions by the model fell out of the 228.83 total

observations.
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An index of the variation between the total observations and the residuals produced a
regression coefficient of (R-squared) of 0.9811, which implies a 98.11% prediction
capacity. Upon model modification and removal of non-significant model terms, the
R-squared was adjusted to 0.9716.

For optimisation and prediction preferences, the Adjusted R-square was further
reduced to a Predicted R-Square of 0.9585 to allow for the model’s ability to predict
variations outside the inputted observations. The difference between Adjusted R-
square and Predicted R-Square was observed to be greater than 0.2 hence both R-
squares can be said to be in reasonable agreement with each other indicating the

absence of a large block effect, outliers or model errors.

Adequate Precision indicated that the signal to noise ratio is 34.681. This is 774.5%
greater than the minimal requirement of4 and contributes to the acceptability of the

model.

Other notable observations are the Standard error, mean, coefficient of variance,
predicted residual error sum of squares, -2Log likelihood, BIC and AICc having
respective values of 0.6, 19.59, 3.07, 9.53, 25.84, 43.5 and 44.84.

The Standard error of 0.6 over a mean of 19.59 is statistically reasonable, and the
percentage error of the model, derived from the ratio of the Standard error and the
mean (Coefficient of Variance) was observed to be 3.07% and categorised as
statistically ‘very good’ seeing that it falls below 10%. Appendix B-4, represents the
coefficients for the individual components of the model, their degrees of freedom,

standard error, 95% low and high confidence intervals, and variation inflated factors.

The coefficient generated for the model terms are analysed using the variation inflated
factors (VIF). The VIF’s obtained are within the acceptable range of 1 — 10, which
implies the absence of multicollinearity, as such no significant interaction between the

independent variables was observed. This therefore means that the model can allow

119



for fixing all but one independent variable and monitoring the effect of the unfixed on

the dependent variable.

Accordingly, the analysed model with a prediction capacity of 95.85%, having gone
various checks, has proven to be statistically satisfactory to be used by the industry in
predicting variables at levels of interest in a bid to optimise concrete parameters
relative to the compressive strength of Periwinkle shell ash blended cement.
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The externally studentised residuals are distributed well in Figure 4.12, and as a result,
the model can be stated to be logically sound and doesn't need to be transformed.
Appendix B5, is a representation of the total research factorials, the goals/constraints,
lower and upper limits as well as assigned level of importance. The primary objective
is enhancing cement replaceability to meet global sustainability demands, as such,
Portland cement content was constrained to minimal between a weight replacement
range of 50% - 100%. The Periwinkle shell content which is the pozzolanic material
was set to maximum on grounds of aiding the sustainability indicators. The process
factor (Calcination temperature), was set to minimum as higher temperatures logically
imply higher energy demands, CO, emissions and cost. The response variables were
set to maximum for compressive strength, and minimum for all durability indicators
for conventional reasons. Compressive strength was set within a range of 20.8 MPa
and 27.74 MPa, as lower and upper limits. This is to ensure that the lowest result

obtained does not fall below the 75% SAI criteria.

Optimised model gave 7 best solutions as shown in Table 4.2. Suggested solution had
a desirability of 0.567, having a requirement of 80.35%, 19.70%, 425 °C for PC
content, PSA content and Calcination temperature respectively, at optimum responses
of 20.8 MPa, 2.46, 2.103, -33.161, and 8.489 for compressive strength, WAI%,
CISLI%, SISLI1% and SIMLI1% respectively.

The effect of temperature of periwinkle shell ash on its inducement to the compressive
strength of PSA cement blended concrete can be said to be constant through the
boundaries of this experimental framework, having a direct proportionality as seen in
Figure4.63. Consequently, increasing calcination temperature yields increasing
compressive strength. This was observed to be of similar trend with the findings of
Ubong and Effiong (2017), however they observed additionally that a drop in

compressive strength at calcination temperatures beyond 800°C is inherent.
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Table 4.2: Model Optimisation for PSA Pozzolan Concrete

Solutions
NO. PC PSA TEMP. STR. WAI CISLI SISLI SIMLI Desir.
1 80.352 19.648 424.737 20.800 2.463 2.103 -33.16 8.489 0.567 Selected
2 80.437 19.563 421.871 20.800 2.466 2.069 -33.37 8.491 0.567
3 80.270 19.730 427.500 20.800 2.460 2.140 -32.96 8.488 0.567
4 80.525 19.475 418.866 20.800 2.469 2.036 -33.58 8.493 0.567
5 80.108 19.892 432.946 20.800 2.455 2.219 -32.54 8485 0.566
6 81239 18.761 394.72 20.800 2.492 1891 -35.12 8510 0.565
7 86.158 13.842 182.013 20.800 2.662 8.115 - 8.771 0.482
26.565
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An established property of cement-based concrete is its ability to increase strength
with time. However, Portland cement concrete is known to reach 99% its total
compressive strength within 28 days of curing in fresh water, (CIVL 1101, 2021).
Additionally, it has been established that at the completion of the hydration cycle of
Portland cement, pozzolanic reaction sets in and secondary hydration begins using the
silicic acid component from the pozzolan and the portlandite by-product component
from the cement hydration process to form secondary binder gel (Walker and Pavia,
2011). Hence further gain in compressive strength of cement blended concrete is
inherent at ages beyond 28 days. Yet, whereas this is not a disputable fact, the
engineering society is still keen on feasible applicable results at ages 28 days. As such,
model developed for 28 days was opined on the 28 day strength activity index criteria
for cement blended concrete being positively optimal that later ages will only yield
better strengths.

Afif and Haifaa, (2018) modelled the effect of ‘Tal Shihan’ content, a natural
pozzolan, on the compressive strength of concrete. To avoid multiple interactions and
multicollinearity between dependent variables, they developed separate models for the
compressive strength per curing age tested. Hence time/ concrete age was not made a

factor in the design build-up.

The mixture component of the analysis as seen in Figure 4.13 shows a trend in which
increasing cement content increases strength and increasing PSA content reduces
strength. The findings agree with existing studies (Afif and Haifaa, 2018, and Walker
and Pavia 2011,).

Attah et al. (2018), Afif and Haifaa (2018), Ubongand Godwin (2017), Walker and
Pavia (2011) and many more, having researched at different levels on the use of
pozzolans in concrete production process have recommended minimum levels of
pozzolans (0 — 15%) considering the observed limitations and loss in strength
associated with higher cement replacement levels. Interestingly, the trend observed
from this research as shown in Figure 4.63 validates existing results; however, it is
noteworthy that the replacement level when optimised by the process factor of
calcination temperature was improved to 19.65%. This is novel but perhaps not a
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sufficient enough level of increase in the compressive strength of concrete when

compared to already existing results.

4.2.2. Calcination and mixture configuration variations on the compressive

strength of clam shell ash cement blended concrete

Figure 4.14 is a preliminary indication of the trend of compressive strength developed
as a result of mixture configuration and calcination. Optimum replacement level for
CSA produced at 800 °C was observed at 20% having a compressive strength of 23.22
MPa. This was observed to be 83.7% of the control strength of 27.74 MPa. Important
observation from the results show that a total of two specimens met the requirement
for a cement blended concrete in terms of strength activity index. These are at 600 °C
(20%) and 800 °C (20%) having compressive strengths of 22.28 MPa, and 23.22 MPa
with strength activity indexes of 80.3% and 83.7% respectively. These two could

hence be incorporated into concrete structures for plain concrete works.
Making reference to the physical observations (colouration), there appears to be a need

to increase the calcination temperature of CSA beyond 800 °C in a vein to improve on

its cement replaceability as a pozzolanic material.
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The design summary page (Appendix C1) indicates that the trend of results for the
compressive strength of CSA cement blended concrete is government by a cubic

mixture and linear process factors.

Coefficient of regression(Appendix C3) and Analysis of Variance (Appendix C2) for
the compressive strength of CSA cement blended concrete, informs that developed
model is a cubic mixture component and linear factor model, which has six model
classes (linear mixture, AB, BC, ABC, AB(A-B), and ABC(A-B)). Except for
ABC(A-B), all model components were significant, refuting the hypothesis for
nullification. The Regression coefficient was 0.9919 when the model to cumulative
summed up squares ratio was calculated. As a result, adjusted and projected regression
coefficients were obtained as 0.9879 and 0.9817, respectively, suggesting a
statistically sound model's ability to predict. Standard error was 0.41, with a mean of
19.46 and a 2.1% error margin (C.V). The model's precision was determined to be
53.001, which means that one inaccuracy can be anticipated for every 53 predictions.
Given that this is 1225% higher than the permissible related error threshold of 4, the
model suggests a sufficient signal and can be utilized to explore the design space.

With the absence of a variance inflated factor higher than 30, the coefficients of the
model (Appendix C4) indicates that multicollinearity impact doesn’t exist for all the
model components, and as such, independent variables can vary independently
statistically, which is a useful prerequisite for determining how different isolated

causes affect the response variable.

Figure 4.15's illustration of model diagnostics depicts the relative distribution for the
model’s externally studentised deviations. Thus, the model can be accepted as

statistically valid.
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Table 4.3: Design factors and responses as data inputs for CSA data analysis,

model development and optimisation

Component Factor Response  Response Response  Response  Response

s 1 2 3 4 5
PC CSA TEMP. COMP.ST WAI CISLI SISLI SIMLI
R.

% %  (0C)  (N/mm2) (%) (%) (%) (%)
100 0 800 27.74 1.98 24.56 16.41 9.28
80 20 600 22.28 2.08 10.29 -26.17 9.11
70 30 25 17.33 3.17 31.44 10.7 8.47
70 30 400 19.19 3.24 05 -36.27 8.86
50 50 400 15.51 4.06 8.66 -10.2 9.04
80 20 400 20.31 2.92 2.94 -33.57 8.93
60 40 200 16.81 3.26 2.28 3.68 9.07
70 30 600 19.83 2.96 6.81 -22.53 8.7
60 40 25 16.12 3.69 25.31 -13.95 9.13
70 30 800 20.45 2.64 18.14 -6.18 8.57
100 0 25 27.74 1.98 24.56 16.41 9.28
80 20 200 19.15 2.96 1.07 -31.6 9.02
50 50 800 16.58 3.69 11.7 14.81 8.96
50 50 25 14.8 4.45 24.19 -1.83 7.98
50 50 400 15.51 4.06 8.66 -10.2 9.04
80 20 800 23.33 2.17 17.21 -5.34 8.85
60 40 600 19.21 3.25 0.44 -16.88 9.04
60 40 800 19.62 3.16 16.85 4.18 8.13
80 20 25 18.28 1.22 28.62 -2.79 8.17
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Developed model for the compressive strength of CSA cement blended concrete is as

shown in Equation (4.2) below;

CScsa = (0.277 * PC) — (0.592 * CSA) + (0.012 * PC * CSA) + (4.550 * 10™* * CSA *
T) — (8.047 * 107¢ * PC * CSA* T) — (1.213 *10™* % PC * CSA » (PC — CSA)) +
(1.033 %1077 x PC * CSA =T » (PC — CSA)) (4.2)

Where;

CScsa = Compressive strength of CSA cement blended concrete
PC = Mass concentration of Portland cement in total binder (%)
CSA =Mass concentration of Clam shell ash in total binder (%)

T = Calcination temperature for the production of CSA (°C).
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Figure 4.16 represents a cubic mixture interaction and a linear process interaction for
the compressive strength of CSA cement blended concrete. The model’s process factor
component interaction indicates that higher calcination temperature yields higher
compressive strength and vice versa. Concurrently, the cubic mixture component
indicates the formation of the first crest at about 37.5% CSA concentration and trough
at about 25% CSA concentration followed by a continuous rise in compressive

strength at increasing PC concentration content.

Olutoge et al., (2016), observed a linear interaction for the mixture component at
0%,5%,10%,15%, and 20% of clam content. The linearity observed was decreasing
compressive strength at increasing clam content. Strengths measured ranged from
22.56 MPa at 0% CSA concentration to 8.58 MPa at 20% CSA concentration. As such
an optimal concentration of 5% CSA was suggested. Bamigboye et al., (2020),
reviewed on the use of sea shells and forwarded that the mixture of sea shells and
cement in concrete has a linear effect on the compressive strength of the concrete
however on the decreasing side of the compressive strength, however, between 5% to
15%, concrete water absorption and porosity properties are enhanced when compared
to control. Ong, and Kassim (2019), replaced cement to with calm shell ash to
concentration levels of 4% - 8% at 2% intervals, they forwarded that within that range,
the mixture developed a hugging quadratic curve having its low points at 4% and 8%
and its crest at 6% CSA concentration level, they however recommended on the need
to investigate on effect of calcination of clam shell ash on the replaceability of cement
in concrete. Very similar to Ong and Kassim (2019), Olivia et al., (2015) had earlier
reported findings using same range of clam shell ash concentration and observing
same quadratic mixture effect on the compressive strength of the concrete. They
however forwarded 4% replacement level as optimum. Mohammad et al., (2017),
reviewed sea shells including cockle, clam, oyster, mollusc, periwinkle, snail, and
green mussel shell as partial replacements for cement in concrete. 9 papers reviewed
between 2007 and 2015, led to their recommendation of 4% - 5% CSA as optimum
concentration in concrete, the trend of reviewed results was observed to be
approximately linear on the mechanical properties of concrete. Olivia and Oktaviani

(2017), experimentally contributed that due to the high concentration of calcium oxide
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in clam shell ash, it performed favourably better that 100% cement concrete in areas of

setting time, density and strength when used at 4% concentration in concrete.

In respect to the process factor, very little information is available in literature on the
effect of calcination on the mechanical properties of clam shell in concrete. Hence,
whilst the mixture component and its effect have had a great deal of attention, the
combined effect of mixture and temperature factor appears to be novel, however, the
linearity for the mixture component effect on compressive strength, as observed in
most of the reviewed literature is in tandem with the observations of this research

work.

With the introduction of a process factor (calcination temperature), the optimised
response of compressive strength of 20.8 N/mm? as seen in Table 4.4, was obtained at
a mixture configuration of 23.13% CSA:76.87% PC produced at 527 °C.

At 20.8 N/mm?, 75% of the control concrete (100% PC) has been achieved which
satisfies the strength activity index criteria for cement blended concrete. Additionally,
concrete produced at this specification can be used for various construction works
including but not limited to flooring, rigid pavements, structural elements, walk ways,

etc.

The cement and SCM industries are therefore encouraged to integrate clam shell in the
production of cement and cementitious materials by optimising the production
parameters using the model as developed above, all in a bid encourage the global

strides of sustainability.
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Table 4.4: Optimized solutions of factors and responses for CSA cement blended

concrete

Solutions

NO. PC

CSA

TEMP

Comp. \w A CISLI

Strength

SISLI

SIMLI

Desir.

176.871

23.129

526.812

20.800 2.516

3.055

-31.467

8.654

0.571 Selected

2 76.753
377171
4 76.349
5 76.137
6 76.026
7 77.750
8 81.418
9 85.906

23.247
22.829
23.651
23.863
23.974
22.250
18.582
14.094

529.928
518.810
540.616
546.197
549.090
503.186
394.286
208.602

20.800 2.521
20.800 2.503
20.800 2.539
20.800 2.548
20.800 2.553
20.800 2.477
20.800 2.329
20.800 2.173

3.119
2.901
3.359
3.496
3.570
2.648
2.634
9.666

-31.323
-31.817
-30.800
-30.508
-30.350
-32.431
-34.678
-31.564

8.650
8.664
8.638
8.632
8.630
8.686
8.874
9.114

0.571
0.571
0.571
0.571
0.570
0.570
0.542
0.452

135



4.2.3. Calcination and mixture configuration variations on the
Compressive Strength of Hybrid Agro-Based Pozzolan Cement blended concrete
Figures 4.17 — 4.20 are preliminary indicators of the suggested trend of the
compressive strength of HAP-cement blended concrete, relative to variations in

mixture configuration and calcination temperature.

From Figure 4.17, HAP performed better in strength when compared to the AP, this
could be seen at between 70% PSA: 30% CSA and 30% PSA: 70%CSA. All samples
produced at calcination temperatures beyond 200 °C met the Strength Activity Index
criteria of 75%. Optimum synergy was at 60% PSA: 40% CSA produced at 800 °C
with a compressive strength of 27.04 MPa, and a SAI of 97.5%.

From Figure 4.18, a general drop in compressive strength was observed between 20%
and 30% cement replacement levels for all synergistic ratios. At 30% cement
replacement level, the synergy of 60% PSA: 40% CSA was observed to be the likely
optimum synergy and at a temperature of 800 °C, having a compressive strength of
25.42 MPa with a SAI of 91.63%. At all synergies, compressive strength increases
steadily with increase in calcination temperature. The general trend appeared like that
of an arc, having its crest at 60% PSA: 40% CSA. In regards to Strength Activity
Index, 50% PSA: 50% CSA and 60% PSA: 40% CSA specimens have the best
performance at all temperatures, and met the SAI criteria.

From Figure 4.19, a general drop in compressive strength was observed between 30%
and 40% cement replacement levels for all synergistic ratios. 60% PSA: 40% CSA
was observed to be the tentative optimum synergy and at a temperature of 800 °C. At
all synergies, compressive strength increases steadily with increase in calcination
temperature. The general trend appeared like that of a cosine wave having its crest at
60% PSA: 40% CSA. In regards to Strength Activity Index, 60P specimens have the
best performance at temperatures between 400 °C and 800 °C, the SAI criteria was
met. However, other specimens such as 70% PSA: 30% CSA at 800 °C, and 30%
PSA: 70% CSA at 800 °C at lower strengths when compared to that of 60% PSA: 40%

CSA, also met the SAI requirements at 40% cement replacement level. Likely
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optimum result of 23.71 MPa with a SAI of 85.47% was obtained for 60% PSA: 40%
CSA at 800 °C.

From Figure 4.20, the trend with respect to calcination temperature remains the same;
increasing calcination temperature accompanied by increasing compressive strength of
specimens. Compressive strength reduces steadily with increasing cement replacement
level. At 50% cement replacement level, trend in terms of synergy had the shape of an
arc with its crest at around 60P. likely optimum result obtained was at 60P produced at
800 °C having a compressive strength of 19.73 MPa and a SAI of 71.12% which is
lower than the SAI criteria for a pozzolanic concrete. At this replacement level (50%),
no specimen met the SAI criteria, as such, this research has been successful in
replacing cement up to 40% but further work on the properties of the pozzolans must

be done to improve cement replaceability beyond 40%.

It is however noteworthy that while the primary pozzolans could barely replace 20%
of cement in previous works, results at this level of study informs the possibility of
successfully replacing 40% of cement in cement blended concrete meeting the SAI

criteria.
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Experimental inputs for modelling and optimisation of the independent and dependent
variables of PSA and CSA hybrid Pozzolan cement blended concrete is as shown in
Table 4.5
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Table 4.5: Experimental inputs for data analysis, modelling and optimisation of

HAP blended cement concrete

Run A:PC B:PSA C:CSA D:Calc. Comp. WAI CISLI SISLI SIMLI
Temp  Strength

% % % °C  N/mm? % % % %

1 50 25 25 400 17.33 3.87 16.07 0.8 9.11

2 70 0 30 25 19.26 3.16 3144 -0.14 8

3 50 0 50 25 14.8 445 2419 -1.83 7.98

4 50 0 50 800 16,58 3.69 11.7 14.81 8.96

5 60 24 16 200 20.1 345 11.59 0.5 9.14

6 70 0 30 400 19.26  3.16 05 -0.14 8

7 80 0 20 400 19.26 3.16 294 -0.14 8

8 50 25 25 800 18.09 296 19.13 15.65 9

9 70 30 0 400 19.26 3.16 -8.06 -0.14 8

10 50 0 50 400 1551 4.06 866 -10.2 9.04
11 100 0 0 800 27.74 198 2456 16.47 9.28
12 60 24 16 600 21.67 274 161 -17.12 9.16
13 80 20 0 400 19.29 19.29 1.34 19.29 8.39
14 80 20 0 25 19.29 1929 19.14 19.29 8.79
15 80 0 20 25 2322 122 2862 -2.79 8.71
16 50 25 25 600 1755 362 478 -5.19 9.09
17 100 0 0 25 27.74 198 2456 16.47 9.28
18 60 40 0 800 18.87 294 2255 -15.04 8.45
19 70 30 0 600 1958 1.87 13.63 -0.98 9.02
20 50 50 0 400 16.13 358 23.62 20.51 8.63
21 60 24 16 400 21.22 318 1412  2.26 9.08
22 50 50 0 25 15.04 3.83 28.46 -30.99 7.89
23 50 50 0 800 17.86 3.03 216 -7.96 8.55
24 60 0 40 800 19.82 3.16 1685  4.16 8.13
25 50 25 25 25 16.41  4.49 18  -041 10.24
26 60 16 24 600 17.77 249 1261 -8.64 8.78
27 60 16 24 200 20.1 3.86 9.7  9.97 9.06
28 80 10 10 400 19.29 1929 14.44 19.29 8.95
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Analysis of variance (Appendices D2) and regression coefficient (Appendices D3) for
the compressive strength of HAP concrete, indicates that the equation (model) as
developed, is inclusive of cubic mixture and linear process factor components. The
developed equation has sixteen components for which all but BCD was significant,
hence the integrated model was significant with a confidence interval much greater
than 95% (P<<0.05) which validates the model. The regression coefficient was 0.9963
when the model to cumulative summed up squares ratio was calculated. As a result,
adjusted and projected regression coefficients were obtained as 0.9901, and 0.9162,

respectively, suggesting a statistically valid model to make predictions

Standard error was 0.31 over a mean of 19.22, which produced a minimum coefficient
of variation of 1.61%. The adequacy of the model’s precision was 52.42, which
implies that an error could exist in every 52.42 predictions. In essence, the least
expected error of 4, is significantly above the model’s maximum probable error,
accordingly, the model’s signal is adequate enough within its design scope for
statistical simulation purposes. Statistical check on model’s performance as seen in
Figure 4.21 indicates a relatively linear error distribution that was studentised.

Consequently, the model can be regarded as statistically accurate..

The coefficients of the model (Appendix D4) indicates that multicollinearity impact is
absent for all model components, as no factor exceeded 10 by reason of inflation as a
result of the model’s variance. This suggests that independent variables can be varied
statistically, which is a useful prerequisite for examining the impact of changing

independent factors on responses.

At a regression coefficient of 0.9162, the model has the capacity to predict the 28 day
compressive strength of PSA/CSA cement blended concrete at a statistically
acceptable level of 91.62% when the calcination temperature, synergy as well as
cement replacement level fall outside the boundaries of the data used in this study. As
such, the model (Equation 4.3) is recommended for use in the cement and SCM

industry.
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Figures 4.22 to 4.26 represents the model’s simulations at varying mixture
components as well as processes for HAP cement blended concrete model. The
variation of temperature at calcination on the compressive strength of the HAP
concrete is mostly linear as increasing calcination temperature leads to increase in
compressive strength however in favour of increasing PSA content. However, this
relationship barely favours increasing CSA content in the mix, as Figure 4.22 — 4.26
represents reduction in compressive strength at increasing temperature and CSA
content. The mixture component in isolation of the factor represents a cubic
relationship creating at peaking PSA concentration range of 30-40% and sagging at a
PSA range of 5-15%. This generally indicates a need to increase calcination
temperature beyond 300 °C and increasing PSA content above 15% concentration

within the total mixture.

At optimisation, 38 suggested solutions where developed as shown in Table 4.6, based
on the customised constraint shown in Appendix D5. Selected solution having a
desirability of 0.64 requires constraint of 54.62% PC:25.07% PSA:20.31% CSA and a
process factor of 606.3 °C, yielding a compressive strength of 20.8 N/mm? which is
75% of the control. However, for an environment that is free from severe
environmentally related attacks, solution 10 might be more appropriate having mixture
constraints of 56.50% PC:29.4% PSA:14.1% CSA produced at a calcination

temperature of 349 °C and yielding a compressive strength of 20.84 N/mm?
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Table 4.6: Solutions for the optimisation of factors and responses for HAP

concrete

N0 PC PSA csa Ccdlc

Temp Strength

Comp.

WAL CISLI SISLI SIMLI Desirability

154.611 25.073 20.317 606.758

20.800 2.507 12.724 -0.078

8.966

2 54.588 25.113 20.299 603.685

354.528 25.115 20.357 609.410

4 55.065 24.825 20.110 596.927

554.862 24.845 20.293 613.556

6 55.340 24.642 19.718 558.930

7 56.103 24.669 18.928 500.964

8 58.786 23.203 18.012 485.531

9 57.665 24.806 17.529 424.373
10 56.514 29.358 14.98 349.004
11 67.403 17.922 14.675 170.501
12 67.362 17.811 14.827 171.658
13 67.346 18.208 14.446 164.918
14 73.186 3.866 22.948 155.727
1572952 3.865 23.183 151.351
16 73.175 4.221 22.604 160.777
17 67.265 17.186 15.550 176.453
18 74.055 3.868 22.077 171.030
19 67.601 17.032 15.367 180.288
20 73.031 4.678 22.291 164.525
2174.304 2.743 22.952 159.763
2272.899 2.926 24.175 131.738
23 68.278 18.286 13.435 167.117
24 67.578 18.821 13.602 146.767
25 68.292 18.650 13.058 155.145
26 70.885 6.390 22.725 155.098
27 67.798 15.762 16.439 184.485
28 67.736 19.018 13.246 135.998
29 72.642 2.092 25.266 100.557
30 68.978 15.555 15.467 191.092
31 69.371 12.385 18.244 186.703
32 67.904 19.335 12.761 105.827
3392.042 4.591 3.367 751.513
3492.101 4.531 3.368 757.024
3592405 4.232 3.363 785.655
36 91.097 6.044 2.859 718.388
37 92.153 3.670 4.176 685.134
38 94.108 5.862 0.000 724.077

20.800 2.502 12.684 -0.002
20.802 2.507 12.828 -0.002
20.800 2.521 12.247 -0.518
20.800 2.527 12.696 -0.505
20.800 2.492 11.454 -0.233
20.800 2.48310.302 -0.001
20.800 3.151 8.178 -1.668
20.800 2.612 9.013 0.252
20.840 1.466 11.395 -0.000
20.800 7.761 12.469 16.411
20.800 7.74512.411 16.456
20.800 7.70112.824 16.411
20.800 6.358 15.487 9.921
20.800 6.307 15.822 9.942
20.800 6.618 15.007 10.723
20.800 7.73212.172 16.809
20.800 6.551 14.381 9.987
20.800 7.937 11.879 16.779
20.800 6.909 14.606 11.699
20.800 5.655 15.537 7.198
20.800 5.587 17.704 7.586
20.800 8.27212.499 16.525
20.800 7.777 13.976 16.800
20.800 8.247 13.275 16.805
20.800 7.298 14.891 15.267
20.800 8.080 11.694 17.626
20.800 7.85214.709 17.222
20.800 4.894 20.814 5.133
20.800 8.77711.128 17.777
20.800 8.657 11.730 18.968
20.800 7.919 16.990 18.590
20.800 13.602 21.557 5.286
20.800 13.497 21.837 4.836
20.800 12.956 23.302 2.423
20.800 16.152 19.387 5.283
20.800 11.572 19.204 15.041
23.436 17.575 20.210 8.519

8.970
8.966
8.959
8.947
8.995
9.033
8.950
9.057
9.110
9.002
9.002
9.009
8.497
8.498
8.515
8.998
8.491
8.985
8.539
8.429
8.450
8.981
9.017
8.990
8.642
8.965
9.020
8.409
8.932
8.869
9.037
8.831
8.830
8.826
8.868
8.787
9.109

0.640 Selected
0.640
0.640
0.640
0.640
0.640
0.637
0.631
0.628
0.619
0.418
0.417
0.417
0.415
0.415
0.414
0.414
0.413
0.413
0.413
0.411
0.410
0.408
0.404
0.401
0.400
0.398
0.393
0.393
0.388
0.355
0.354
0.230
0.230
0.229
0.224
0.215
0.001
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Developed model for the compressive strength of HAP concrete is as shown in

Equation 4.3 below;

CShap = (0.277 * PC) — (2.209 * PSA) + (0.659 * CSA) + (0.045 % PC * PSA) —
(0.013 % PC * CSA) — (8.180 * 1073 % PSA * CSA) + (1.908 * 1073 « PSA + T) —
(4.05 % 1073 % CSA * T) + (4.426 * 10~ x PC * PSA x CSA) — (3.672 1075 % PC *
PSA*T) + (8190 x 107> x PC * CSA*T) + (1.913 * 1075 * PSA x CSA * T) —
(3.136 * 10™* % PC * PSA x (PC — PSA) + (8.864 + 107 % PC * CSA * (PC —
CSA)) — (4.191 % 107*  PSA x CSA * (PSA — CSA)) + (2.133 % 1077  PC = PSA
T+ (PC — PSA) — (6.259 * 1077 * PC * CSA + T x (PC — CSA)) + (1.784 * 107° «
PSA * CSA + T * (PSA — CSA) (4.3)

Where;

CShap = Compressive strength of hybrid agro-pozzolan cement blended concrete
(MPa)

PC = Mass concentration of Portland cement in total binder (%)
PSA =Mass concentration of Periwinkle shell ash in total binder (%)
CSA =Mass concentration of Clam shell ash in total binder (%)

T = Calcination temperature for the production of CSA (°C).
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4.2.4. Calcination and mixture configuration variations on the
Flexural Strength of Periwinkle Shell Ash Cement blended

concrete

Figures 4.27. and 4.28 are preliminary indicators of the trend of the flexural strength
and deflection of PSA cement blended concrete. From Figure 4.27, flexural strength is
observed to reduce with increase in cement replacement level using Periwinkle shell
ash as the pozzolanic material. A similar trend can be seen in Figure 4.28 for which

the relationship between deflection and calcination temperature is shown.

For both Figure 4.27 and Figure 4.28, it can be seen that both flexural strength as well
as deflection are tentatively optimum at 800 °C. it is however noteworthy to establish
that optimum flexural strength and deflection obtained at 800 °C were 2.83 MPa and
125 mm respectively at 40% cement replacement level which were observed to be
53.5% and 59.52% respectively of the control. At 50% cement replacement level, the
results obtained at tentative optimum are 2.27 MPa and 88 mm for flexure and
deflection respectively. These are again 42.9% and 41.9% respectively of the control’s
flexural strength (5.29 MPa) and deflection (210 mm).
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Figure 4.27: Flexural Strength of PSA integrated Cement blended concrete

produced at 40% and 50% Cement Replacement Level
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Figure 4.28: Deflection of PSA integrated Cement blended concrete produced at
40% and 50% Cement Replacement Level
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Experimental inputs for modelling and optimisation of the independent and dependent

variables of periwinkle shell ash cement blended concrete is as shown in Table 4.7
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Table 4.7: Experimental inputs for data analysis, modelling and optimisation of

the flexural strength of PSA Pozzolan cement concrete

Componentl  Component2  Factor 3 Response 1

Run A:PC B:PSA C:TEMP  Flexural strength
% % °C N/mm?

1 60 40 600 2.83
2 100 0 400 5.29
3 50 50 400 2.27
4 100 0 400 5.29
5 60 40 25 2.08
6 50 50 400 2.27
7 60 40 800 2.65
8 50 50 25 2.08
9 100 0 25 5.29
10 60 40 400 2.83
11 60 40 800 2.65
12 60 40 25 2.08
13 50 50 800 2.27
14 100 0 800 5.29
15 60 40 200 2.3
16 50 50 200 2.27
17 100 0 200 5.29
18 50 50 800 2.27
19 50 50 600 2.27
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The design summary page (Appendix E1) indicates that the trend of results for the
flexural strength of PSA cement blended concrete is government by a quadratic
mixture and quadratic process factors, indicating that somewhere around the median of
both variables lies the optimum.

The analysed variance and regression coefficients of the model (Appendices E2 and
E3) for the compressive strength of PSA cement blended concrete, informs that The
equation (model) as developed, has eight model classes of linear mixture, AB, AC,
BC, ABC, AC? BC? and ABC?. Of these, AC, AC® and BC? were in tandem with the
hypothesis for nullification requiring a much lower confidence level than ideal.
However, the other five models were significant, enabling the overall model to have a

confidence level greater than 95%.

The model’s ratio to the square of its total sum produced a regression coefficient of
0.9987. as a result, regression coefficients derived (adjusted and predicted) were
0.9976, and 0.9956, which implies that the model is sound enough for predictions and
simulations. Standard error was 0.065 over a mean of 3.14, which produced a
minimum coefficient of variation of 2.09%. The adequacy of the model’s precision
was 72.00, which implies that an error could exist in every 72 predictions. The error
being sufficiently below the least permissible error of 4, accordingly, the model’s

signal is adequate enough within its design scope for statistical simulation purposes.

The coefficients of the model (Appendix E4) indicates that multicollinearity impact is
absent for all model components, as no factor exceeded 10 by reason of inflation as a
result of the model’s variance. This suggests that independent variables can be varied
statistically, which is a useful prerequisite for examining the impact of changing

independent factors on responses.

Statistical check on model’s performance as seen in Figure 4.29 shows a near linear
spread of the statistically moderated errors. As such, the developed equation can be

satisfactorily utilised for predictions and simulations.
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Figure 4.29: Studentised error spread for the flexural strength of PSA cement
blended concrete
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The flexural behaviour of PSA cement blended concrete has been analysed, modelled
and optimised. The analysis provides logical reasons for the adoption of the model. As
shown in Figure4.30, the mixture factor is quadratic but informs the need for higher
PC content in favour of flexural strength. Similarly, calcination temperature is
observed to be moderately quadratic, and troughing between 335 °C and 645 °C, also

in favour of the flexural strength of PSA cement blended concrete.

The flexural behaviour of concrete is often conventionally perceived as a secondary
indicator in concrete structures, this is due to its relatively low contribution when
compared to compressive strength. However, it’s essential that at every introduction of
a new/potential binder to the construction industry, certain basic properties require

attention.

Olusola and Umoh (2012), informed that the compressive and flexural behaviour of
PSA cement blended concrete is best enhanced at a concentration of 10% cement
replacement level. This is probably ideal as optimum results presented in Table 4.2,
suggested a replacement level of 19.65% as a constraint to meet SAI criteria not to
exceed or match up with the control. At 40% replacement level, the flexural behaviour
of PSA cement blended concrete, indicated a loss of 28% strength when compared to
its control (Olusola and Umoh, 2012). Using the equation (model) as developed, of
this research, at 40% cement replacement level, and at the optimized temperature of
565 °C, a flexural strength of 2.8 N/mm? was obtained, and observed to be 47% lower
than the control of 5.29 N/mm?. This is in disparity with the results obtained by
Olusola and Umoh (2012), however, they measure flexural behaviour by means of

tensile test and not direct flexural test.

At optimisation, optimum variables as shown in Table 4.8, were observed at 65%PC,
35% PSA and at a calcination temperature of 565 °C. At this configuration, optimum

obtainable flexural strength is 3.06 N/mm?, which is 42.16% below the control.

A practical use of this concrete if for non-reinforced structural works, where limited
need for flexural resistance exists. In essence, the model is adoptable and so is the

integration of PSA in plain concrete works.
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Equation 4.4 below represents the model for the flexural strength of PSA cement

blended concrete;

FSpsa = 0.0529PC + 0.0835PSA — (1.89 * 1073 x PC * PSA) — (1.272 « 10719 %
PC+T)— (2813 x107** PSA*T) + (5.92% 107 x PC x PSA*T) +
(893310723 %« PC *T?) + (2.490 * 1077 x PSA * T?) — (5.240 * 1079 * PC *

PSA % T?) (4.4)
Where;

FSpsa = Flexural strength of PSA cement blended concrete (MPa)

PC= Mass proportion of Portland cement in total binder (%)

PSA = Mass proportion of PSA in total binder (%)

T= Calcination Temperature (°C)
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Table 4.8: Solutions for the optimisation of factors and responses for the flexural

strength of PSA cement blended concrete

Solutions

Number PC PSA TEMP Flexural strength Desirability

1 64.601 35.399 565.175 3.058 0.535 Selected

2 50.000 50.000 564.849 2.298 0.408
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4.2.5. Calcination and mixture configuration variations on the Flexural
Strength of Clam Shell Ash Cement blended concrete

Figures 4.31. and 4.32 are preliminary indicators of the trend of the flexural strength
and deflection of CSA cement blended concrete. From Figure 4.31, a quadratic trend
of the flexural strength effected by variations in calcination temperature was observed
at 40% cement replacement level. This is an early indication that at 40% cement
replacement level, optimum calcination temperature is between 400 °C and 600 °C.
The effect of variations in calcination on the flexural strength of CSA cement blended
concrete at 50% cement replacement level was observed to be minimal (constant)
between 200 °C and 800 °C. Deflection was observed to be directly proportional to
calcination temperature. Also, deflection was higher for specimens produced at 50%
cement replacement level when compared to those of 40%, regardless of calcination
temperature. Noting that increasing deflection reduces structural serviceability, it is of
structural importance that structures exhibit limited deflection while resisting

maximum structural loads.
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Figure 4.31: Flexural Strength of CSA integrated Cement blended concrete
produced at 40% and 50% CRL
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Figure 4.32: Deflection of CSA integrated Cement blended concrete produced at
40% and 50% CRL
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Experimental inputs for analysis, modelling and optimisation of the flexural strength of

clam shell ash cement blended concrete is as shown in Table 4.9
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Table 4.9: Experimental inputs for analysis, modelling and optimisation of the

flexural strength of clam shell ash cement blended concrete

Component 1 Component 2 Factor 3 Response 1

Run A:PC B:CSA C:TEMP Flexural strength
% % °C N/mm?

1 60 40 400 2.83
2 60 40 200 2.3
3 100 0 25 5.29
4 50 50 800 2.31
5 50 50 400 2.27
6 50 50 400 2.25
7 50 50 25 2.08
8 50 50 25 2.05
9 60 40 600 291
10 60 40 800 2.65
11 60 40 25 2.08
12 50 50 800 2.27
13 100 0 25 5.35
14 50 50 25 2.11
15 60 40 600 2.85
16 100 0 25 5.28
17 100 0 25 5.08
18 60 40 600 2.83
19 60 40 400 2.83
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The design summary page (Appendix F1) indicates that the trend of results for the
flexural strength of CSA cement blended concrete is government by a linear mixture
and mean process factors, indicating that increasing the cement content, directly
increases the flexural strength of CSA cement blended concrete. Variations in
calcination temperature had no significant effect on the flexural strength of CSA

cement blended concrete.

The analysed variance and regression coefficients of the model (Appendices F2 and
F3) for the flexural of CSA cement blended concrete, informs that the equation

(model) as developed, is significant having a confidence interval greater than 95%.

The model’s ratio to the square of its total sum produced a regression coefficient of
0.9678. as a result, regression coefficients derived (adjusted and predicted) were
0.9659, and 0.9626, which implies that the model is sound enough for predictions and
simulations. Standard error was 0.22 over a mean of 3.03, with a deviation coefficient
of 7.38%. The adequacy of the model’s precision was 42.665, which implies that an
error could exist in every 42 predictions. The error being sufficiently below the least
permissible error of 4, accordingly, the model’s signal is adequate enough within its

design scope for statistical simulation purposes.

The coefficients of the model (Appendix F4) coefficients were 1.03 for PC and CSA,
indicating a close to perfect orthogonality, and desired flexibility of a statistically

model.

Statistical check on model’s performance as seen in Figure 4.33 shows a near linear
spread of the statistically moderated errors. As such, the developed equation can be

satisfactorily utilised for predictions and simulations.

170



Design-Expert® Software

Flexural strength Normal Plot of Residuals

Color points by value of
Flexural strength:

%5.35
2.05

©
©
|

~N o O
o o o o,
I | HH‘HH‘\\ Il
Smmm
=

Normal % Probability
88 8
| | |
[ ]
B

=
o

(4]
i
|

i

-5.00 -4.00 -3.00 -2.00 -1.00 0.00 1.00

Externally Studentized Residuals

Figure 4.33: Studentised error spread for the flexural strength of CSA cement
blended concrete

171



Design-Expert® Software

Component Coding: Actual

Factor Coding: Actual

Flexural strength (N/mmz2)

e Design points above predicted value

5.35
% 6
2.05
X1 = A: PLC 5
X2 = B: CSA
X3 = C: TEMP

Flexural strength (N/mm?2)

800

490
335
C: TEMP (0oC) : PLC

257 58 B: CSA (%
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The flexural behaviour of CSA cement blended concrete has been analysed, modelled
and optimised. The analysis provides logical reasons for the adoption of the model. As
shown in Figure 4.34, the mixture factor is directly linear to the flexural strength of
CSA cement blended concrete. Flexural strength was therefore observed to be

minimally affected by variations in CSA production temperature.

Olutoge et al. (2016) reported on the flexural behaviour of clam shell ash cement
blended concrete, Having produced the ash by uncontrolled burning process they
observed a 49.3% reduction in tensile strength at 28 days of curing, due to the
integration of 20% concentration of CSA as a partial replacement for cement, and
hence recommended an optimum replacement level of 5%. Similarly, Ong and Kassim
(2019), observed a drop in split tensile strength of about 33.33% at 8% cement
replacement level, at a controlled production temperature of 800 °C for 2 hours. In
same vein, relative to flexural performance of CSA blended concrete, Othman et al.,
(2013) and Olivia et al. (2015) recommended optimum cement replacement levels of

5% and 4% respectively.

From the observations of analysed data in this study, developed model for the flexural
strength of CSA cement blended concrete, indicates that the flexural behaviour of
CSA cement blended concrete is not a function of calcination temperature, but solely a
function of cement replacement level. Testing this hypothesis, at 5% cement
replacement level, a loss in flexural strength of 7.2% was observed; at 8%
replacement, a loss of 11.77% was observed, at 20% replacement, a loss of 24.76%
was observed and at the model recommended level of 34% (Table 4.10), a loss of
41.28% was recorded. The ultimate implication of this is that the application of CSA
in concrete as a cement replacement material at levels beyond 5%, is only suitable for
non-flexural load bearing structures, such as blinding of foundation beds, flooring

formations, non-load bearing concrete wall partitions, lining for dykes, etc.

The limitation of CSA in cement blended concrete is not with the CSA itself, but with
the oxide composition of Portland cement. CSA is primarily calcareous in nature, and
about 70% of Portland cement is made up of materials with calcareous origins, hence

there appears to be no more room for more calcareous additions. This is also why CSA
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does not scientifically fall into the class of pozzolanic materials according to relevant
standards but can be classified as an SCM.

Equation 4.5 is a model for simulating the most probable responses at different levels
of the variables within the boundaries of the model of CSA cement blended concrete

FScsa = 0.052PC — 9.80 = 1073CSA (4.5)
Where;

FScsa = Flexural strength of CSA cement blended concrete (MPa)

PC= Mass proportion of Portland cement in total binder of CSA Pozzolan

concrete (%)
CSA= Mass proportion of CSA in total binder of CSA Pozzolan
concrete (%)
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Table 4.10: Solutions for the optimisation of factors and responses for the

flexural strength of CSA cement blended concrete

Solutions
Number PC CSA TEMP* Flexural strength  Desirability
1 65.922 34.078 427.333 3.106 0.530 Selected
2 65.918 34.082 533.829 3.106 0.530
3 65.927 34.073 555.156 3.106 0.530
4 65918 34.082 201.806 3.106 0.530
5 65.928 34.072 485.381 3.106 0.530
6 65.928 34.072 468.972 3.106 0.530
7 65.929 34.071 264.420 3.107 0.530
8 65.916 34.084 541.228 3.106 0.530
9 65.916 34.084 511.080 3.106 0.530
10 65.915 34.085 700.136 3.106 0.530
11 65.915 34.085 447.253 3.106 0.530
12 65.914 34.086 297.515 3.106 0.530
13 65.931 34.069 255.021 3.107 0.530
14 65.932 34.068 127.640 3.107 0.530
15 65.933 34.067 146.424 3.107 0.530
16 65.934 34.066 558.843 3.107 0.530
17 65.911 34.089 655.930 3.105 0.530
18 65.935 34.065 287.109 3.107 0.530
19 65.911 34.089 342.177 3.105 0.530
20 65.935 34.065 261.506 3.107 0.530
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4.2.6. Calcination and mixture configuration variations on the Flexural

Strength of Hybrid Agro-Based Pozzolan Cement blended concrete
Having identified that PSA is limited by insufficient calcium while CSA is limited by

insufficient silicon, this section will explain the results of the hybrid produced, relative

to the flexural behaviour of concrete at varying cement replacement levels.

Figures 4.35 and 4.36 are plotted data on the flexural and deflection performance of
PSA and CSA hybrid mixture at varying synergies and calcination temperatures,

replacing cement at 40% and 50% in concrete.

From both figures, the tentative illustration is that calcination temperature is directly
proportional to flexural strength with optimum result obtained at about 800 °C. Cement
Replacement level was seen to be inversely proportional to flexural strength. At 40%
cement replacement level, a synergy of 60P produced at 800 °C appeared to be more
desirable relative to other synergies. At this configuration, a flexural strength of 3.5
MPa was obtained, which is approximately 66.2% of the control and higher than PSA
and CSA counterparts of 2.83 MPa and 2.83 MPa by 19.14% respectively. A similar

trend was observed for results obtained at 50% cement replacement level.

Deflection curve for primary as well as synergised pozzolans are similar in form,
having a near arc formation at 40% replacement level and somewhat of a slanted ‘Z’
formation at 50% replacement level. Deflection was seen to increase steadily with
temperature for all synergies. At 40% replacement level, optimum deflection was
obtained at 60% PSA: 40% CSA with Pozzolan specimen produced 800 °C having a
deflection at failure of 167 mm which is approximately 79.5% of the control deflection
and superior in deflection to that of PSA and CSA cement blended concrete (125 mm

and 102 mm respectively) by 25% and 39% respectively.
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In analysing the obtained data for the flexural strength of PSA and CSA hybrid
mixture, the experimental data were utilised as inputs based on the custom template o
the statistical tool used (Design Expert). Table 4.11 represents the data using for the
analysis, modelling and optimisation of PSA/CSA hybrid Pozzolan cement blended

concrete.
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Table 4.11:  Experimental inputs for analysis, modelling and optimisation of

the flexural strength of HAP cement blended concrete

Component 1 Component 2 Component 3 Factor 4 Response 1
Run A:PC B:PSA C:CSA D:Calc. Temp. Flexural Strength
% % % °Cc N/mm2

1 60 0 40 600 2.83
2 60 16 24 400 2.83
3 60 24 16 200 2.99
4 50 50 0 800 2.27
5 50 50 0 25 1.98
6 60 24 16 25 2.65
7 100 0 0 25 5.29
8 60 24 16 800 3.5
9 50 0 50 400 2.27
10 60 24 16 600 3.36
11 100 0 0 400 5.29
12 50 15 35 400 2.36
13 60 40 0 600 2.83
14 100 0 0 800 5.29
15 60 0 40 400 2.83
16 60 20 20 600 3.02
17 60 20 20 800 3.21
18 60 40 0 400 2.68
19 50 25 25 600 2.08
20 50 15 35 25 2.08
21 60 20 20 200 2.83
22 50 0 50 800 2.27
23 50 25 25 400 2.08
24 50 30 20 400 2.46
25 50 25 25 25 1.52
26 100 0 0 25 5.29
27 50 35 15 400 2.36
28 50 25 25 800 2.27
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The trend of data for the flexural strength of HAP cement blended concrete is
governed by a linear mixture component and a linear process factor, as shown in
the design summary page (Appendix G1), suggesting that raising the cement content
as well as the calcination temperature, directly enhances the flexural strength of

HAP cement blended concrete.

Variable inflated factors (Appendix G4)for the flexural strength model of HAP cement
blended concrete were all within the range of 1-2, indicating a very sharp closeness to
orthogonally between variations of the independent variables. This is a good measure

of the statistical predictability of the model.

The spread of studentised errors was relatively linear and is represented by model
diagnostics, as shown in Figure 4.37. As a result, the model can be accepted as

statistically acceptable.

The created model is significant, with a confidence interval more than 95%, according
to the variance as analysed (P < 0.05), and regression coefficient (Appendices G2 and
G3) for the flexural strength of HAP Pozzolan cement blended concrete. The
Regression coefficient was 0.9653 when the model was compared to the cumulative
summed up squares. As a result, the adjusted and projected regression coefficients
were 0.9574 and 0.9406, respectively, suggesting a solid model prediction and
simulation capacity. The Standard error was 0.22, with an error coefficient (C.V.) of
7.45%, based on a mean of 2.95. The model's sufficient precision was determined to
be 34.04, implying that one inaccuracy might be expected for every 34 predictions.
The equation developed is precise enough within its boundary conditions, seeing the
error associated with its strength of prediction is significantly lower than the maximum

permissible error of 4.
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Hybrid agro-based pozzolan cement blended concrete's flexural behaviour has been
studied, modelled, and optimized, as shown in Figure 4.38. Figure 4.38 is therefore a
representation of the flexural behaviour of HAP cement blended concrete, under the
influence of calcination variations as well as mixture configuration. As earlier stated
by the design summary (Appendix G1), it can be seen from the figure that increasing
PC content directly increases flexural strength, and at a more notable rate, relative to

the direct proportionality observed between calcination and flexural strength.

About a handful of literature pay attention to the flexural behaviour of Pozzolan
cement blended concretes. This is partly due to the conventional assumption the
concrete is primarily built for compressive load resistance. Dembo et al. (2017)
realised that silica fume is very reactive in improving the flexural strength of cement
blended concrete, and could be used by up to 30% as cement replacement, without
compromising the flexural strength of concrete. A combination of silica fume with
calcined clay was observed to lead to a drastic reduction in flexural strength. This is a
logical outcome as flexural performance is not only enhanced by sufficient SiO2
content, but also, by the fineness of the pozzolanic material. Silica fume if amongst the
finest of pozzolans and very rich in SiO,, therefore exhibited its high support to the
flexural strength of concrete as reported by Dembo et al. (2017). On fineness, observed
data from this study showed CSA as a finer pozzolan than PSA, however, literature
informs that PSA is very much richer in SiO2 content that CSA. As such, increasing
PSA content provides a more chemical balance, CSA content tends to proffer a better
fineness contribution to the hybrid pozzolanic mix. No marvel as singular materials,
both optimal replacement levels was observed to be around 35% yielding a flexural
strength of about 3.1 N/mm? A synergy of both however, informs the need for the
total dependence on PSA for its chemical contribution, or the total dependence on CSA
for its fineness contribution, or the need for smaller concentration of CSA in the hybrid
mix (Table 4.12). However, in any case, the flexural strength of concrete was yet
reduced about 33.8% at replacement levels of 33.5%, produced at 800°C.
Conclusively, regardless of the mix configuration or calcination temperature, at cement
replacement levels greater than 30%, cement blended concrete will decline in flexural
strength by roughly 30% and as such should not be used in the production of concrete

intended for flexural load resistance.
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Table 4.12 Solutions for the optimisation of factors and responses for the flexural

strength of HAP cement blended concrete

Solutions
Number PC PSA CSA Tgﬂ;g:::horg g':fé(nugr'?r: Desirability
1 66.525 33.475 0.000 800.000 3.464 0.588 Selected
2 67.253 30.755 1.993 799.999 3.503 0.587
3 66.924 25.714 7.362 800.000 3.477 0.586
4 66.782 22.846 10.372 799.999 3.465 0.585
5 66.653 21.645 11.702 799.998 3.456 0.585
6 67.070 19.880 13.050 799.993 3.478 0.585
7 66.672 18.501 14.827 799.999 3.453 0.585
8 68.049 2.033 29.918 799.976 3.513 0.581
9 67.230 0.000 32.770 800.000 3.462 0.581
10 75.000 25.000 0.000 799.998 3.956 0.568
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Equations 4.6 is developed for navigating the design space of the flexural strength of
HAP cement blended concrete, relative to mixture configuration and calcination

temperature.

FShap = 0.053PC — 0.015PSA — 0.013CSA + (1.427 * 10« PC « T) +

(1.311 % 107>« PSA*T) + (9.251 * 1076 « CSA * T) (4.6)

Where;

FShap = Flexural strength of hybrid Agro-based Pozzolan concrete (MPa)

PC= Mass proportion of Portland cement in total binder of HAP concrete
(%)

PSA = Mass proportion of PSA in total binder of HAP concrete (%)

CSA= Mass proportion of CSA in total binder of HAP concrete (%)

= Calcination temperature for producing HAP in HAP Pozzolan

concrete (°C)
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4.3. Durability Properties of Agro-based Pozzolan concrete

This section will focus on the data, analysis, models and discussions on the durability
indices of concrete containing blends of PSA, CSA and the hybrids as partial

replacements for Portland cement.

4.3.1. Calcination and mixture configuration variations on the Water
Absorption Index of Periwinkle Shell ash Cement blended concrete

Figure 4.39 is a preliminary illustration of the data generated for the water absorption
index of PSA cement blended concrete. Data informs that Water absorption Index
(WALI) increases with increase in cement replacement level and reduce with increase in
calcination temperature. This indicates that PSA demands high calcination temperature
in order to increase its potentials as a cement replacement material relative to WAI
resistance. Data suggests that the bests results for WAI are obtained at a calcination
temperature of 600 °C, replacing cement at 20%. At 20% PSA concentration and at
800 °C, WAL of 1.74% was obtained and observed to be 12% lower than the control
value of 1.98%. Referencing 40% findings as a good draw down based on SAI criteria
(compressive strength results), at 40% cement level, PSA at 600 °C had a WAI of
2.84% and was 43.43% higher than the control.
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Figure 4.39: Water Absorption Index for PSA cement blended concrete
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ANOVA Table for water absorption index (Appendix H1) shows a quadratic and linear
mixture of the model components. The linear mixture had interactions with P < 0.0001,
the interactions of PC and PSA (AB) and PSA and Calcination temperature (BC),
conformed with the hypothesis for nullification by having P-values of 0.4929 and
0.1431 respectively. The quadratic model of calcination temperature, PC and CSA was
observed to have a significant P-value of 0.0021. Consequently, the all integrated
model was significant having P < 0.05. Hence, the model negates the hypothesis for
nullification. Regression analysis shown in Table 4.8 shows the Standard error for the
observed data is 0.27 over a mean of 2.85.A percentage ratio of the Standard error to
the mean represent the error percentage of the data (C.VV%) was observed to be 9.66%

which is satisfactory based on the allowable range of 0 — 30%.

The Regression coefficient (Appendix H2) obtained for the model prediction of the
water absorption index of PSA cement blended concrete are 0.8819, 0.8481, and
0.8057 for the R?, Adjusted R? and Predicted R? respectively. A difference of 0.0424
between the adjusted and predicted R? values is an indication of model clarity in
prediction analysis. Adequate Precision indicated that the signal to noise ratio is
14.108. This is 253.45% greater than the minimal requirement of 4.0 and contributes to
the acceptability of the model. Minimal observations of 1.74 and -0.94 for predicted
residual sum of squares (PRESS) and -2log likelihood respectively, are good indicators
for minimal errors associated with the predictive capacity of the model. The equation
(model) as developed, for the Water Absorption Index of PSA cement blended

concrete is as shown in Equation (4.7).

Appendix H3 is associated with all model components, their respective coefficients,
degrees of freedom, standard error, low and high range of confidence level as well as
the Variance Inflated Factors. The VIF’s obtained are within the acceptable range of 1
— 10, which implies the absence of multicollinearity, as such no significant interaction
between the independent variables was observed. Consequently, the model is flexible
enough to fix one independent variable and monitor the effect of the unfixed variable
on the dependent variable.

Figure 4.40 represents a normal distribution of the externally studentized residuals as it
obeys the ‘fat pencil test’ rule of thumb, as such the model can be said to be
statistically sound
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Figure 4.41 is a representation of the combined effect of mixing Portland cement (PC)
and Periwinkle Shell Ash (PSA) and variations in calcination on the water absorption
index of PSA cement blended concrete. Calcination temperature is observed to affect
the concretes ability to resist the absorption of water positively as increasing
calcination temperatures reduces WAI. This can mostly be attributed to the activation
of the reactive silica required for the development of secondary C-S-H gel, however, it
IS noteworthy that this reaction is theoretically dependent on the presence of the
hydrated by product of Portland cement (CaOH); a process that requires up to 28 days
to complete 99% of its cycle. Consequently, the concrete cubes being allowed to
complete its 28 days hydration cycle before a secondary curing of additional 28 days
for water absorption testing, it can be said that the WAI collected measures only the
effect of the pozzolanic activity within 28 days of post hydration period. This period
(28 days), can be argued to be inadequate as a much longer period logically appears
more ideal for tests pertaining to the durability of concrete, however, the very concept
of pozzolanicity suggests a continuous built-up of mechanical and durability properties
of concrete associated with the development of secondary C-S-H gel. As such, any
variable (process or mixture) that develops the reactive component of pozzolans
(SiOy), would invariably improve the pozzolanicity of the material by increasing the
rate of pozzolanic reaction. Hence, results obtained within the first 28 days of post
hydration are expected to be the minimum obtainable results. Accordingly, literature
validates findings of this research such that increasing temperature increases
pozzolanic activity and reduces water absorption index of cement blended concretes
(Siddique and Khan, 2011; Alexandre et al., 2014; Ubong and Effiong, 2017).

Figure 4.41 also shows the mixture effect of PSA and PC on the water absorption
index of PSA cement blended concrete. Findings show that PSA content between 0
and 30% had minimal effect on the water absorption index of the concrete, however, at
PSA concentrations beyond 30%, a steady increase in WAI was observed. This trend
suggests that the development of Calcium silicate hydrate gel is primarily depended on
the concentration of the basic compounds of cement (C3S, C2S, C3A, and C4AF),
which would logically reduce at the partial replacement of cement. As such, a

limitation in the concentration of portlandite (CaOH) upon hydration of cement is
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inherent. This partly explains the limitations of acceptable concentration of pozzolans

in the construction industries to levels below 20% as seen in literature.

Figure 4.41 is a graphical presentation of the optimized findings for limiting the water
absorption index of PSA cement blended concrete. An optimized water absorption
index of 2.463%was suggested as the best solution with a desirability of 0.564, at
factor constraints of 80.35%PC, 19.65% PSA and 425 °C calcination temperature. At a
WAI of 1.98%, the control specimen is observed to be 24.24% lower than the

suggested optimised solution.

All other conditions being ideal, results obtained at optimal level for the Water
absorption Index of PSA cement blended concrete are satisfactory at local and global
levels for the adoption into the production of plain concrete for the construction

industry.

The model for navigating the design space of the water absorption index of PSA
cement blended concrete, relative to calcination temperature and mixture configuration

is as shown in equation 4.7.

WAlpsa = 0.020PC + 0.012PSA + (8.758 * 10~* % PC * PSA) + (1.134 =

107* x PSA*T) — (2.547 * 107 % PC * PSA*T) (4.7)
Where;

WAIpsa = Water absorption index of PSA cement blended concrete

PC= Mass proportion of Portland cement in total binder of PSA

cement blended concrete (%)
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4.3.2. Calcination and mixture configuration variations on the Water

Absorption Index of Clam Shell Ash Cement blended concrete

Laboratory developed data on the water absorption index (WAI) of CSA cement
blended concrete are as illustrated on the plot in Figure 4.42. From the data, WAI is
observed to increase with increase in cement replacement level and reduce with
increase in calcination temperature. At 600 °C, WAI was minimal and particularly for
20% cement replacement specimens, having a WAI of 2.08% and 5% higher than the
control WAl of 1.98%. At a value of 2.17%, 20% CSA at 800 °C, was 9.6% higher
than the control. Referencing 40% findings as a good draw down based on SAI criteria
from compressive strength results, at 40% cement level, CSA at 600 °C had a WAL of
3.25% and was about 64% higher than the control.

Whilst it is eminent that cement be replaced for reasons of sustainability and
durability, the material property should enhance the replaceability of cement relative to
the desired durability and mechanical indices. In this case, calcination temperature has
been seen as a parameter that reduces the adverse WAI indices associated with
increasing CSA content. The industry is therefore encouraged to optimise calcination
temperature in the production of CSA so as to enhance cement replaceability to

optimal levels.
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Figure 4.42: Water Absorption Index Variations for Calcined CSA Cement

blended concrete
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Appendix 11 and 12 represents the analysed variance and regression coefficients of the
model for water absorption index of CSA cement blended concrete. The equation
(model) as developed, is a combination of a mixture of quadratic terms and mean
process terms, having two model terms of ‘linear mixture’ and ‘AB’. All model

components were significant having a confidence interval exceeding 95% (P<0.05).

The model’s ratio to the square of its total sum produced a regression coefficient of
0.8038. Consequently, the ‘adjusted’ and ‘predicted’ regression coefficients were
0.7793 and 0.7438, which implies that the model is sound enough for predictions and

simulations.

Standard error was 1.18 over a mean of 6.0, with a deviation coefficient of 19.62%.
The adequacy of the model’s precision was 13.89, which implies that an error could
exist in every 13.89 simulations. In essence, the least expected error of 4, is
significantly above the model’s maximum probable error, accordingly, the model’s
signal is adequate enough within its boundary conditions for statistical simulation

purposes.

The coefficients of the model shown in Appendix 13, expresses that no factor (mixture
or process) was inflated above 30 as a result of the model’s variance, and as such,
prevents multicollinearity amongst the variables. This suggests that independent
variables can be varied statistically, which is a useful prerequisite for examining the

impact of changing independent factors on responses.

Statistical check on model’s performance as seen in Figure 4.43 shows a near linear
spread of the statistically moderated errors. As such, the developed equation can be

satisfactorily utilised for predictions and simulations.
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Figure 4.44 represents a quadratic mixture interaction and a mean process interaction
on the water absorption index of CSA cement blended concrete. The model’s process
factor component interaction indicates relatively mean/constant result of calcination
on the water absorption index of CSA cement blended concrete. The quadratic mixture
component of the model, developed a sagging quadratic curve troughing between 0%
CSA and 12.5% CSA concentration. The model generally suggests a need to reduce
CSA concentration if the sole objective is minimising water absorption index of CSA

cement blended concrete.

Bamigboye et al. (2020), reviewed over 50 publications and in their conclusion
described the effect of sea shell mixture with cement in concrete as having a sagging
quadratic effect on the water absorption index of the cement blended concrete,
troughing at a concentration range of 10 — 20%. This validates the research findings of
this investigation. Additionally, research works are limited in the area of combined
mixture effect and calcination temperature process effect on the water absorption index
response of CSA cement blended concrete, however, this research observed the
calcination temperature process factor had a mean effect (constant effect) on the water
absorption index of CSA cement blended concrete. At optimisation, WAI of 2.516%
was obtained at a mixture of 76.87% PC:23.13 CSA produced at a calcination
temperature of 527 °C. The optimized WAI of 2.516% was observed to be 27% higher
than control of 1.98%.

Application of the optimized solution in the construction industry is recommended as it
reduces the energy demand required for calcination and enhances the replaceability of

cement which is a drive in the direction of sustainability.
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Developed model for the Water Absorption Index of CSA cement blended concrete
is as shown in Equation 4.8.

1
WAlIcsa = (0.029PC + 0.278CSA — (2.377 * 1073 x PC = CSA))1e (4.8)
Where;
WAIcsa = Water absorption index of CSA cement blended concrete
PC= Mass proportion of Portland cement in total binder of CSA

cement blended concrete (%)
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4.3.3. Calcination and mixture configuration variations on the Water
Absorption Index of Hybrid Agro-Based Pozzolan Cement blended

concrete

Laboratory data obtained for the WAI of HAP cement blended concrete are as plotted
in Figures 4.45 to 4.48. From plotted data, WAI can be said to generally reduce with
increasing temperature for most of the synergies at all the cement replacement levels.
WAI generally increases with an increase in cement replacement level for all sample
types. A trend mostly seen between 20% and 40% suggests an inverted movement of
WAL at 800 °C. Whilst, a downward movement was been observed between ATM and
600 °C in most cases, at 800 °C a forced increase in WAI was observed, implying a
need to calcinate at temperatures below 800 °C. At 40% cement replacement level,
synergistic ratio of 60% PSA: 40% CSA at 600 °C had a WAI of 2.75% found to be
about 39% higher that the control. This is yet the best result when compared to that of
PSA and CSA (2.84% and 3.25% respectively) which were 43.34% and 64% higher

than control

Absorbed moisture in concrete has been shown in literature to reduce with increase in
cement replacement level (Otunyo and Okechukwu, 2017), however, this is dependent
on the specific gravity as well as oxide composition of the material. The synergy of
PSA/CSA as studied, shows that WAL increases with increasing cement replacement
level, however, this slope of WAI increase was reduced at increasing calcination
temperature. Evidently, the calcination treatment enhances specific gravity and

activates the pozzolanic chemistry of the samples by cutting off impurities.
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The analysed variance and regression coefficients of the model for the water
absorption index of HAP concrete are shown in Appendix J1 and J2. The created
model is a combination of ‘cubic mixture’ and ‘mean process’ terms with four (4)
linear mixture terms, AB, BC, and AB(A-B), all of which are combined into the

developed equation (model), with a confidence interval exceeding 95% (P<<0.05).

The model’s ratio to the square of its total sum produced a regression coefficient of
0.8538. Adjusted and Predicted regression coefficients were 0.8205, and 0.6616, which

implies that the model is sound enough for predictions and simulations.

Standard error was 2.18 over a mean of 4.18, with a deviation coefficient of 44.47%.
The adequacy of the model’s precision was 22.39, which implies that an error could
exist in every 22.39 predictions. In essence, the least expected error of 4, is
significantly above the model’s maximum probable error, accordingly, the model’s

signal is adequate enough within its design scope for statistical simulation purposes.

No factor was observed to be inflated beyond 10 as a result of variance, the model’s
coefficients as shown in Appendix J3 indicates that all the components of the model
are free from bounds of multicollinearity. This implies a high level of statistical
flexibility between independent variables, as well as a strong signal strength for
examining the cause and effect of each variable and response whilst fixing other model

variables.

Statistical check on model’s performance as seen in Figure 4.49 shows a near linear
spread of the statistically moderated errors. As such, the developed equation can be
satisfactorily utilised for predictions and simulations.

Figures 4.49 to 4.53 represents the model’s simulations at varying mixture terms as

well as varying process inputs.

206



Design-Expert® Software
WAI

Normal Plot of Residuals

Color points by value of
WAL

% 19.29
1.22 -]

©
©
|

©
a
whin o

©
=]

~N ©
o o
[T

o
=)
|

30 -

Normal % Probability
]
1

=
o
[

o

H
|

I I I I I I I
-4.00 -2.00 0.00 2.00 4.00 6.00 8.00

Externally Studentized Residuals

Figure 4.49: Studentised error spread for the water absorption index of
HAP cement blended concrete

207



Design-Expent® Software
Component Coding: Actual
Factor Coding: Actual
WAI (%)

%19.29
1.22
X1=A:PLC

X2 = B: PSA
X3 = D: Calc. Temp

Actual Component
C:CSA =475

WAI (%)

Figure 4.50: Three-dimensional model at 47.5% CSA concentration on the
water absorption index of HAP cement blended concrete

208



Design-Expert® Software
Component Coding: Actual
Factor Coding: Actual

WAI (%)

® Design points above predicted value
° 25
19.29
20
1.22
15
Xl =A:PLC
X2 = B: PSA 10

X3 = D: Calc. Temp

Actual Component
C:CSA=25

WAI (%)

645

490
D: Calc. Temp (og)

180 §°

Figure 4.51: Three-dimensional model at 25% CSA concentration on the water
absorption index of HAP cement blended concrete

209



Design-Expert® Software
Component Coding: Actual
Factor Coding: Actual

WAI (%)
19.29
25
1.22
20
X1 = A: PLC
X2 = B: PSA 15

X3 = D: Calc. Temp

Actual Component
C: CSA =10.8108

WAI (%)

490
D: Calc. Temp (0G)

180

25 381892

Figure 4.52: Three-dimensional model at 10.81% CSA concentration for the
water absorption index of HAP cement blended concrete

210



Design-Expert® Software

Component Coding: Actual

Factor Coding: Actual

WAI (%)

® Design points above predicted value
(=]

%19.29
1.22
X1 =A:PLC

X2 =B: PSA
X3 = D: Calc. Temp

\
Actual Component
C:CSA=0

WAI (%)

Figure 4.53: Three-dimensional model at 0% CSA concentration for the water

absorption index of HAP cement blended concrete

211



Design-Expert® Software
Component Coding: Actual
Factor Coding: Actual
WAI (%)

%19.29
1.22
X1=A:PLC

X2 =B: PSA
X3 = D: Calc. Temp

Actual Component
C: CSA = 20.3166

WAI (%)

69.6834

s 7243688
D: Calc. Temp (oC) 938417
18 35:48%8

=B ABRE

Figure 4.54: Plot of Optimised WAI at 20.316% CSA Concentration.

212



Figures 4.50 to 4.54 represents the model’s simulations at varying mixture terms as
well as varying process inputs. Results on the outcome of variations of the process
variable (calcination temperature), on water absorption index of HAP concrete, was
observed to have a mean effect for mixture composition. In other words, for a
particularly mixture composition, calcination temperature variations have minimal
effect on the water absorption index of the cement blended concrete. However, the
mixture component of the model expressed changes in interaction mostly dependent on
the concentration of clam shell ash as seen in Figures 4.88 to 4.61. At 50% CSA
content, WAI was observed to be at its minimal irrespective of calcination temperature
(Figure 4.88). Reducing the CSA concentration to 25%, a small amplitude wave was
formed for WALI, troughing between 12.5 and 25% PSA concentration and cresting
between 12.5 and 0% PSA concentration, suggesting a need for higher concentrations
of PSA content. A further reduction in CSA content to 10.81% and finally 0% as
shown in Figure 4.60 and 4.61 respectively shows a cubic mixture interaction with
depth of amplitude proportional to the concentration of CSA content. Increasing CSA
concentration reduces the amplitude of the wave and vice versa. Additionally, minimal

WAI was observed at PSA concentration ranging between 30 and 45% PSA content.

At optimisation, synergising the custom constraint of all five responses, similar factors
constraint as was in the case of compressive strength, yielded same mixture
configuration with a WAI of 2.5% observed to be 126.3% of the control of 1.9%. This
is theoretically inversely proportional to age and is expected to reduce with time, hence
poses no significant threat to the durability concrete structures. Therefore, it is possible
to apply these findings in the building industry, mostly for non or lightly reinforced

constructions like mass/plain concrete structures.
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The equation (model) as developed, (Equation 4.9) can be applied in simulating the
most probable responses at different levels of the variables within the boundaries of the

model to meet specific sustainably and friendly design requirements.

WATLhap =  0.022PC + 7.728PSA + 0.0538CSA — (0.153PC * PSA) —

(0.057PSA = CSA) + (1.125 * 1073 x PC * PSA * (PC * PSA)) (4.9)
Where;

WAIhap = Water absorption index of HAP cement blended concrete (%)

PC= Mass proportion of Portland cement in total binder of HAP

cement blended concrete (%)
PSA = Mass proportion of PSA in total binder of HAP Concrete (%)
CSA= Mass proportion of CSA in total binder of HAP Concrete (%)

= Calcination temperature for producing HAP in HAP concrete (°C)
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4.3.4. Calcination and mixture configuration variations on the CISLI of
Periwinkle Shell Ash Cement Blended Concrete

Figure 4.55 represents the plot of laboratory data gotten for the compressive strength
of PSA concrete when cured in a chlorine solution. Similarly, Figure 4.56 represents

the losses in compressive strength due to the attack of chloride ions.

From Figures 4.55 and 4.56, control specimen was observed to have a loss in strength
of about 24.56% between specimens cured in fresh water and specimens cured in 10%
sodium chloride solution. At ATM, 200 °C, 400 °C, and 600 °C, 50% cement
replacement levels had the greatest loss in compressive strength. For ATM, 200 °C,
and 800 °C, cement replacement level had an inverse relationship with strength loss,
such that the higher the replacement level, the lower the strength loss Index. However,
specimens at 50% replacement level did not follow this trend to the end. Minimal
losses were obtained at 30% cement replacement level for specimen produced at 400
°C having a strength gain of about 8%. All specimens at 600 °C were observed to have
a loss in strength lower than that of the control specimen. At 40% replacement level, a

loss of about 19.3% was observed.
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Appendix K1 is a summary of the analytical findings for the variance as analysed, and
variation coefficients for CISLI of PSA cement blended concrete. The components of
the equation are linear mixture, AB, ABC, and ABC2. All model components but the
linear mixture where observed to be significant having p-value<0.05.

The Linear mixture having a p-value of 0.6519 (>0.05) conforms with the hypothesis
for nullification. The integrated model is a quadratic by quadratic model having a
significant p-value < 0.05.

Coefficients of regression for the model (Appendix K2) are 0.8194, 0.7678 and 0.7092
for the R?, adjusted R? and predicted R? respectively. This is relative to the index of the
cumulative summed up squares and the residual sum of squares. The Standard error
spreads out of the mean value of 17.68 by 5.23, and the percentage ratio of 29.61%
was obtained as the coefficient of variation. The coefficient of variation is below 30%

hence the model is statistically satisfactory.

Appendix K3 represents the coefficients of the individual model components, degrees
of freedom, standard error associated with each coefficient, range of confidence
interval and variance inflated factors. As a check for orthogonality of the process and
mixture component factors, ABC interaction had the highest obtainable orthogonality
of one and can be said to be perfectly satisfactory and free of the collinearity effect.
Other components of the model such PC, PSA, PC/PCA interaction and the squared
interaction of all three components all had value inflated factors less than 10 and as

such can be said to have satisfactory coefficients.
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Figure 4.57 represents the normal distribution of the externally studentised residual
against the probability of occurrence. The externally studentised errors are normally

distributed as such model prediction is satisfactory.

Figure 4.58 represents the effect of PSA content and temperature at calcination on the
CISLI of PSA cement blended concrete. A quadratic trend is seen for both PSA
content as well as calcination temperature, having their peak points about the edges of
their boundaries and troughs about the centroids of their axis having a ‘bow-like’ shape
formation. This implies that the linear effect of both calcination temperature and PSA
content is directly proportional to CISLI only within the range of the originating points

to the centroids of the established boundaries.

The optimized and selected solution for CISLI of PSA cement blended concrete has a
desirability of 0.564 and showed a CISLI of 2.10%, observed to be 91.44% lower than
the control’s observed CISLI of 24.56%. The selected solution was at a constraint level

of 80.35PC, 19.65PSA and at a calcination temperature of 425°C.

The predominance of chloride salts is mainly in the marine regions and remains a basic
challenge threatening stability of structures. In a bid to ensure the durability of steel in
concrete, specific concrete cover is recommended based on the exposed condition of
the concrete structure to keep the steel in a state of passivity. Chloride driven strength
loss indexes for non-reinforced concrete structures is opined on the destruction of the
concrete cover layer which is a primary indication of the concrete’s ability to protect
and keep any embedded reinforcement in its state of passivity. Guo et al. (2018)
reported findings in compliance with the observations of this research suggesting a loss
in compressive strength of concrete cured in sea water for a period of 28 days. CCAA
(2009), after a 34-yearlong study on the compressive strength features of concrete
concluded that the aluminate component of the major phases of cement is responsible
for the formation of chloro-aluminates (Friedel’s salt) which when demobilised
reduces the alkalinity of the cement structure and subsequently de-passivates the
embedded steel structure. However, findings from their study revealed that no
substantial effect was observed on the compressive strength of the tested concrete over

the duration of the study. On a conclusive note, literature (Walker and Pavia, 2011;
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CCAA 2009), as well as the findings of this validates the need for a pozzolanic
reactivity to reduce the non-evaporable pore water as well as voids present in concrete
so as to prevent the mobilisation of the Friedel’s salt and corrosion activities on and
within the concrete. As such, optimized solution suggested by these findings can be

adequately adopted as a practice in the engineering society.

Developed model for the CISLI of PSA cement blended concrete is as shown in

Equation 4.10 below;

CISLIpsa = 0.256PC + 0.738PSA — (0.011CSA * PC * PSA) + (8.478 x 1073 *
PSA * T) — (1.696 * 10™* * PC * PSA * T) — (1.126 * 107> * PSA * T?) + (2.512 *

1077 % PC x PSA * T?) (4.10)

Where;

ClISLIpsa=  Chloride induced strength loss index of PSA cement blended concrete
(%)

PC= Mass proportion of Portland cement in total binder of PSA

cement blended concrete (%)
PSA = Mass proportion of PSA in total binder of Cement blended concrete
(%)
= Calcination temperature for producing PSA in PSA Pozzolan

concrete (°C)
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4.3.5. Calcination and mixture configuration variations on the CISLI of Clam

Shell Ash Cement blended concrete

Laboratory obtained data for the compressive strength of CSA cement blended
concrete, cured in chloride solution for a period of 28 days post 28 days hydration
period, is as shown in Figure 4.59. The resultant losses relative to the chloride attack is
illustrated on the plot captured in Figure 4.60. From Figure 4.59 and 4.60, results
obtained at ATM and 800 °C showed greater losses in the compressive strength of
CSA cement blended concrete. Results obtained between 200 °C and 600 °C showed
minimal losses in the compressive strength of CSA cement blended concrete. The least
losses in compressive strength was obtained at 200 °C at a replacement level of 30%,
having a strength gain of about 0.5%. At 600 °C, least strength loss was obtained at
40% cement replacement level, having a CISLI of 0.44%, which is about 98% lower

than the control.

Calcination temperatures well as cement replacement variations were both observed to
have a quadratic effect on the CISLI of CSA cement blended concrete. The centroid of
cement replacement effect was 40% for 25 °C specimens; 30% for 200 °C specimens;
30% for 400 °C specimens, 40% for 600 °C specimens and 30% for 800 °C specimens.
The centroid of calcination temperature was at 600 °C. This is an early indication that
the optimum variables for optimal concrete resistance to chloride attack are at a

configuration around 600 °C and at 30% cement replacement level.

223



19.71
1p.09

17.2

B CONTROL m20% m30% 40% ™ 50%
SAl PROFILE & & '
it

~
ch'OO
SN
QL
H ‘ ‘H
0

200 400 600 8
TEMP./ REPLACEMENT LEVEL

1p.13
1p.23

O I 16.74

12.04
16.43
13.18
14.17
16.31

I 11.22

FCK (N/MM2)
I  20.93

I 13.05
I 11.88

N
w

Figure 4.59: Effect of calcination of CSA on the compressive strength

performance of CSA cement blended concrete under chloride attack

224



H CONTROL m20% m30% m40% m50%

28.62

I 31.44

25.31

16.85

CISLI (%)
I 24.56
I 17.21

O I 18.14
I 11.70

0

I 24.19
B 1.07
2.28
I 14.01
Il 294
© 1 0.50
7.77
I 3.66
IS 10.39

o mmmmm 631
0.44
m 201

25 290 400 6

CALC. TEMP. (°C)

Figure 4.60: Result of calcination and Replacement Level of CSA on the Chloride

induced strength loss index of CSA cement blended concrete

225



Appendix L1and L2 represents the analysed variance and regression coefficients of the
model for CISLI of CSA cement blended concrete, respectively. The equation is made
up of model terms for "quadratic processes” and "mean mixtures," integrating two (2)
model terms for “calcination temperature” and "calcination temperature squared”. All
model components were significant at a confidence interval exceeding 95% (P
<<0.05).

The model’s ratio to the square of its cumulative summed up squares produced a
regression coefficient of 0.7867. Consequently, the ‘adjusted’ and ‘predicted’
regression coefficients were 0.7601 and 0.7095 and having a difference less than 0.2,

which implies that the model is sound enough for predictions and simulations.

Standard error was 5.07 over a mean of 13.91, with a deviation coefficient of 36.46%.
The adequacy of the model’s precision was 11.32, which implies that an error could
exist in every 11.32 predictions. In essence, the least expected err or of 4, is
significantly above the model’s maximum probable error, accordingly, the model’s

signal is adequate enough within its design scope for statistical simulation purposes.

The coefficients of the model shown in Appendix L3 represents that no factor (mixture
or process) was inflated above 30 as a result of the model’s variance, and as such,
prevents multicollinearity amongst the variables. A perfect orthogonality of 1.0 was
obtained for coefficients of the two model terms, which informs the statistical ease
with which cause and effect within the model can be simulated with no overlapping

variable.

Figure 4.61's statistical analysis of the model's performance shows an externally
studentised error distribution that is relatively linear. As a result, the model is

considered to be statistically trustworthy.
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Figure 4.62 represents a mean mixture interaction and a quadratic process factor
interaction on the CISLI of CSA cement blended concrete . The equation’s mean
mixture component interaction indicates a relatively mean/constant effect of variations
in CSA content on the CISLI of CSA cement blended concrete . The ‘process’ term of
the model, developed a sagging quadratic curve troughing between 300 °C and 600 °C
calcination temperature, peaking at 450 °C. The model generally suggests a need to
constrain the calcination temperature to below 600 °C to reduce the potentials of
strength losses due to chloride attack.

When mussel shell samples were thermogravimetrically analyzed at room temperature
up to 200 °C, the weight loss was approximately 0.4% as a result of the release
of absorbed water, at temperatures between 200 °C and 356 °C, the weight loss
increased to 1.7% due to oxidation and removal of volatile matter, and at temperature
levels of 356 °C to 600 °C, the weight loss further increased significantly to 2.3%.
Felipe-Sese et al., (2011). Martinez-Garcia et al. (2017), corroborates earlier findings
in which the weight loss of mussel shells was reported to be greater than 40% at
temperatures ranging from 670 °C to 800 °C Celsius. Similarly, Chiou et al. (2014),
discovered that oyster shells were virtually fully destroyed at temperatures surpassing
760 °C, while Mohamed et al. (2012), found that increasing the temperature from 700
°C to 900 °C resulted in a considerable drop in the weight of cockle shells owing to
carbonate breakdown. For seashells and typical limestone, Safi et al. (2015) showed a
similar pattern in weight loss related to an increase in temperature such that
thermogravimetric endothermic peak at 842.5 °C was linked to the decarbonation of
the seashell samples, and a similar peak was discovered for limestone. These led to the
conclusion by Mo et al., (2018), that calcination of sea shells should exceed 600 °C in
order to fully activate the pozzolanicity of the materials by achieving complete
decarbonation and oxidation of the calcium mineral. However, the sustainability
implication of this is that, close to half of the material would have been rendered inert
and would result in the formation of pores and voids in the hydrated cement blended
concrete which will be the transportation route for attacks such as chloride attack. It is
however justified that losses in weight or strength be the greater justifier on the effect
of calcination on the reactivity of Pozzolans on their mechanical and durability

contributions to cement blended concrete.
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At optimisation, the optimal chloride induced strength loss index was obtained at
3.06% at constraints of 76.87%PC:23.13% CSA mix produced at a calcination
temperature of 527 °C. This was observed to be 87.5% lower than the losses observed
with the 28 day control loss of 24.56%. Consequently, in preference to mechanical,
durability, environmental and economic gains, the optimised solution can be adopted

and mostly for non-structural engineering works.

Developed model for the CISLI of CSA cement blended concrete is as shown in
Equation (4.11)

CISLIcsa = 28.174 — 0.116T + (1.290 * 10™* * T?) (4.11)

Where;

CISLIcsa=  Chloride induced strength loss index of HAP cement blended concrete
(%)

T= Calcination temperature for producing HAP in HAP concrete (°C)
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4.3.6. Calcination and mixture configuration variations on the CISLI of HAP
Cement Blended Concrete

Having studied the contributions of PSA and CSA to potentials of concrete
resistivity to chloride attack, this section will discuss on the data and analysis of
data on the hybrid’s contribution relative to synergistic ratio, replacement level and
calcination temperature. Laboratory data are illustrated on plots as shown in Figures
4.63t0 4.70.

Figures 4.63 and 4.64, represents the compressive strength and losses in
compressive strength of HAP cement blended concrete at 20% cement replacement

level, cured for 28 days post hydration period in 10% chloride solution.

From Figures 4.63 and 4.64, a visible trend is the shape of an arc formed by the
losses in strength over the various synergistic ratios for all the calcination
temperatures. Minimum loss in strength was observed at 400 °C for most of the
synergies. Maximum loss in strength was observed at ATM for all of the synergies.
At a synergistic ratio of 60% PSA: 40% CSA, specimens produced at 600 °C have a
loss in strength of about 22.8% which is observed to be 7.3% lower than the control
loss of 24.56%
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Figures 4.65 and 4.66 show the compressive strength and losses in compressive
strength of HAP cement blended concrete at30% cement replacement level, cured

for 28 days in a 10% chloride solution.

From Figure 4.65 and 4.66, A visible trend is the shape of an arc formed by the
losses in strength over the various synergistic ratios for all the calcination
temperatures. Minimum loss in strength was observed at 400 °C for most of the
synergies. Maximum loss in strength was observed at ATM and 800 °C for all of
the synergies. Within each synergy, the result of calcination formed a shape like
that of letter ‘U’ having both peak points at ATM and 800 °C, and its trough at 400
°C. At a synergistic ratio of 60P, specimens produced at 600 °C have a loss in
strength of about 22.71% which is observed to be 7.5% lower than the control loss
of 24.56%
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Figures 4.67 and 4.68 show the compressive strength and losses in compressive
strength of HAP cement blended concrete at40% cement replacement level, cured

for 28 days in a 10% chloride solution.

From Figure 4.67 and 4.68, A visible trend is the shape of an arc formed by the
losses in strength over the various synergistic ratios for calcination temperatures of
200 °C, 400 °C and 800 °C. ATM synergies had somewhat of a distorted arc shape
and 600 °C samples had a U shape, peaking at PSA and CSA and troughing at 40P.
Minimum loss in strength was observed at 600 °C for both 40P and 50P where a
gain of about 12.6% and 4.6% was observed. Maximum loss in strength was
observed mostly at 800 °C for all of the synergies. Within each synergy, the result
of calcination formed no constant shape on the strength losses of the specimens at
varying temperatures. At a synergistic ratio of 60P, specimens produced at 600 °C
have a loss in strength of about 6.1 % which is observed to be 75% lower than the

control loss of 24.56%
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Figure 4.69 and 4.70, represents the compressive strength and losses in compressive
strength of HAP cement blended concrete at 20% cement replacement level, cured

for 28 days post hydration period in 10% chloride solution.

From Figure 4.69 and 4.70, a visible trend is the shape of letter ‘U’ formed by the
losses in strength originating from PSA and terminating at 40P beyond which a
sharp drop was observed between 40P and CSA. This trend was consistent for all
calcination. The effect of temperature within each synergy was observed to be
inversely proportional to CISLI such that at higher calcination temperatures, a
reduction in strength loss was observed. This was observed to be true up to 600 °C
beyond which a negative turn if behaviour was observed at 800 °C for most of the
synergistic ratios. Minimum loss in strength was observed at 600 °C for 40P
synergistic ratio at 0.32% found to be lower than control loss by about 98.7%.
Maximum loss in strength was observed to vary with synergistic ratio, however,
ATM and 800 °C were prominent in most cases. At a synergistic ratio of 60P,
specimens produced at 600 °C have a loss in strength of about 10.65 % which is
observed to be 56.6% lower than the control loss of 24.5.
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The analysed variance and regression coefficients of the developed equation for
CISLI of HAP concrete is as shown in Appendix M1. The equation (model) as
developed, is an equation with combined model terms of ‘quadratic mixture and
process’ origin, involving seven (7) model terms; ‘linear mixture’, ‘AB’, ‘AC’,
‘CD’, ‘CD%, ‘ABD* and ‘ACD?, with a confidence interval exceeding 95%
(P<<0.05) which adequately negates the hypothesis for nullification.

The regression coefficient was calculated as the model's ratio to the square of its
entire sum and came to be 0.7631. As a result, the adjusted and anticipated
coefficients of regression were found to be 0.6634 and 0.5397, respectively,

indicating that the model is reliable enough for simulations and predictions.

Standard error was 5.47 over a mean of 15.56, with a deviation coefficient of
35.38%. The adequacy of the model’s precision was 8.56, which implies that an
error could exist in every 8.56 predictions. In essence, the least expected error of 4,
is significantly above the model’s maximum probable error, accordingly, the
model’s signal is adequate enough within its design scope for statistical simulation

purposes.

The coefficients of the model shown in Appendix M3, indicates that
multicollinearity impact is absent for all model components, as no factor exceeded
10 by reason of inflation as a result of the model’s variance. This suggests that
independent variables can be varied statistically, which is a useful prerequisite for

examining the impact of changing independent factors on responses.

Statistical check on model’s performance as seen in Figure 4.71 indicates a
relatively linear error distribution that were externally moderated/trained. Thus, the

developed equation can be accepted.
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Figure 4.72 to 4.75 represents the model’s simulations at varying mixture terms as
well as varying process inputs. Results on the variations the temperature at
calcination on the CISLI of HAP concrete was noted as quadratic, sagging with a
trough range of 335 to 490 °C at all levels of mixture variations. Figure 4.63 — 4.66,
is a representation of the CISLI response for HAP cement blended concrete at
varying PSA contents. The quadratic curve developed for PC: CSA mix, showed a
CISLI troughing between 25 to 50% CSA content. When PSA concentration is
increased to 10%, the quadratic trough of CISLI was seen to range between 10%
CSA- 30% CSA. Similar to this, a reduction in the CISLI between 0 - 16.25% was
seen at a PSA concentration of 17.5%. This is a clear indicator that the CSA
concentration must be decreased for every increase in PSA content in order to
maintain minimum compressive strength losses in HAP cement blended concrete

due to chloride-induced attack.
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Combining the custom constraint of all five responses with the water absorption
index and similar factors constraint as was the case with compressive strength
during optimization (Figure 4.76), same mixture configuration with CISLI of
12.72% which was 51.8% of PLC control was obtained. Therefore, it is possible to
apply these findings in the building industry, mostly for non or lightly reinforced

constructions like mass/plain concrete structures.

The equation (model) as developed, (Equation 4.12) can be applied in simulating
the most probable responses at different levels of the variables within the
boundaries of the model to meet specific sustainably and friendly design

requirements

CISLIhap =  0.241PC + 0.238PSA — 0.515CSA — (1.705 = 10™* % PC = PSA) +
(0.015 % PC * CSA) + (8.195 1073 * PSA*T) + (6.301 * 1073« CSA*T) —
(1.639 % 10™* « PC * PSA*T) — (1.529 * 10~* * PC * CSA * T) — (9.933 x 1076 *
PSA*T?) —(7.974 107« CSA = T?) + (1.987 x 1077 * PC x PSA * T?) +
(1.854 * 1077 % PC * CSA * T?) (4.12)

Where;
CISLIhap =  Chloride induced strength loss index of HAP cement blended concrete
(%)
PC= Mass proportion of Portland cement in total binder of HAP
cement blended concrete (%)
PSA = Mass proportion of PSA in total binder of HAP Concrete (%)
CSA = Mass proportion of PSA in total binder of HAP Concrete (%)

= Calcination temperature for producing HAP in HAP concrete (°C)
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4.3.7. Calcination and mixture configuration variations on the SISLI of
Periwinkle Shell Ash Cement Blended Concrete

Laboratory data on the compressive strength of PSA cement blended concrete cured
in a 2.5% sulphate solution for 28 days post hydration period, and the relative

losses are as plotted in Figures 4.77 and 4.78.

From Figure 4.77, control strength was observed to reduce from 27.74 MPa when
cured in freshwater to 23.17 MPa when cured in 2.5% sulphate solution, amounting
to a loss in strength of about 16.5% after 28 days immersion in sulphate solution. A
noticeable increase in strength for PSA cement blended concrete cured in sodium
sulphate solution was observed mostly at 20 and 30% replacement levels when
compared to their counterparts cured in fresh water. In essence rather than
recording a loss in strength, it was rather a gain in strength for most of the PSA
cement blended concretes. At 600 °C, and a replacement of 40%, specimens cured
in fresh water had a strength of 18.27 MPa and lower than specimens cured in
sulphate solution of 20.28 MPa, amounting to a gain of about 11% after 28 days
immersion in 2.5% sulphate solution. Similar observations can be made for other

replacement levels and calcination temperatures.

Figure 4.78 is an explicit explanation of the gains and losses in percentage between
PSA cement blended concrete specimens cured in freshwater and those cured in
2.5% sulphate solution for 28 days curing period. From Figure 4.78, it’s clear that
rather than loosing strength, majority of the samples gained strength under sulphate

attack. This gain in strength was at its peak for samples produced at 400 °C.,

It is noteworthy that sulphate ions require the presence of calcium hydroxide in the
formation of expansive ettringite which weakens, cracks and scales the concrete
both internally and externally. The presence of pozzolans eats up the portlandite (by
product of the hydration process of cement) and develops secondary binder gel to
continue a secondary hydration phase hence the gain being observed under sulphate
attack.
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A summary of the findings for the variance as analysed, and variation coefficients
for the SISLI of PSA cement blended concrete is as shown in Appendices N1 and
N2.

Model components are linear mixture, BC, AC? and BC? Linear mixture model
component and BC Were not significant as seen in Table 4.1, however, components
AC? and BC? were significant with P < 0.05. The all integrated and developed
equation is a combination of a linear and a quadratic model having a significant P
value of 0.0004 and negating the hypothesis for nullification.

Coefficients of regression for the model as seen in Appendix N2 are 0.7498, 0.6783
and 0.6171 for the R?, adjusted R* and predicted R? respectively. This is relative to
the index of the cumulative summed up squares and the residual sum of squares.
The Standard error spreads out of the mean value of 0.84 by 0.18, and the
percentage ratio of 21.42% was obtained as the coefficient of variation. The

coefficient of variation is below 30% hence the model is statistically satisfactory.

Appendix N3, represents the coefficients of the individual model components,
degrees of freedom, standard error associated with each coefficient, range of
confidence interval and variance inflated factors for the SISLI of PSA cement
blended concrete

Checking for multicollinearity, A, B and ABC had the highest variance inflated
factors of 6.13, 3.49 and 5.84 respectively. ABC? have a VIF of 3.08 while AB had
a perfect orthogonality of 1.0. In essence, all the coefficients of the model

components are free from multicollinearity and as such are statistically satisfactory.
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temperature at calcination on the SISLI of PSA cement blended concrete
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Figure 4.79 represents the normal distribution of the externally studentised residual
against the probability of occurrence. The externally studentised errors are normally

distributed as such model prediction is satisfactory.

Figure 4.80 is an express representation of the effect of the partial replacement of
cement with periwinkle shell ash at varying levels of temperature at calcination on
the SISLI of PSA cement blended concrete.

Findings on Figure 4.80 show two distinct quadratic curves between PSA
concentration ranges of 0 — 25% and 25 to 50% effected by the variations of
calcination temperature. Between 0 — 25% PSA concentration range, a sagging
quadratic relationship was observed between calcination temperature and SISLI,
with a minimum trough SISLI of -60% at a calcination temperature of 412.5 °C.
The second distinct curve is a hugging quadratic curve formed between 25 and 800

°C, cresting at a peak SISLI of 17% and at a calcination temperature of 412.5 °C.

Optimisation constrained to maximize compressive strength, minimize cement
concentration, maximise periwinkle shell ash content and minimize all durability
indicators, produced 7 best solutions, and the selected solution having a desirability
of 0.567 suggest mixture constraints of 80.35PC : 19.65PSA and a process factor
constraint of 425°C to yield a SISLI of -33.161%.

Having reviewed journals on the trend of loss of compressive strength of PSA
cement blended concrete due to variations of cement replacement levels and curing
ages up to 180 days, validating the results obtained in Fig. 4.69 as it pertains to the
linear relationship existing between PSA concentration and SISLI at calcination
temperature ranges of 25 — 120 °C and 700 — 800 °C, such that increasing PSA
concentration, reduces sulphate induced loss in compressive strength of PSA
cement blended concrete.

The application of the suggested optimised solution in the construction industry

meets the recommended strength activity index criteria as well as conforms to
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durability requirements locally and globally associated with the resistance of

concrete to sulphate attack an is hence recommended for local and global adoption.

Developed model on the SISLI of PSA cement blended concrete is as shown in

equation 4.13.

In(SISLIpsa+t200) _ ) 014pC — 7.46 + 10 3PSA — (7.63 * 10~5PC * T) +
80—SISLIpsa

(1.55 % 107*PSA * T) + (9.25 * 1078PC * T?) — (1.77 = 107 7PSA = T?).. (4.13)

Where;

PC= Mass proportion of Portland cement in total binder of PSA
cement blended concrete (%)

PSA = Mass proportion of PSA in total binder of PSA
cement blended concrete (%)

T= Calcination temperature for production of PSA in PSA

cement blended concrete (°C)
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4.3.8. Calcination and mixture configuration variations on the SISLI of Clam
Shell Ash Cement Blended Concrete

Figures 4.81 and 4.82 provide laboratory data on the compressive strength of CSA
cement blended concrete cured in a 2.5% sulphate solution for 28 days after

hydration and the relative losses, respectively.

From Figure 4.81, A noticeable increase in strength for CSA cement blended
concrete cured in sodium sulphate solution was observed mostly at 20% and 30%
replacement levels when compared to their counterparts cured in fresh water. In
essence rather than recording a loss in strength, it was rather a gain in strength for
most of the CSA cement blended concretes. At 600 °C, and a replacement of 40%,
specimens cured in fresh water had a strength of 18.27 MPa and lower than
specimens cured in sulphate solution of 22.45 MPa, amounting to a gain of about
23% after 28 days immersion in 2.5% sulphate solution. Similar observations can
be made for other replacement levels and calcination temperatures. From Fig 4.44,
A gain in strength was observed for most of the CSA calcined cement blended
concrete. 20 and 30% cement replacement levels had the best gains in strength. At
ATM, the best gains were observed at 40% cement content for calcined CSA
cement blended concrete specimen. At 200 °C, 20 and 30% cement replacement
level had a superior behaviour to sulphate attack as could be observed at 400, 600
and 800 °C.
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Appendix O1 and O2 expresses the analysed variance and regression coefficients of
the model for SISLI of CSA cement blended concrete. The equation (model) as
developed, is composed of linear terms as mixture variables and quadratic terms as
process factors. The model terms are; linear mixture, AC, BC, AC? and BC% The
integrated model was significant with a P value sufficiently less than 0.05 and

negating the hypothesis for nullification.

The model’s ratio to the square of its total sum produced a regression coefficient of
0.8018. Consequently, the ‘adjusted’ and ‘predicted’ regression coefficients were
0.7256 and 0.6260 and having a difference less than 0.2, which implies that the

model is sound enough for predictions and simulations.

Standard error was 0.42 over a mean of -2.27, with a deviation coefficient of
18.65%, and considered to be statistically satisfactory. The adequacy of the model’s
precision was 9.86, which implies that an error could exist in every 9.86
predictions. In essence, the least expected error of 4, is significantly above the
model’s maximum probable error, accordingly, the model’s signal is adequate

enough within its design scope for statistical simulation purposes.

The coefficients of the model shown in Appendix O3, represents that no factor
(mixture or process) was inflated above 30 as a result of the model’s variance, and

as such, prevents multicollinearity amongst the variables.

Statistical check on model’s performance as seen in Figure 4.83 indicates a
relatively linear error distribution that were moderately trained. Thus, the developed
equation can be accepted for sound statistical predictions.
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Figure 4.84: Model simulation for the SISLI of CSA cement blended concrete
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Figure 4.84 represents a linear mixture interaction and a quadratic process factor
interaction on SISLI of CSA cement blended concrete. The model’s linear mixture
component interaction indicates a direct proportionality between CSA concentration
and the sulphate induced strength loss, i.e. increase in CSA content leads to increase
in compressive strength losses due to sulphate attack for calcination temperatures
between 200 and 700 °C. The process component of the model, developed a
sagging quadratic curve troughing between 180 and 645 °C calcination temperature,
peaking at 450 °C. The model generally suggests a need to constrain the calcination
temperature to below 645°C to reduce the potentials of strength losses due to

sulphate attack.

When oyster shells were utilized as a sand substitute, Kuo et al., (2013) discovered
that the weight loss of concrete owing to sulphate attack increased with increasing
sea shell content. Adewumi et al., (2015) also contributed findings on the study of
three mollusc shells including snail, oyster and periwinkle produced at 800°C. They
asserted that increasing mollusc shell concentration reduces the mechanical
performance of cement blended concrete and beyond 20% replacement level, only
snail shell ash concrete performed acceptably beyond the stipulated bench mark of
15 MPa at 28 days of curing. Similarly, Tayeh et al., (2019) monitored the
compressive strength of concrete built with 5 - 20% seashell as partial replacement
for cement and asserted that specimens produced between 5 - 15% replacement
level met the required strength of 25 MPa at 28 days, with 5% being the optimal.
The further added that concrete produced with 5% seashell as a cement replacement
has about the same resistance to sulphate attacks as regular concrete. As a result, for
structures subjected to these types of attacks, a concrete containing 5% seashells
may be as durable as regular concrete. They however concluded on the need for
calcination if an increased resistance to sulphate attack is needed at higher
concentrations of sea shells in concrete. Attah et al., (2018), in their study on the
effect 