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Abstract

Cementbypassdust (BPD) is a waste dusixtracted fronrotary cementkilns ataround 2%

of cement clinkeby weight CBPDis often landfilled due to its excessive contents of chlorides,
sulphates, and high alkalinjtgthigh monetary and environmental cd3tieto its high pHand
lime contentit is hypothesized tha€CBPD could be useds a cement replacement with
activating potentiato make asustainable bindefThe aim of this researcis to create a
sustainable binder composed of CBBM pozzolanienaterialsthat canperform similarly to
OPC. This was achieved through extendate work, incuding a thorough microstructural

analysis to properly characterise the behaviour of binders.

Preliminary investigations showed that ambienmtperatureured binders composed of CBPD
and granulated ground blast furnace sl®&BFS at ratios ofl:1 are possible. Heat curing
proved to worsen the lortgrm strength benefits of CBPD binders, leading to lesser hydration
products and a more porous microstructdreis is primarily due to accelerated hydration
leading to uneven reaction products and consequently a less dense microsRestults.also
indicated that the inclusion of 20% cement content enhanced propertiess strength and

workability.

Further research investigated the differences bet@84#Ds sourced from different locations
It was foundthat CBPDs with high free lime contents lead to deleterious expacaiming
poor mechanical propertiek.was also identified that the strength@BPDs largely conmse
from its ettringite contet. Following this, researcimvolving carbonation curingevealedhat
the free lime content of CBPDs can be exploded to the reaction of lime and €@hus,the
properties othe lime rich CBPD binders were significantly enhanesdtive to the sulphate
rich CBPD.This showed that different forna$ curing may be more suitable for different types
of CBPD.

A milled CBPD mix composed of 10% metakaol#b% CBPDand 45% GBFS showed
optimum mechanical and durability properties outperforming the control cement mix. CBPD
mixes generally outperformed OPC when tested for aiiladia reaction. Chlorides from
CBPD binders did not cause any significant corrosion to steel fihrfes cycle analysis

indicates thaall the studied binders had significantly less global warming potential than OPC.

This work shows that a cementless, environmentally friendly binder that can perform similarly
to OPC is possible with CBPD. This can lead to reductions in landfilling and to make cement

manufacture overall more efficient and less polluting

XVi
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Chapter Ii Introduction
This chaptegivesthe backgroundaims and objectives of tistudyand the layout of the thesis.

1.1 Background of the Research

Rapid population growth and urbanization have increased massively the demand for
construction materials, particularly concrete, which uses Portland cement as its main binder.
Currently, about 25 billion tonnes per annum of cement are produced worldwile (
Geological Survey2020and t hat <contri butes to circa 8% c
dioxide emissiongHabert and OuellegPlamondon, 2016)Global cement production is

forecast to increadeetweenl2-23%by 2050 (IEA, 2018)The total CQ emissions of cement

were of 1.7 billion tonnes in 2021 with projections showing a steep rise by 2050 as reflected in
Figure 11 (Global Carbon Budget, 2023).
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Figure 1-17 Worldwide CO2 emissionforecast from cement by 2050(Global Carbon Budget, 2023)

In 2008, the UK introduced the Climate Change Act which was the first ever legally binding
framework for tackling climate change. This act set to cut greenhouse gas emissions by 34%
by 2020 and 80% by 2050 relative to 1990 levels. This policy was upae2€d @ where the

Committee on Climate Change (CCC) set a tar
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2050 (Climate Change Act, 2008jo meet new national and international targets to lower

carbon dioxide emissions, the construction industry urgently needs to act.

Figure 12 identifies three scenarios that indicate environmental steps that can be taken to limit
global temperatures to an increase G6€ ZInternational Energy Agency and Cement
Sustainability Initiative, 2018). These scenarios are a) reference technology scenarie, b) two
degree scenario, and c) beyond {slegree scenario. This illustrates how challenging tib
achieve this O6net zerob6 carbon goal, but i
the usage of clinker in building materials.

Thermal energy efficiency W Fuel switching Reduction of clinker-to-cement ratio
Innovartive technologies (incl. carbon capture) =--- RTS =--2DS B2DS

Direct COz emissions

(me COz/yr) Reduction in emissions required
2,500 to reach 2D'S: in this scenario,
_____ the sector will have to meet its
reeeemstESETEETILISSITITCT ] targets on energy e fficie ncy, fuel
---------- switching and clinker ratio as
o0 T=e_ - CUEESLLLL well as deploy CCS at
e considerable scale. CCS, in
-_— particular, is currently lagging.

1,500 Shifting beyond 2DS will require
transformative action on clinker
substitution, novel cements and
CCS as well as deploying an
array of demand side approaches
beyond the sector to lower
overall consumption. These also
500 become more critical if CCS
proves too challenging to scale.

1,000

]
2014 2020 2025 2030 2035 2040 2045 2050

Figure 1-21 Expected CQ reduction through different mitigation strategies (International Energy
Agency and Cement Sustainability Initiative, 2018)

OPCis made by heating a mix of raw materials in a kiln at about 1450f€main source of
carbon dioxide emissions in concrete lies in the cement production process, more specifically
the decalcination process of limestone. This leads to the decomposition of limestone producing

calcium oxideone of the main components of cement, and carbon dioxide.

A promising method for reducing global cement use involves adktivated materials
(AAMs). AAMs are formed by reacting a solid aluminosilicate powder (precursor) with a
dissolved alkali metal (activator). Common precursors include ground granulatefliblase

slag (GBFS), fly ash, silica fume, and metakaolin (Fernadaeenez, 2017), with GBFS, fly

ash, and silica fume being readily available (Provis, 2014). Typical activators are sodium
hydroxide and sodium silicate, though other alkalis may be (Bemis, 2014).A key

drawbackto AAMs is the environmental impact of alkali activators, particularly sodium

t
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silicate, which has a high global warming potential. Life cycle assessments show varying
emission reductions for AAMSs, highlighting the need for more sustainable alternatives (Habert
and Oullet, 2016; Habert and Oullet, 2015).

CKD (cement kiln dust) an€BPD (cement bypass dysare waste dusts th&iave high

alkalinity and could be used as alkali activatand cement replacemenihe differences

between both materials will be discussed in ChaptErgire 13 showsthe documents found
through the Scopus search engine when sear c|
6cement bypass dust 6. I n total, 143 and 6, O
and cement kiln dust, respectively, since 20IBe trend indicate that these waseare

becoming more researched through the years. Despite this, there is still a long way to go to

fully understand and standardise these materials.

CementBypass Dust ((BPD) is a waste product that is generated during the clinker
manufacturing process. This material is characterised by having a significant amount of alkalis,
sulphates and chloridésading it to be mainly disposed of in landfil\éery few effortshave
beenmade to utilise BPD with a combination of other industrial {products, such as fly ash

and slag, to develop a binder for sustainable concrete. Limited research {Bamne&tet al.

2018) hashown thathere ispotentialfor CKD to actas an alkaline activatand as a cement
replacementhowever much more work is required on CBFBe current state of the research

in this field is presented in Chapter 2 of this thesis.
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Figure 1-3 - Yearly Scopusresults forsearchterms 'Cement Kiln Dust' and 'Cement Bypass Dust'
since 2015

1.2 Research Aims and Objectives

The aim of this project is to study the potentiaC&PD ascement replacement witiotential

to activated pozzolanic materiale achieve asustainable, cementlessix with suitable
physical, mechanical, and durability propertibat can be comparable @PC. Generally,
mortarsand pastes wellge tested, and the resultsrerased tamake recommendations on the
binders used

Thefollowing objectives are set for this project:

1) Develop CBPD based pastes and mortars in combination with GBie&kaolinand
cement,and ealuate the fresh and hardened state properieduding setting time,
workability, heat of hydration, standard consistency, densiympressive strengtland
flexural strength.

2) Examine the hydration mechanism and microstructural characteristicSGBEi2 binders
through different analysis techniques such &ay Diffraction (XRD), Scanning Electron
Microscopy (SEM), Thermogravimetric Analysis (TGA), and Fourier Transform Infrared

Spectroscopy (FTIR).
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3) Examine dferent curing techniquesor CBPD binderssuch as heat curing, ambient
temperatureuring,and carbon curing

4) Examine the durability properties of CBPD based paste and mortars by investiggtigg
and chemicashrinkagecorrosion,and alkali silica reaction.

5) Demonstrate the environmental credentials of the new binders through a lifecycle

assessment (LCA) and an efficiency study.

1.3 Research Significance

Extensive research has already been carried out on the development of AAMs using waste
materials; howeverdifficulties arisedue to the required complex production processes
Furthermorethere isuncertairty regardingcarbon footprird of AAMs, primarily due to their

alkali activator This work addregsthe knowledge gaps a@ementitious binderactivated by

CBPD and evaluatethe mechanical andurability properties of these novel binders. The use

of waste materials and industrial-pyoducts, sucliBFSand BPD, will contribute to the
development o sustainable alternative to OP@ith a justaddwaterformulation This will

bring a tremendous environmental advantage considering BRID (G a waste matial, since

it will have much lower C@to AAMs and canprovide an alternative to landfilling of this

waste dust.

1.4 Outline of Thesis

This thesis consists of eight chapters. Three chap@rapters 3, 4 and 6) have been prepared
as standaloneesearchournal paperqready to be submitted to pemwviewed journals), while
the remaining chapters are presented following a conventional thesis format. Additional

information is provided in the appends.
Chapter 2. This chapter presents a review of the relevant literature used for this research.

Chapter 3 (Paperbased):Ai Ef f ecti veness of Cement Bypass
TemperatureCured SlagB a s e d M dhe treaearshcexplores the nature of CBPD and the
difference between heatiring and ambieriemperatureuring of binders composed of CBPD

GBFS and CBPBGBFSOPC. It aims to identify it cementless binder composed of GBFS

and CBPD can be madehis study lays the groundwork for tadditional work carried out in

this research project and presented in the following chapters.

Chapter 4 (Paperbased)i The ef fect of CBPD Compdaséedti on o
Mortarso. This research discusses the differences between two types of CBPD by examining
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the fresh and mechanical properties, as well as shrinkage. It also explores the microstructure of

the different materials to identify the different properties and potential applications of CBPDs.

Chapter 5: fiCarbonCu r i ng oprovide8fertbey research on the CBPD binders from
Chapter 4. This research explores accelerated canmamy of CBPD binders and their

potential for carbon capture.

Chapter 6 (Paperbased):i Mec hani c al and Durability Prop:¢
Milled CBPD-GBFSMetakaolird. This research explores the milling of CBPD and use of
metakaolin in GBFSCBPD binders. It examines mechanical properties, hydration, and
durability. This research aims to identify if CBPD binders can be made in a way that is

comparable to OPC.

Chapter 7:AiLi fe Cycl e Assess maplores the Sustiinailiy ofBhen d er s
examined binders and compares them to OPC. Through the analysis of cost, strength and global

warming potential, the efficiency of each binder relative to OPC is also assessed.

Chapter 8: This chapter presents the conclusions drawn from the entire research and presents

recommendations for future work.

ReferencesAll the references used for this thes@be foundafter chapter 8.

Appendix: Supplementary data that could not be included in the main body of the thesis will

be found in the appendix.
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Chapter 2 Literature Review

This chapter focuses on the current state of resealCBBD and its uses. This helpgentify

the current gaps in knowledge and the need for this research.

2.1 Portland Cement
2.1.1Manufacture of Portland Cement

The raw materials for cement manufacture araidure of limestone and clagontaining
approximately’5% calcium carbonate, 15% silicon dioxide, aminiumoxide, and 2% iron

oxide. Portland cement also has many minor constituents that make up less tbh&its5%
weight including magnesiunsulphur, and potassium (Santagetal, 2006). The limestone

and clay are obtained by blasting rock quarries using explosives. The large, fragmented rock is
then transported to the cement plant where it is crushed and pounded until it i$oabout
centimetresn size. The raw material is placed in silos, so that it can be added in specific
amounts depending on the type of cement that is being produced. For further processing the
raw material is grinded within a vertical steel mill, where the pressure exeftetnishree

conical steel rollers and horizontal mills. Following pulverisation, the raw meal is homogenised
within a silo. The material ithenready to be calcined in a rotary kiln (CEMEX, 202ZDhe

rotary kiln produces cement and wadtests.

2.1.2C0O, Emissions Due to Cement

The global cement industry is responsible for approximately 8% of glohs¢@iSsions which
accounts for 048.6 tons of CQper ton of cement productigilanifaet al, 2023)Since the
beginning of the Zlcentury, global cement emissions have almost tripled and have increased
sixfold since 1990 cience & Nature, 2022The main causes of these emissions are the

following:

1) Calcinationi Decomposition of Limestone into Calcium Oxide and Carbon Dioxide
2) Kiln T Combustion of fuel in the kiln

3) Otheri Manufacturing operationsnilling and transportation

Worldwide, the main contributors are dominantly China, followed by Irglimope,and the
United States Nlohamad et al.222). Several technologies are currently being tested

mitigate these emissions.
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2.2 Supplementary Cementitious Materials
2.2.1GBFS and Fly Ash

Supplementary cementitious materials (SCMs) are materials added in different quantities to
cementitious blends due to increased durability, improwechanical properties, recyclability
and more. The most common SCMs are fly ash, granulated blast furnace slag (GBFS), and

other natural pozzolans such as metakaolin.

Fly ash is a byroduct of the coal industry, with an estimated 500 million tonnes being
produced annuallfMathapati et al., 2022An inert material, fly ash is very typically recycled
into concrete at dosages ranging frori2086 by mass of cementitious binder giving beneficial

effects on economy, cost, and durability (Wanel, 2004).

GBFS is a byproduct of the steel industry, which has been shown to develop excellent
cementitious properties when combined with OPC (Hweingl, 1986) due to its calcium
content and reactivity among other factors. GBFS can substitute cement up to 95% by mass in
concrete in CEM Il type cement (END7, 2000).

An environmental evaluation by Tuet al.(2015), assessed the environmental performance of
several green concretes and found that fly ash and slag concretes had a reduced impact of 25%
and 5%, respectivelyDue to their classification as fproducts, rather than waste, they have

CO;, emissions associated with them.

2.2.2Metakaolin

Metakaolin is a form of calcined clay formed through the calcination of kaolin clay at
temperatures up to 880 (Siddique & Klaus, 2009). Due to this calcination, it has higher
associated emissions than other SCMs (Heb#h, 2014). It is a natural material rather than a

by-product, which differentiates it from GBFS and fly ash.

The effect of metakaolin replacement on mortars and concresbsda studied extensively in

the past. Bredgt al.(1988) investigated the microstructure and porosity of metakadh@

pastes with up to 50% metakaolin content by mass. The compressive strength results showed
improvements of up to 90%, however at higher replacememnSQ%) the strength gain over

time was no longer appreciable. This is due to some metakaolin remaining unreacted and only
acting as filler. The main reaction that takes plécebetween the portlandite and the

met akaol in, and at 50% repl acement there 1is

metakaolin. Pooet al.(2001) studied the strength of cement paste replaced betw2@¥h 5
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by metakaolin and found improvements at all replacement levels relative to the control, with
the replacement level of 10% achieving the highest strength. The metakaolin was shown to
benefit the early age strength the most due to its high initial reacfiity was also shown to

lead to a lower porosity overall. Guneyisti al. (2007) investigated the effect of cement
replacement with metakaolin on strength, drying shrinkage, and pore structure of concrete.
Their results found up to a 30% increase in gftlerand a remarkably lower shrinkage for
cements with up to a 20% replacement level. This was attributed to both due to physical and
chemical effects. The physical effect was due to the fineness of the material filling voids and
densifying the microstructa of the concrete matrix. The chemical effect was attributed to a
faster reaction of water with metakaolin. Furthermore, during the chemical reaction the calcium
hydroxide is precipitated into secondary CSH leading to a more refined pore structures and les
portlandite.

2.3 Alkali Activated Materials
2.3.1What is an AAM?

Alkali Activated Materials (AAMs) offer a promising solution for reducing global cement
consumption by utilizing aluminosilicate precursors like grograhulated blasturnace slag
(GBFS), fly ash, silica fume, and metakaolin (Fernantleenez et al., 2017). Common
activators include sodium hydroxide and sodium silicate, though other alkali forms such as
hydroxide, carbonate, and sulphate can be usexi@ 2014). AAMs aim to enhance both
sustainability and mechanical performance, with advantages like fire resistaneR 2kl et

al., 2022), reduced shrinkage (Sadgirentsil et al., 2013), and potentially higher strength
compared to Ordinary Portla@kement (OPC)Depending on the activatocendition AAMs

can be categorized as opart or twepart systems.

2.3.20nePartand TwePartAAMs

Onepart Alkali Activated Materials (AAMs) offer an innovative approach by using a dry mix
of solid alkaline activators, aluminosilicates, and water, simplifying application and integration
with current cement production processes. Askarian et al. (20d8igvad a 28&lay
compressive strength of 38 MPa using calcium hydroxide and sodium silicate, while
Nematollahi et al. (2017) developed a filvemforced AAM reaching 52.5 MPa with sodium
metasilicate. Similarly, Matalkah et al. (2017) reported 35 MPagthnewith fly ashbased
onepart AAMs using calcium oxide, sodium hydroxide, and magnesium oxide. Refining one

part AAMs for improved fluidity, strength, and durability remains a focus (Ma et al., 2019).
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Habert et al. (2015) highlighted their potential due to manufacturing similarities with Ordinary

Portland Cement (OPC) and lower global warming potential.

Two-part AAMs combine a concentrated alkaline solution with a solid aluminosilicate
precursor (Provis & van Deventer, 2014). This method has industrial applications, such as the
70,000 tonnes of AAM concrete used at Brisbane Airport in 2014, praised for its strethgth an
low shrinkage (Geopolymer Institute, 2014). Despite successful use, handling concentrated
solutions orsite limits twaepart AAMs to precast applications. Research is underway to

develop dry powdebased binders, similar to OPC productionykkonen et al., 2018).

2.3.3Environmental Impact of AAMs

The environmental impact of Alkali Activated Materials (AAMs) compared to Ordinary
Portland Cement (OPC) has shown mixed results in research. Studies like Turner and Collins
(2013) and WEeil et al. (2006) report CO2 emission reductions for AAMs rangindlfdéerto

70%, depending on factors like curing methods and precursor types (Yang et al.,, 2013).
However, AAMs' environmental footprint extends beyond CO2 emissions. Habert and Oullet
(2016) pointed out negative impacts on factors like abiotic depletioneahepletion, human
toxicity, and eutrophication, largely due to the reliance on commercial activators like sodium
silicate.

The production of sodium silicate through the Solvay process emits significant CO2 due to
high-temperature calcination (Torres Carrasco et al., 2015). Sodium hydroxide and sodium
silicate emit approximately 1.1 kg and 1.2 kg of CO2 per kg, respectivelyelMn et al.

(2011) identified sodium hydroxide as a major emissions source in geopolymer mixes, stressing
the need for sustainable alternatives. Provis (2018) also emphasized the need for more eco
friendly activators and cement replacements that maingairly strength development
comparable to sodium hydroxide and sodium silicate. Many potential alternative materials
currently being landfilled could be used in AAMs and OPC binders.

2.4 Cement Kiln Dust and Cement Bypass Dust

CKD is a waste materigbroduced inside the kiln during the cement manufacturing process
(Siddique, 2009)The raw materials enter the top of the kiln at a rate dependehe rotation

of the kiln In the hottest regioaf the kiln, elements such as potassium, sodium and chlorine
are volatilized, and a mpasd into the clinker. The gas and continuous raw feed agitation results
in a large amount gbarticulateseing present within the combustion gases. The gas carries

burned raw and volatilized material up the kiln. The CKbaptured by exhaust gases or the

10
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kilns bypass system and is then collected in cyclones, electrostatic precipitators, or baghouses
(Adaska and Taubert, 2008

CBPD is collected from the kilnds byplass sy:
The bypass system often is used to extract process gases that are high in chlorine, sulphur, and
alkalis. Therefore, bypass dust tends to be much more alkalimectraent kiln dust.
Additionally, since CBPD is produced at higher temperatures (up to 1000 degrees Celsius), it

is much more calcined than CKD and contains higher levels of free lime relative to CKD.
CBPD has a similar composition to cement, since iergegated in the hottest part of the kiln,

however it has different proportions, primarily higher amounts of sodium, chloride, and
potassium compounds. In the past, it has been used to enhance the qualities of some grades of

cement due to reduced settingéis(Siddique, 2009)
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Figure 2-1 - Cementkiln with bypasssystem showing location of CBPD and CKD (Global
Cement and Concrete Association, 2020)

Substantial quantities of CKD are produced each year where for every totin&eaf, 60-200

kg of CKD is produced (Seo et,a2019). The quantity afustproduced varies tremendously
based on the kiln performance and the collection systems in the cement plant. Long dry kilns
generate the largest amount of dust since the gas velocities within these kilns tend to be higher
(Adaska et a).2008). Preheated kilns tend to produce tessgsince the feed load is high, and

wet kilns produce the least amountdofst(Steuch, 1992).

11
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CBPD accounts for approximately 2% of clinker production by weight and typically is much

more landfilled than CKD due to its compositiaddafeinet al, 2020).Based on clinker

production statistics, the total quantity of CKD and CBPD per year can be estimated from these
percentages (Tkachenko et,al 202 3) . Assuming t hat t he ma
approximately60 million metric tonnes of CBPD are unused and unexploited eachBgesad

on UK cement production statistics6I8 thousand metric tonne§ CBPD were produced in

2022 (Jaganmohan, 2024yith the primaryproduction location being the CEMEX cement

plant in Rugby, Warwickshire (CEMEX, 2023jigure 22 presents the yearly estimates of

CKD and CBPD production.
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Figure 2-2 - Estimated CKD and CBPD production since 201Jaganmoham, 2024)

Kessler (1995summarisedhe main causes to produce CKibd CBPDinto three main
factors: mechanical limitations, operating stability, and product quality considerations.
Currently, it is possible to colleataste dustand recycle it into the kiln when this is practical,
however in many casgesainly for CBPD,this is not possible due to inadequate handling
systems or reintroduction equipment hence mechanical limitations are a limiting factor.
Operation stability is also an issue witka dusis too conentrated with volatile compounds
which can cause plugs in the kiln system. Not recycliB§ B and CKDcan be costly, however

returning too muclnto the kilncan lead to system stability, hence a proper balancing system

12
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needs to be calculated. Finallyaste dusheeds to be removed when considering product

guality especially when the target is to make a low alkali clinker (Kessler, 1995).

2.5 CementWasteDust Composition

The chemical composition of ordinary Portlai@PC)cement is very consistent for the most
part. This is not the case for CKD/CBPD where very significant variations in chemical
compositions and physical characteristics are observed in the material from plant to plant.
Figures2-3 the variation in the chemical compositions for different types of CKD/CBPD
reportedn literaturefrom a wide array of sources that are included in the reference section at
the end
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Figure 2-3 - Range of CBPD andCKD composition (Adaska & Taubert, 2008

Calcium oxide and silicon dioxide are the major constituents @BHD asshown in figure

2-3, however there is a range in variation from all the oxides, as well as the loss on ignition
(LOI), the free lime content, and the alkalinity of thaterial. The median free lime content
reported was of 5.21% by weightowever the free lime content values ranged from 0% to
29.14%. Higher free lime contents are representative of CBPD and lower are more
representative of CKDFurthermore, there is a large variation in the L.O.I where the values
ranged from 3.92% and 30.94%.

Many factors affect the chemical composition of GKBPD. Whiteleyet al. (2015) listed

them to be:

13
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Type of kiln
Dust extraction system and bypass system
Temperature in the kiln

Input materials

= =/ =4 A4 -

Fuel type

Special consideration is given for the fuel type due to the large number of alternative fuels from

waste used in cement plants.

Ultimately the data refl ecGBPDandhCKDcbnapositiont h at
and each source needs to be considered unique based on its own properties. The variability in
composition indicates the importance of characterisingC®BBD in order to properly assign

its ideal use$reekrishnavilasam, 2006)

2.6 Toxicity of CKD and CBPD

Both cement kiln dust and bypass dust are alkaline in nature, with a pH of aB{8iddique,

2009) Metals within these dusts vary based on the cement plant, with volatile metals such as
lead being the most susceptible to variation. Research by DEFRA (2015) found that CKD and
CBPD contain low concentrations of organic contaminants meaning that they were unlikely to

cause a significant risk.

Certain samples presented high concentrations of lead, barium and chron@®&®Dnand
molybdenum and lead in CKD. Additionally, CKD leachate contains highly soluble salts which
can influence the dissolution of other elements within CKD (DEFRA, 2015). In general, it has
been found that leachable concentrations of metals in CKDC&BRD are lowbased o
literature therefore the reuse of these materials in cementitious binders is a viable option.

2.7 Fineness and Specific Gravity

CBPD consists largely of calcium carbonatel silicon dioxide, much like ordinary Portland
cement, howevernt has a higher amount of alkalis, chlorides, and sulphates. The specific
gravity of BPD s typically in the range of 2162.8 (Baghdadi, 1990) which is less than that
of Portland cement (circa 3.15). Blaine fineness values for the dust varies between 2800 cm
and 14000 crig, which is generallhigher than that of OPC (30@&D00 cni/g).

CKD tends to bdine, however the particulate size is dependent on the type of kiln, where both

wet and semwet kilns produce a fine size with a median of 9.3 microns and dry kilns produce
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CKD with a median of 3 microns (Todres et 4092). On the other handB@D from an alkali
by-pass kiln tends to have a median particulate size of 22.2 migdaska & Taubert, 2008)

2.8Loss on Ignition

Loss on ignition(LOI) is the loss of mass due to heating. IBRD, the LOI is due to the
chemically bound water, carbon dioxide and noncarbonated carbon. Thermogravimetric
analysis can help identify the contribution of each of these compounds. Haynes et al. (1995)
carried out this experiment by gathering 113 freBi°D samples and found the following:

1 Carbon dioxide ranged between 4.4 to 34.4%
1 Chemically bound water ranged from 0.4 to 3.8%

1 And noncarbonated carbon ranged from 0.01 to 1.83%

Bhattyet al.(2010) suggested that the high LOIs occur primarily in CBPDs with a high level
of carbonate and a low level of free lime. This relationship is reinforced in the figlire 2
Typically, the LOI of BPD ranges between 286%, the main cause of variance being the
plant operation. Todres et al. (1992) observB&#DBfrom three different kiln types and found
that long wet and long dry kilns had a significantly higher LOI than alkali bypass systems.
Additionally, landfilled BPD tends to have a higher LOI than Alamdfilled CBPD.

35 R
30

Loss on ignition (%)

0 5 10 15 20 25 30
Free lime (%)

Figure 2-471 Variation of loss onignition with free lime (Todres et al, 1992)

2.9 Uses of Cement Bypass

2.9.1Soil Stabilisation
Due to its high pH and level of free limeBED has been shown to be a good wastewater
stabiliser. In 2015, Shaheet al. assessed the effectiveness &RD, activated carbon, and
sawdust for removal of cadmium (Cd), copper (Cu), lead (Pb), and Zinc (Zn) from wastewater
through sorption. Results indicated th&RD had the highest affinity out of these materials,
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where the average metal removal was 74%, 61%, and 60% for Cd, Cu, and Zn respectively.
The authors recommendedBED as a lowcost sorbent for removal of toxic metals from

wastewater.

Research by Sulaymon et al. (2015) and Sorvari and Wahlstrom (2014), showeBRitat C
could remove metals like copper and zinc from wastewater. Additionally, &/ally(2010),

and Salem et al. (2015), showed that the pHRPD can be exploited to remove heavy metals
such as manganese, zinc, nickel, and iron to neutralise wastewater. Bifiges@n adsorbent
material, it can be used in sewage treatment and is an effective antibacterial agent due to its

ability of scavenging heavy metals (Salem et @115).

Mackieet al.(2009) performed research oBED for its reuse in acidic wastewater. The high
CaO content of BPD can be used to replace lime in the treatment of acidic wastewaters. Their
investigation indicated that the conductivity, pH, and calcium concentration of si&@é&d C
and quicklime indicated the reactivity oBED. They went on to state that slakingB€D
enabled ®@PDto have similar characteristics to commercial quicklime samples typically used
in wastewater stabilisation. Ultimately, their ac&litralisation trials suggested th&RD can

be effective at neutralising acidic wastewater.

2.9.2Land Application
CBPD can be used in land applications due to its chemical and physical propeBits.isC

used to stabilize and raise the pH of acidic soil and can be used as a fertilizing agent due to the
presence of potassium and sulphur. Reports state BiD@&nd to contain a higher proportion

of nutrients than other liming materials typically used for soil stabilization, howdb@as

a lower neutralizing value. Despite this a smaller particle size compared to liming materials,
indicates that BPD can be just a®ffective at altering the soils pH as it can be easily
incorporated into the soil (DEFRA, 2015). Adaska and Taubert (2008), reported that out of
1,160,011 tonnes of beneficially reuseBRD from 10 different states in the USA, 46% of it

went to soil stabilisation indicating its benefits in this industry. While this is the case, the
material has yet to reach the level of support or evidence to be included in most construction
guidelines in te United States (Bandara et, £020). In the UK, BPD has been@plied to

land at a rate of circa 4.5 tonnes per hectare, at intervals of 3 years, where it is mostly applied
in arable land in autumn (DEFRA, 2015).
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2.10Properties of CBPD Mortar/Concrete

2.10.1Rheology and Setting Time
CBPD/CKD has been used as a cement replacement in previous research. Keunahdis
(2023), assessed rheology of saimpacting concrete composed of CBPD, marble powder
and OPC. They found a significant decrease in workability; this was attributed to the low
roundness of CBPD particles and thgOKin the CBPD leading to an accelerated setting and
lower water demand. WojtaciiRychteret al. (2022), found up to an 11% increase in water
demand in their OPC binders replaced by 30% CBPRdhutos et al. (2002) determined that
when BPDis incorporated witlsBFS an OPCGCBPD-GBFSpaste displays stiff and viscous
flow properties, meaning a superplasticiser wadksiblybe required to achieve the required
flowability. Bondaret al.(2014) stated that usingBPD reduced initial setting times in their
CBPD-fly ash-OPC mixes by up to 32%. Chaunsali and Peethamparan (2011) found that the
formation of potlandite and ettringite lead to early stiffening of ne&PRD pastes, however
the addition of GBFS delayed the setting time due to the dilution effect iInBR&GBFS
blend. Sreekrishnavilasam et al. (2006) deemed that cements with only addithas BPD
have decreased workability and setting time. Marku et al. (2012) showed that the density of
CBPD is lower than that of OPC, meaning that when it is used to replace OPC, BB C
particles are required which worsens the rheological properties ofte. @BPD particles
also are very fine and may agglomerate reducing the workability. Ravindrarajah (1982) stated
that BPDreplacement of 15% reduced the workability and increased the water demand. Abo
El-Enein et al. (1994) stated that initial and final setting times would be reduced due to high
free lime contents in theBPD. The formation of ettringite was also stated to reduce the setting
time, due to the enhancement of early age strength (Gdoutos 20G) coinciding with
Chaunsali and Peethampars research. Kalinat al. (2018) combined BPD with sodium
carbonate as alkaline activators, and what they found was that the add@iB®RDinto AAM
systems decreases workability due to the rapid early hydration of lime, leading to the systems

inhomogeneity.

Contrary to these results, Aggarwal et(2D23) investigated the compatibility of CBPD with
foundry sand in controlled low strength materials, where their binders replaced OPC by up to
100%. Their results showed a higher flowability as CBPD content increased. This was
attributed to the finenesd the material, where they explained that the fineness lead to filling

of voids and consequently a release of the entrapped water enabling a more flowable mix.
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2.10.2Strength of Binders

CBPD has been utilised as an additive in previous studies, where it was shown that additions
up to 10% did not negatively affect the mechanical properties of cement mortars. Siddique and
Kunal (2016) claimed that this level of addition hardly affected cemrepepties, however an
increase to 15% resulted in slight deterioration of these parameters. Reportedly, the main issue
with the replacement of BPD in concrete is its high chloride concentration and alkalinity
(Danuta BarnaHunek et al 2018). High bloride concentration is known to cause rust in steel

reinforcement, significantly reducing the design life.

WojtachaRychteret al. (2022), explored the replacement of 42.5R OPC with up to 30%
CBPD. They found reductions in strength at all replacement levels, however 10% replacement
did not lead to a considerable drop. Reductions in strength were attributed to an increased wi/c
ratio of CBPD binders, due to the higher water demand of CBPD. Another factor was the
dilution effect of CBPD, which was less reactive than the clinker Udedleem et al. (2005)
performed research o@BPD replacements up to 10% and 20% in OPC cement and slag
cenent pastes, respectively. They found that the compressive strength increased up to 6% in
the OPC mortar, however decreased sharply at any replacement level higher than that. This
was also trusvith slag cement, where beyond 10% replacement showed a significant decrease.
All samples except the 20% replacement reached\®Ba by 28 days, and by 100 days all
samples had exceeded this value, which can be attributed to the slow pozzolanic hydration.
This agreed with the work undertaken by-Hdrthy et al. (2003yvhere they found that 5%
replacement provided the best results for compressive strength, flexural strength, and
toughnessAggarwal et al. (2023), replaced cement by up to 100% with CBPD in their
controlled low strength binders, where they found dramatic drops in strength at every
replacement interval. They assumed this to be partly due to the inertness of the CBPD they

were utilizing.

There is literature involving fired Aswan clay replaced by up to 25% by CBPD to fabricate
roof tiles (Naggar et g12023). The results showed that replacing clay by up to 8% CBPD
produced favourable breaking strength results and was a suitable option for reuse of the waste.

Most researchers agree that better results are obtained @BRD is combined with a
pozzolan due to its qualities as an activaB@BPD solution has a high pH (124), which can
be exploited for the dissolution of pozzolanic materials when their glass network is

disintegrated due to the penetration of-Gbhs. GBFSdoes not dissolve at a pH lower than
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11.5 (Santagata et a22006). High sulphate content can also promote the formation of ettringite
(Chaunsali and Peethamparan, 2011) which was shown to benefit the strength development of
their CBPD/pozzolan binders. The reactive free lime from tHePO leads to the creation of
calcium silicate binder phases and benefits the development of strength in pozzolanic binders
due to the availability of Caions (Shi, 2001).

Kounadiset al.(2023), found high strengths in their marble pow@8&PD-OPC mixes. They
attributed the strength partly to the chlorides in the CBPD system accelerating the hydration of
alite. They also stated that the presence of gypsum led to faster hydratig Gia§Zathri et

al. (2002) found a significant increasecimmpressive strength when replacing cement blends
with 20% BPD and 10% Silica fume reaching a-88y compressive strength of 50.66 MPa.
Coakley et al. (2016) combined 55% fly ash, 168PD and made a concrete that surpassed

50 MPa at 28 days, reaching a very comparable strength to the pure OPC control mix. They
also found that the early age strength increased due to the faster dissolution rate of the
pozzolanic additives when combined witlghly alkalineCBPD. Bondar et al. (2014) found

that incorporatinglow percentage of gypsum into their fly a&f*GCBPD mixes enhanced

the late age strength. Gdoutes al. (2002) concurred with this and achieved aday
compressive strength of 30.1 MPa in a 50% slag and@BP® mix. Combinations with OPC

up to 30% significantly improve strength while also drastically reducing carbon dioxide

emissions due to reduced use of clinkers.

CBPD has also been used in AAMs. Heigahl.(2020), activated a ternary blend of GBFS,
CBPD and microsilica with sodium silicate and sodium hydroxide. Their results showed that
20-30% CBPD replacement with slag achieved the strongest AAMs. They attributed the
strength to the alkali content of CBPBdathe portlandite formation of the binder. Biletal.
(2021), also investigated GBRESBPD binders activated with sodium silicate and CBPD. They
found strengths of up to 57 MPa when the AAM had an increasédhtor content. This was

due to an increase in tmamberof silicates in the system leading to the formation of more
CASH gel.

In 2019, Vinai and Rafeet developed industrial sSCB8@D/FA/GGBS. They developed nearly
400 blocks with the dimensions 440 x 215 x 100mm with varying water to binder ratios. Their
blocks were tested at 4 days and 7 days and achieved a rande5oMPa and 2.5 MPa
respectivelywhich were verjlow values. Their reasoning for these results was theyaub

weather conditions and the extra water from the aggregate and the environmental moisture
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could have hindered the reaction. More control will be required during the mixture procedure

to achieve satisfactory results.

2.10.3Durability of CBPD Mortar/Concrete

Several studies agree that excessive substitution of OPCGBHD can deteriorate the
durability properties of concrete. Much like with the strength properties, research carried out
by ElSayed et al. (1991) and Batis et al. (2002), found the optimum replacement to be circa
5%. It was found by Maslehuddin et al. (20@Bat a 5% replacement can even improve
properties such as chloride permeability, however there was a decrease in electrical resistivity

which could be explained by the excessive chloride ions iCHRD.

Hakkomazet al. (2022), researched the carbonation and elevated temperature resistance of
OPC binders replaced by up to 20% CBPD. Their carbonation depth increased from 8.1mm to
12.2mm with 20% CBPD addition. This was attributed to the higher porosity and permeability
of the mortar, which resulted in G@eacting with the portlandite in the CBRDPC system,
causing a higher carbonation depth. Negligible reductions in strength were observed when the
binders were exposed to high temperatures. Ritelt.(2020), researched the freetteaw and
aggressive solution resistance of alkali activated CEBHFS binders. A significant drop in
dynamic modulus was experienced after 250 cycles, however the AAM blocks had good
resistance after 125 cycles. In terms of aggik@ solution exposure, the blocks showed good
resistance, except when exposed to acetic acid, which fully degraded an AAM block by 50

days exposure.

Ashteyatet al.(2019), researched the durability properties of white CBPD rotierpacted
concrete replacing cement by up to 40% reinforcepdbypropylene fibres. Their freezbaw
investigation showed a reduction in dynamic modulus of elasticity (up to 27%) as the CBPD
replacement ratio increased. They attributed this to the increased porosity and water absorption
with increasing CBPD. They dinote that there was a significant improvement when the
concrete was reinforced with polypropylene fibres and overall, despite the worse performance,

the CBPD binder provided satisfactory results.

The addition of pozzolanic materials to the cementitious blends tends to counteract several of
the negative effects IGBPD-OPC binders. Kunal et al. (2016) found that there is a possible
increase in the alkahggregate reaction when no pozzolanic additives are included, however
these are drastically reduced with the addition of fly agBBFS More work is required on

the effect chlorides and sulphates have on the durability of concretes conGBbgBarnat
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Hunek et al. (2018) carried out some research on the durability of these concretes. They found
that CKD addition of above 10% could lead to significant freezing and thawing along with the
formation of significant salt crystals that affect the mechanicalnpaters of the concrete.
Replacement of 209%6BPD also limits the efficiency of hydrophobization. They also stated
that CBPD should not exceed 20% of the concrete composition. More research is required on

durability of pozzolanie€CBPD binders.

2.10.4Shrinkage

In terms of shrinkage, Daugherty and Funnel (1983) stated that a 10% replace@BRDof

in cementitious binders did not have an adverse effect on shrinkage. Contrarily, Wang and
Ramakrishnan (1990) replaced an OPC binder with 5% CKD and found a slight increase in
shrinkage. These results were corroborated by Masluheddin et al. (2008)velydirund that

the shrinkage strain in their OPCBPD blends increased with time and quantityGBPD

where the highest shrinkage strain was found in samples wittCEI®b.

El-Mohsen et al. (2014), investigated the shrinkage properties ed@edblidating concrete
containing cement kiln dusthey replaced OPC up to 40% witlBED and tested the total
shrinkage along a 12@ay lifetime. They found that mixes containing 108BRD had very
similar shrinkage strain to 0%BPD mixes and 50% of the total shrinkage, circa 0.0003, was
achieved in the first 28 days. Shrinkage strain for mixes containing 20% and BB2Had
0.00035 and 0.00039 strain respectively.

A recent investigation by Kounadet al.(2023), researched the drying shrinkage of ternary
binders composed of CBPD, OPC and Marble Powder and compared them 4dlaDipi€
Powder binders. They found improvements in shrinkage in the ternary CBPD blend. They
attributed this to the high free lime content and the carbonation associated with this phase. They
also theorised that the coarse granulometry of the dust, led to lower capillary pressures in the

microstructure of the mix.

Czapicet al.(2020), in their hydration investigation of CBPD, found that CBPD does not shrink
but in fact expands. The expansion occurs particularly during the first 5 hours and stabilises
after 21 hours. This was largely attributed to the hydration of CaO. Thevfihahe increase
reached up to 209%.
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2.10.5Hydration

Few studies have been made investigating the hydration of concretes incorgoBRIDgr he

studies that do, however, seem to all agree that the formation of an ettringite phase has a
positive effect on the strength developmenC&PD binders. Chaunsali and Peethamparan
(2011) discovered that even@BPD has a low free lime content, a high sulphate and alkali
content was effective in hydratingBES and fly ashThey developed @BPD-FA binder that
achieved a compressive strength & BIPa (heat cured at57degrees Celsius). They
determined that the early age strength development was largely due to the ettringite. This
correlates with Coakley and Sadique (2016) where their quaternary blend con@B#sg

fly ashOPGCBPD reached a higher compressive strength than the pure OPC control mix.
They attributed the enhanced strength gains, particularly early age strength gains, to the
ettringite formation. Chaunsand Peethamparg@011) also determined that t&&PD with

a lower sulphates content decreasecetiringite. Siddique (2014) also found that an addition

of an alkali or a high alkali content could reduce the strengiB&D binders as it hinders the

formation of ettringite.

Czapik et al. (2020f)ound that the primary product in CBPD hydration was portlandite and
additionally Freidelds salt was present t oo
typically due to calcium silicate, alite and
hydraton. The calorimetric curve shows a rapid increase in heat release initially, due to the
hydration of the CaO, however this is followed by a rapid decrease and a stabilization period
around 11.3 hours followed by another decrebs€BPD the clinker phase found was o5C

which had an accelerated hydration due to the formatiopoafanditedue to free CaO
hydration.Theyconcluded that CBPD hydration with a high content of CaO lasted up to 7 days

and that portlandite is the primary hydration product.

Chaunsali and Peethamparan (2011) also agree with this when they confirmed the presence of
a potassium peak in the reaction product structure. They additionally identified the formation
of different phases such as the CSH, CABéttlandite and AFm (ettringite) phases, stating

that CASH gel appeared due to a pozzolanic reaction and a high free lime content. This
corresponds with the typical reaction products of high calcium AAMs (Provis 20ak)

Gdoutos et al. (2002) researched the hydration of @BEPD, and slag binders and found that
theratio between alkalis and silica has an important role in early age hydrasiohe alkak

silica ratio increases, the time for the ion dissolution is elongated, and the rate of ion dissolution
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increases. They also deemed in a 2004 paper, that the main factors affecting the initial hydration

and activation were alkali concentration, fineness, and the presence of sulphates. Coakley and
Sadiquesodo (2016) r es ear c BPDtheyiutlised shewednrhigheh t hi
early age strength.
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Chapter 3 Effectiveness of Cement Bypass Dust in
Heat and Ambientemperaturé€ured SlagBased
Mortars

(Paper submitted toResources, Conservation and Recyclingwaiting decision)

Abstract

The climate impact of Ordinary Portland Cement (OPC) is mounting concern due to its
substantial contribution to greenhouse gas emisdR@searchers and the industry are seeking
alternative materials to either replace or augment OPC. Materials like flgiagtand natural
pozzolans show promise in reducing carbon emissions associated with OPC, but often require
alkali activators. This study centres on Cement Bypass Dust (CBPD), a waste product of the
cement industry rich in alkalis, free lime, and chloriddse &ims are to utilise CBPD as a
valueadded substitute for OPC. Given the high alkalinity of CBPD, the research investigates
its eficacy as a cement replacement in combination githund granulated blast furnace slag
(GBFS) for producing mortar under ambient (20 + 2°C) and elevated temperé&itré (&)

curing conditions. Two distinct binder compositions are examined: (1) CBPD:GBFS =1:1
and (2) CBPD:GBFS:OPC = 1:1:0.5 with a constaassratio of binder, sand and water at
1:3:1. Results of the physical and mechanical properties reveal that CBPD basedwitbrtars
20% OPCcan achieve compressive strengths of 7.5 and 9 MPaz#ftdays of curing at
ambient and elevated temperature, respectively. While heat curing benefits early age strength
for both mix proportions, it proves less suitable for kbeign mechanical performance, as it
retards strength development compared to aniliemperaturecuring. Analysis through
Mercury intrusion porosity (MIP), scanning electron microscopy (SEMpgyxdiffraction

(XRD) and thermogravimetric analysis (TGA) reveals that amlb&nperatureured mortars

exhibit higher density, a less porouscrostructure, and a more extensive formation of
hydration products after 28 days of curing. This research contributes to the reduction of carbon
emissions associated with the use of cement while concurrently addressing the challenge of

waste disposal itandfills.

Keywords: Cement mortar, Bypass dust, Blast furnace slag, GBFS, Waste utilisation,

Microstructure
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3.1 Introduction

3.1.1Background
The growing global demand for construction materials, particularly cement, driven by rapid
population growth andrbanization, has significant environmental implications. The cement
production process, due to its high energy demand and the release dti@@ limestone
decarbonation, contributes to approximately 8% of global anthropogenice@3sions
(Olivier et al., 2017). It is estimated that 4.3 billion tonnes of cement were produced worldwide
in 2021 (International Energy Agency, 2022). As a result, it plays a substantial role in climate
change acceleration. To address these concéms;onstruction industrfaces pressure to
adopt more sustainable practices, including reducing energy consumption, developing eco

friendly materials, and using waste products, which can also lead to cost savings.

Industrial byproducts such as fly ash, ground granulated blast furnace (GBFS), and silica fume
are already being used as supplementary cementitious materials (Zhu et al., 2014; Nedunuri et
al., 2020). Additionally, mineral wastes are used for developameatless construction
products through alkali activation and geopolymerization. An alkali activated material (AAM)

is formed by the reaction of a solid aluminosilicate powder (precursor) with a dissolved alkali
metal (activator). The common precursorsduseAAMs are GBFS, fly ash, silica fume, and
metakaolin (FernAndediménez et al., 2017). Due to being completely cementless, they are
expected to be one of the feasible solutions to reduce concrete carbon footprint (Provis et al.,
2016). Other sustainabhlternatives involve technologies like calcined clay limestone cement
(Scrivener et al., 2018), hybrid mortars with low cement content (Batuecas et al., 2021),
carbonation curing (Sharma et al., 2018), and ensaging techniques such as hydrothermal
synthesis (Jo et al., 2017).

Despite the potential of the above technologies, in many cases the cost and true extent of CO
reduction remain uncertain. This is particularly true with AAMs where the environmental
impact of the chemical activator is often high and there are difficulties in implementing the
technology. Furthermore, AAMs require the use of large amounts of c@raksiali and an
overhaul of the manufacturing line, which limits their use in the precast industry (Alnahhal et
al., 2021). Sustainable activators sourced fraaster streams may be viable options to address
some of these concerns.

3.1.2Cement Bypass Dust
Due to the introduction of chemicals such as chlorides into the kiln &ltemativefuels,

cement plants around the world have been introducing bypass systems into their kilns to reduce
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the impurities going into their clinker. The dust that is collected from the bypass system is
classified as cement bypass dust (CBPD). Though CBPD has a similar chemical composition
to cement, it also has some significant differences such as, higheniglkgdH 11-14), and

high sulphate and chloride content, making it difficult to recycle back in the kiln. The
composition of CBPD varies from plant to plant depending on factors such as the fuel type,
raw materials used, and kiln type (Adaska et al., 2008 amount of CBPD produced is about

2% by weight of clinker meaning that several million tonnes of CPBD are produced each year
worldwide (Hanein et al., 2020). CBPD is typically landfilled at a large cost to the cement
manufacturers due to collection catransportation. The disposal of CBPD also leads to
unnecessary use of land and the contamination of surface and ground water by heavy metal
leaching (Siddique, 2006). If airborne, it can also affect human health by causing asthma, skin
irritation, and eg problems, hence it is classified as a material that has potential to be hazardous
to human health (EPA016.

The significant quantity of CBPD generated, approximately 2% of clinker weight, necessitates
largescale disposal, often in landfills. This disposal is costly and leads to land use and
groundwater contamination issues. Additionally, airborne CBPD caninggampact human

health. Therefore, research efforts have explored ways to reuse CBPD in cementitious binders
as a filler or cement replacement, with some studies demonstrating its positive effects on
mechanical strength. Combining CBPD with pozzolans slaown even more promising

results.

El-Awneyet al. (2005) investigated the behaviour of OPC mortars made with up to 20 % CBPD
replacement and found that up to 10 % CBPD replacement enhanced mechanical strength. Al
Harthy et al. (2003) found similar results where they found a 5 % replacement oft e@the

CBPD in concrete led to an improvement in compressive and flexural strength. The benefits
increase when CBPD is mixed with a pozzolaadique and Coaklg2016) made a concrete
using 55 % fly ash, 15 % CBPD and 30 % OPC that achieved Z0ddipressive strength

after 28 days curing, a very comparable result to typical concrete. Gagmathriajasekhar

(2017) found a significant increase in compressive strength in their ternary blends of CBPD,
silica fume and cement, reaching a compressive strength of 51 MPa. Bod&oakley
(2014) also found favourable results in fly @8RGCBPD-gypsum mixes. More recently,
CBPD has been demonstrated to have potential as an alkali activator of aluminosilicates
(BarnatHunek et al., 2018).
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Though it is urgent that more sustainable construction materials are developed, it is also
important to avoid large changes to the typical manufacturing process to avoid extra capital
cost. The use of CBPD ascement replacemeint concrete manufacture is not expected to
require ag changes in the production process. However, the influence of key parameters, such
as fineness, free lime content and alkalinity, in determining the effectiveness of CBPD as an
activator of pozzolanic materials is not fully unsteod.There is a significant gap in literature
addressing the potential of CBRIS a cement replacementd the waste materied currently
primarily unexploited and disposed of in landfill.

Hence, his paper aims to investigate the effectiveness of CBPD in combination with GBFS as
binder in producing mortar at ambient and elevated temperature curing conditions in which
CBPD can act as@ment replacement with activating potentidie recycling of CBPD in a
mortar binder would lead not only to the environmental benefits and promotion of a circular
economy, but also to cost savings for the construction industryhe authadd snovkedge,
research of this kind is not currently available, wHelB#D is primarily replaced at very small
guantitiesn the literature availabl@wo mortar mixes, one cementless and one 208 OPC

are investigated. The chemical and physical properties of the powders and pastes are examined
to determine their chemical composition and particle size distribution and microstructural
properties using XRD, FSEM, TGA and MIP. The fresh and hardenedestabperties are
examined to determine standard consistency and setting times, flowability, density, heat

evolution and esmpressive strength.

3.2 Materials and Methods

A systematic experimental procedure was developed to produce a cementless mortar composed
of GBFS and CBP@s well as a GBF®PGCBPD mortarMortar samples were characterized

in terms of theiflowability, density, mechanical strength, and microstructure.

3.2.1Materials
All mixes in this project contained CBPD and GBFS. The CBPD used in this studyseas

as received and wasbtained from the CEMEX Rugby plant. GBFS was obtained from a
Scunthorpe plant. CEM Il 32.5R provided by CEMEX, UK was also used for ternary mixtures.

Locally available building sand was used as a fine aggregate for the mortars. Its specific gravity
and water absorption capacity were measured to be 2.6 and 2.5%, respectively; these conform
to the limits specified irBS EN 10976:200Q The sand conformed to the standard for the
preparation of a plastering mortar with a targeted strength of 7.5 MPa in accordance with BS

EN 9981. The water used for the mortar was regular tap water at a temperature of 20 £ 2 °C.

27



Chapter 3 Effectiveness of Cement Bypass Dust in Heat and Ambient CureeBakeg Mortars

The particle size distribution of CBPD, OPC and GBFS was determined using a laser particle
size analyser and the results are showrigare 3-1. GBFS is shown to be the finest material

with a median particle size of 12.9 um. OPC and CBPD had median sizes of 20.9 and 46.5 pm,
respectively. The CBPD used is relatively coarse when compared to previously reported data
with a median patrticle size oifrca 22.2 um (Todres et al., 1992).

100
— GBFS
—— OPC
804 —— CBPD

60

//
)/

0.1 | 1 10 | 100
Particle Size (um)

Percentage Passing (%)

Figure 3-1 - Particle size distribution of GBFS, OPC and CBPD

The mineralogical characterisation of the raw materials was conducted uRag Biffraction
(XRD) as seen ifrigure 32. The peaks were characterised using Diffrac.Eva software. The
main crystalline phases present in CBPD were lime (CaO), gypsum (2&B0), sylvite
(KCL), quartz (SiQ), and calcite (CaCs), with lime being the major crystalline phase. Sylvite
provides the CBPD with a significant amount of alkalinity, which can be utilised to activate
GBFS (Kalina, 2018). Cement on the other hand was mainly composed of calcite,z:8ljte (C

and belite (@S). GBFS presented a very broad diffuse band indicating that @&inedta very
large amount of amorphous material.
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Figure 3-2 - XRD patterns of GBFS, CBPD andOPC (c=calcite, b = belite, a= alite, | = lime, s =
sylvite, g = gypsum, p = portlandite, q = quartz)

3.2.2Mortar Mixing Procedure
The CBPDGBFS based mortar was prepared using a pan concrete mixer3{labl®ws the

mix proportion of the binder ingredients (CBPD, GBFS and OPC), fine aggregate, and water
content. Two different mix designs were used, the first consisting of 50% CBPD and 50%
GBFS and the other of 20% OPC, 40% CKD, and 40% GBFS. The bindggtegate ratio
was kept constant at 1:3. The water to binder ratio for with no admixtures was kept at 1.

Table 3-1 - Mix designs investigated
Fine Water/Binder

Mix CBPD GBFS OPC Rali Curing
Design (kg/m3) (kg/m®) (kg/m?) a?k%r/‘?gte atio Temperature
KGA 225 2% 2 1344 1 20 °C for 24h
KGH 225 225 i 1344 1 65°C for 24h
KGCA 180 180 90 1344 1 20°C for 24h
KGCH 180 180 90 1344 1 65°C for 24h

The dry material was mixed in the pan mixer first for homogeneity. Subsequently, the water
was added and mixed continuously for a minimum of 120 secondsngihthe mix was wet
throughout. Following this, the plastic mortar mixture was cast into 50 mm cubic moulds in
three layers and vibrated between each layer to release any entrapped air. Two methods of

curing were used:
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1) HeatCuring: the moulds were placed in a climatic chamber at 65 + 2 °C anded&tse
humidity for 24hours. The samples were thenmdeulded and cured in a water taf¥ + 2

°C) until the desired age of testing.

2) AmbientTemperatureCuring: Moulds containing the mortar samples were covered with a
polyethylene sheet and allowed to set at ambient conditions (20 = 2 °C) for 24 hours before

being demoulded and cured in a water tgi2t + 2 °C)until testing.

3.2.3Characterisations
3.2.3.1Fresh and hardened state properties
The standard consistency and the setting times of CBPD based pastes were measured using a
Vicat apparatus followindS 45503-3.5:1978and BS EN480-2:2006, respectively. Paste
samples were cast in a Vicat mould and the time elapsed between the addition of water to the
dry powder and the Vicat needle penetrating the paste at a 5 + 0.5 mm depth was taken as the
initial setting time. Following thistep, a circulaend Vicat needle was released on the paste
sample at teiminute intervals, and the final setting time was determined once there was no

imprint of the circular part of the needle left on the surface of the paste.

The flowability of the mortar samples was assessed using a flow table test folB%/iBaN
10153:1999 The mortar was placed in a conical mould in three layers which was released
after it was tamped down 25 times. Following this, the diameter of the mortar mix was
measured in four different locations and recorded.

The density of the hardened mortar samples was determined prior to the compressive strength
tests. The mass of the cubes was recorded when they were submerged in water. After this they
were left to dry. Once dry, the mass of the samples was recordedTdgadifference between

the dry weight and submerged weight of the sample indicated the volume of the mortar cube

by considering the specific gravity of water to be 1.

Temperature vs time measurements were carried out to investigate the heat evolution of CBPD
binders. Paste samples were mixed and cast into plastic bags. The bags were then pierced with
a thermocouple so that it was in contact with the paste. This wagléoenl in a serradiabatic
container. Additional pastes of 100% OPC and 100% CBPD were cast and investigated for this

test.

The compressive strength of the mortars was measoitedsing ASTM C109/C109M- 21
using a 30kN Universal Testing Machine. Three BOm morar cubes from each bat@mix
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design) were tested, with no prior preloading. The average compressive strength of all three

specimens was considered as the compressive strength of that batch.

3.2.3.2Microstructural Characterisation of CBPD samples

The CBPD pastes were prepared using the same binder composition of mortar. The paste
samples were cast in glass containers and the curing method remained the same. After the
desired hydration time, the samples were doused in isopropanol and ground idir.pow
Larger surface pieces were collected for SEM and MIP analysis. To prevent the creation of
further pores, these pieces were collected by cutting the paste with scissors rather than
hammering. Following this, the ground samples and chunks were plamedwen at 65°C for

12 hours. This process was used to remove moisture and prevent further hydration.

3.2.3.2.1X-Ray Diffraction (XRD)

X-ray diffraction of CBPD paste samples was carried out with a Brukedifiractometer. In
thisstudy, r ays of 1.54 | were generated by a Cu
were analysed from 10° to 60° at a rate of 0.02° steps per secorgbfivis@e used for peak
identification was Diffrac.EVA by Bruker which has an ICDD library. Origin 2021 was used

for Gaussian fittingpf the main XRD peaks.

3.2.3.2.2Scanning Electron Microscopy

The fractured surface of the CBPD based paste was observed using a FEI Inspect F field
emission scanning electron microscapé-SEM). The microstructure was analysed at a
voltage of 15 kV using a backscattering electron mode. Dried paste samples were fractured and
mounted on an aluminium stub using carbon tape. The microstructure was then photographed

in a vacuum.

3.2.3.2.3Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was carried out using a Perkin Elmer Pyris 1 TGA.

Samples were heated from 30°C to 1000°C degrees at a rate of 10°C per minute. In this study,
10 mg of the ground powder samples were used to investigate the thermal hebia@BBD

paste.

3.2.3.2.4Mercury Intrusion Porosimetry

Mercury Intrusion Porosimetry (MIP) was carried out using a Micrometrics Autopore V. This
was used to evaluate the porosity, pore distribution and pore sizedalyydrated CBPD

based paste. The MIP study was conducted assuming a 140° contact amglectoy.
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3.2.4Life Cycle Assessment

Life cycle analysis (LCA) is a form of modelling that allows for the estimation of total CO
emissions and other impacts of a specific material or product from the manufacture till the
disposal or recycling of it. This study aims to compare the environmental impact of the
investigated mixes as well as to a representative OPC mix design. OpenQCa&n2pen
source LCA modelling software, was used for the LCA analysis. The database used was
Ecoinvent 3.8 and the LCA follows the standard ISO 14040 (2006haGGiarming potential

was the impact assessed.

The functional unit in this LCA was 100@ of mortar and the system boundary used was
cradleto-gate. The life cycle inventory includes all the raw mategal$ processecessary to
fabricate the mortar mixes. CBPD had no emissions associated to it due to its classification as
a waste according to the Waste Framework Directive of the European Union (2018). The GWP
data for the raw materials was gatheeeatirelyfrom the Ecoinvent database. Heat curing was
assumed to be 180 kWh based on an industrial-imativen with a volume of 21?* (Kul et

al., 2023). All the electricity data was gathered from the Ecoinvent database and was based on
the UK grid. Transpu distances were based on the reseaéshmrationand areshownin table

3-2. A freight lorry weighing 1632 metric tonnes, from the Ecoinvent database, was assumed

as the transporter of raw materials.

Table 3-2 - Life cycle inventory

Raw Material Distance (km)
CBPD 100
OPC 18
GBFS 77
Sand 50
Tap Water --

3.3 Results and Discussion

3.3.1Standard Consistency and Setting Time

The standard consistencies and setting times for the tested samples are showB-B fHinde
standard consistencies for KG and KGC pastes were determined to be 37%, and 35%
respectively. The higher standard consistency of KG samples indicates that the combination
CBPD and GBFS lead to an increased water demand relative to a mix with cEnesatare

several possible reasons for this higater demand such as the higher alkali content (Bondar
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and Coakley2014), the higher free lime contez@piket al., 2020), and the larger volume

of CBPD particles in the binder due to its lower density relative to OPC. Another factor to
consider is the inclusion of GBFS which could have also reduced the workability of the mixes
due to its fineness. GenerallyPQ is expected to have a standard consistency ranging from

25-35% (Bye, 2011).

The higher CBPD and GBFS content reduces the initial setting time of the binder mixtures. As
observed, the initial setting time of KG is td0nutes, whereas it is 223 minutes for the KGC
mix. This is in line with previous research (Bondar et al., 2013t),can be attributed to the

high free lime content and alkalinity of CBPD, which accelerate the hydration reaction. GBFS

hasalsobeen shown to increase setting time due to its delayed reaction (Yun et al., 2020).

Table 3-371 Setting times and standard consistence of CBPD binders

KG KGC
Initial Setting Time 140 min 223 min
Final Setting Time 395 min 415 min
Standard Consistenc' 37% 35%
Flow Table Value 150mm 158mm

3.3.2Workability

As seen fromable3-3, the flow values correlate with the setting time results where it is found
that the KG mixture possesses the lower flowability (149.75 mm £ 0.4). These results are in
line with past research where it was fouhdt the inclusion of CBPD or Cement Kiln Dusts

lowers workability (Sreekrishnavilasaamd Santagat@006; Ravindrarajah, 1982).
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3.3.3Effect of heat curing on the volume of mortar samples

Significant swelling was observed footh samples that were subjected to heat cuifingure

3-3 shows the mix of KG with the heat cured specimen (a) and its ambient cured counterpart
(b). While expansion may have occurred also in the ambient cured samples, et pop
phenomenon (Lee and Lee, 2009) only visibly occurred in the heat cured sanyplgsast

cracking is also observed on the heat cured sample, likely due to this expansion as seen in
Figure 34. No cracks are visible in the ambient cured sanmipiee same behaviour was

observed for the KGC mixes (not shown).

Figure 3-3 - Side profile of CBPD binders (a) KGH (b) KGA

Expansive behaviour in the hydration of CPBD was also observézapgiket al. (2020),

which resulted in a 55% of volumetric swelling. Swelling was also observed by Kalina et al.
(2018) in their CBPBGBFSSodium Carbonate binder§he main reason for this type of
swelling is attributed to the free lime (CaO) content in CBPD, which when mixed with water
leads to a heavily exothermic reaction (slaking reaction), where calcium hydroxide is formed
(Ritchie and BingAn, 1990). Furtherm®, water particles acigainst binding forces within

the mix, pushing the binder paste outwards, leading to the sweéllenglle., 2012) The ratio

of volume change between calcium oxide and calcium hydroxide is 17/33 (Nagataki et al.,
1998). Another reason for this could be the presence of excess sulphates, which increases the
formation of ettringite that in turn leads to swelling of t@mentitious system (Min and
Mingshu, 1993). A significant presence of gypsum has been identified in the XRD data of the
CBPD (Figure3-2).
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Figure 3-4 - Top-down view of CBPD mortar (a) KGH (b) KGA

3.3.4Bulk Density

The densities of the heat and ambient cured samples at the age of 3, 7, and 28 days are presented
in table3-4. Overall, the densities of the mixes containing CEP®lower than those typical

in OPC mortar, which are normally higher than 2000 Rgfgye, 2011). The high water to

binder ratio is also a factor that needs to be considered. The highest bulk density was recorded
for the KGCA mix, indicating a denser microstructure relative to the other samples, while KGH
was the least dense. This indestthat the heaturing regime negatively affected the
microstructure development and led to a binder of lower density. The inclusion of cement in

the KG mixes led to anverall increase in density likely due to better packing and denser
hydration products formed.

Table 3-4 - Overall densities of CBPD binders at 3,7 and 28 days
Bulk Density (kg/m?)

Samples

3 Days 7 Days 28 Days
KGA 1920 +25 1930 +30 1930 50
KGH 1860 +35 1860 +45 1870 +10
KGCA 1960 +30 1960 +20 1960 +15
KGCH 1900 +15 1910 +20 1910 +20

3.3.5Heat of Hydration

Figure 3-5 shows the temperature rise during hydration over time for KGA and KGCA, along
with 100% OPC and 100% CBPD pastes.
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Figure 3-51 Heat of hydration for KG, KGC, OPC and CBPD

Samples without cement (100% CBPD and KG) show a rapid increase in temperature, and no
dormant period. 100% CBPD achieved its maximum temperature 25(56fter 91 minutes,
whereas 100% OPC achieved its maximum temperature of 53.2°C after 460 minutes. A much
faster decrease in temperature is also observed in the case of the CBPD. These findings agree
with results byCzapiket al. (2020) where they also identified no dormant period in their CBPD
heat of hydration results, rather just a rapid increase amdate in heat evolution. Similarly,

Wang et al. (2002) found that OR@n dust binders have a much higher heat evolution
compared to OPC and OR&BFS mixes. They attributed this to the alkalinity of the kiln dust.

The hydration behaviour for KG and KGC resembles that of CBPD and pure cement samples,
respectively. Both mixes, however, show a significant decrease in temperature where KG and
KGC reached max temperatures of 37.3°C and 32°C, respectively. This decteag®erature

is likely due to the latent hydration of GBFS, leading to an overall reduction of heat emitted
(Moon et al., 2018). Both mixes showed slight increases in temperature following their main
peaks, which could be attributed to the hydration oFSGBThe GBFS hydration begins earlier

in the KG sample possibly due to the presence of the higher amount of alkalis given by the
higher CBPD content in the mix. The hydration of GBFS is accelerated by the free lime content
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due to the increase in alkalinity of the pore solution, leading to faster dissolution of GBFS
particles (Kalina et al., 2018). This secondary peak can also be attributed to the secondary
formation of Calcium Silicate Hydrate (CSH) gel. Additionally, KG wlkd no induction
period due to the lack of rapid dissolution of the cementitious component and avoid formation
of a layer on urhydrated grains. Both mixes possess similar final temperatures after the
measurements ceased and are still found to be higherthiat of the 100% OPC and CBPD
samples.

3.3.6Compressive Strength
Figure 3-6 shows the compressive strengths achieved by the heat and ambient cured CBPD
based samples. Heat curing is clearly beneficial at early age. KGH achieved a 3.8 MPa
compressive strength after 3 days of curing, whereas KGA achieved 1.2 MPa. These results
are expected as the hydration of the binders is accelerated by elevated temperature curing,
which leads to an increase at the early age mechanical strength (Elkhadiri et al., 2009). A
similar trend is observed for KGCH and KGCA mixes, which exhibited streradies of 4.6
MPa and 1.9 MPa, respectively, after 3 days of curing.3Ftley compressive strengtbf
KGCA and KGCH are found to 8% and22% higher than their cementless counterparts,

respectively.
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Figure 3-6 1 Compressive strength results of CBPD binders
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The benefits of heat curing on the mechanical properties are no longer valid at later ages, as
ambient cured samples reach a higher compressive strength. The compressive strength of 7 day
hydrated KGA and KGCA are 4.7 MPa and 5.9 MPa, respectively. Thpressive strength

at 7 days is almost the same irrespective of their curing condition for the heat cured mix designs
with KGH achieving 4.7 MPa and KGCH achieving 5.4 MPa.

A more significant difference is seen for the@8y strength results. KGA and KGCA had 28

day strengths of 3.MPa and9.0 MPa respectively, whereas KGH and KGCH achieved 6.6
MPa and A MPa, respectively. The results also show the negative impact of heat curing and
beneficial effect of cement addition. Despite faster hydration at the early ages, heat curing can
retard the hydration at longer ages and develop an uneven distributiorctarrgaoducts
leading to a comparatively more porous microstructum@ consequently a lower strength at
later ages (Liu et al., 2022).

Overall, the mortars achieved a strength (>7.5 MPa) that can be considered adequate for low

end applications, such as for wall rendering for replacing lime mdtadérthy et al., 2003).
3.3.7X-Ray Diffraction

X-Ray diffraction (XRD) was used in this experiment to identify the chemical phases in the

hydrated cementitious sampl&ggure 37 shows the XRD patterns for KGA, KGH aRjure

3-8 shows the XRD patterns for KGCA, and KGCH a 3, 7, and 28 days. The XRD patterns

present sever al promi nent peaks at di fferen

present in these specimens relative to hydraiBd; is the presence of F

found at 11.3°, 31.2°, and 50.26°. CBPD contains a high concentration of chlorides that react

with water and other cementitious phases

Peethamparan, 2013; Konstaloute et al., 2002).
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Figure 3-71 XRD patterns for KGA and KGH

Sever al portlandite (p) peaks have H£23n det e
The portlandite peaks have a notably higher intensity for ambient cured samples relative to that

of the heat cured samples. The peaks | ocated
attributed to alite (a) (tricalcium silicate). Calcftec ) peaks are observabl e
36.1°, 39.4°, 43.2°, and 48.5°, which is typically an inert phase. The other prominent peaks due

to the presence of quartz (silicon dioxide)
observations fim other studies (Chaunsali and Peethamparan, 2013; Sadique and Coakley,
2016, Marku et al., 2(@), the presence of ettringite (e) is not very prominent in tHea}

anal ysi s. Only some faint peaks are visible
the specimens were processed to stop the hydration reaction usirgrgventhat may have

led to the decomposition of the ettringite.
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Figure 3-8 - XRD patterns for KGCA and KGCH

As observed in the diffraction patterns, all four mix designs represent the same chemical phases
with different intensities. The peak area ratio is used to-geamtify the degree of hydration

by considering the two most prominent peaks that appear XRbe Since CSH is amorphous

in nature and often located behind a crystalline calcite peak at 29.4°, the portlandite is selected
as the main crystalline product of the hydrated CBPD system and its peak located at 18.04° was
used for the analysis. Additiolhg alite (a) is selected as the reactant, and its most prominent
appearance is found at 34(Rfollah et al., 1999) The peak area ratio is calculated by taking

the ratio between the peak area of portlanditg éhd the peak area of alite JAThe peak

area has been determin#dough Gaussian fittingf the Xray diffraction patterns using

OriginPro 2021 softwaras shown in Figre 39.
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Figure 3-91 Gaussian fitting of portlandite peak to determine the peak area ratio
Figure 3-10shows the results, where it is evident that the ambient cured samples presented the
largest amount of hydration overall. KGA has peak area ratio values of 0.58, 0.66, and 0.71 at
3, 7, and 28 days, respectively, indicating an increase in hydration meeiQn the contrary,
KGH has peak area ratio values of 0.57, 0.55, and 0.49 at 3, 7, and 28 days, respectively,
demonstrating a slight reduction in the amount of hydration. This clearly indicates the
significance of the curing regime for these CBPD hiagderhere despite the early age benefits
of heat curing, long term this has an adverse effect on the hydration and properties of the

product.
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Figure 3-107 Peak area ratio for CBPD binders

The longterm benefits of ambient curing were further validated by the binders containing
cement. KGCA presented peak area ratio results of 0.68, 0.73, and 0.94 at 3,7, and 28 days,
respectively, whereas KGCH presented results of 0.44, 0.54, and 0.4 ahd®, 28 days,
respectively. The results indicate that heat curing of CBPD binders leads to a stagnation of
hydration, further emphasising that heat curing is mostly effective for early age strength.
Overall, these results prove the compatibility of CBREh GBFS, without the use of cement,

however the use of cement has clear benefits in the quality of the binder formed.

3.3.8Fourier Transform Infrared Spectroscopy

Figure3-11 presents the FTIR spectra for KGA, KGH, KGCA, and KG&t28 daysranging

from 500 cm‘to 4000 crmt. The results present typical bands that are expected in cementitious
materials. All the samples present similar bands and peaks, but with slightly different
wavenumbers and intensities. The presence of calcium hydroxide is clear as the peak at 3642
3645 en represents an absorption peakpoftlandite and is attridableto O-H stretching.

There are faint peaks visible ranging between 22980 cm! and 17941796 cm' which are

due to GH stretching and the presence of CaCPeaks around 1428427 cm' and 873876

cm? are also due to carbonate phases. A broad shoulder visible at arouati1 2032 is
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due to the stretching of the@ functional group, confirming the presence of sulphates in the

mixes and consequently ettringitddrcia Lodeiro et al., 2009).

Absorbance (a.u.)
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Figure 3-11 - FTIR spectra of CBPD binders at 28 days

CSH peaks araormally found within the range of 1100 chand 950 crtt (Yu et al., 2004).

The presence of CSH was confirmed in the FTIR analysis as a peak washesiden 962

970 cm!, which can largely be attributable to-Gistretching as confirmed by past research.
Table3-5 presents the location of all the functional groups. Typically, a shift in the peaks can
indicate the degree of polymerisatifinn et al., 2@0), however in the samples tested, the Si

O band was detected in similar locations. These results confirm that the CBPD binders produce
similar binders to those expected in cementitious binders, despite the inclusion of chlorides,

and different proportionsf@ehemical components.
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Table 3-57 Location of functional groups on the FTIR spectra

Wavenumber (cnt) Functional Group

36423645 3 QGh(OHY)
29762980 C-H
17941796 CaCQ
16381643 i OHhO)( H
14241427 33 CO 3C:
11341140 Xe)
962:965 Si-O (CSH)
873876 CO 32

3.3.9Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to identify the main products within the
CBPD binders at 28 daybigure 3-12 presents the results from the DSC analysis. The main
endothermic peaks were identified at 46D°C and 660 10°C which can be attributed to the
decomposition of portlandite and calcium carbonate, respec{(i@8&ypkowska et al., 26D
The amount of hydrated product can be determined by quantifying the enthalpy change (DH)
of portlandite from the DSC graph (Chakraborty et al., 2016). The results overall, corroborate
the compressive strength and XRD results, where the ambient curedshipnesented arkger
amount of hydrated product. KGA and KGH had DH values of 93.7 J/g and 22.7 J/g,
respectively, demonstrating a much higher amount of hydration for KGA. The results were
very similar for KGCA and KGCH which achieved DH values of 92.1 J/g and 28.1 J/g.
Interestingly, KGA had a slightly higher value than that of KGCA, however they are overall
almost identical.
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Figure 3-12 - DSC results of CBPD binders at 28 days

3.3.10Thermogravimetric analysis
Figure 313 shows the TGA and DTG curves for KGA, KGH, KGCA, and KGCH after 28
days of hydration. Significant mass loss has been detected irti&lly200°C. This is due to
the evaporation of surface bonded water and the dehydration of hydrated phases such as CSH.
This is observed in all pastes. An additional hump can be observed8500C which ould
be attributed to the decomposition of ettringite. The next major mass loss has been located
between 29B80°C. This hump, with a peak at around 330°C, is atiibeitto the
decompositi on (Bonin-Ydur and Glassef $998%\saadbderved in the XRD
analysis, the chloride salts are abundant in these samples, which undergo a chemical reaction
to form Friedel s salt. This hump is visibly
reduced content of chloride salts. Anotlpeominent mass loss has been observed at 390

460°C, and it is caused by the decomposition of portlandite.
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Figure 3-137 TGA and DTG curves of (a) KGA (b) KGH (c) KGCA (d) KGCH

The mass loss between 6800°C is due to the decomposition of carbonated phases. At around

615°C, an additional hump is visible in the DTG curves, likely due to the mass loss of OH

groups

from

t he

CSH

gel for med

al.n20G6h Ehe c e me n

broadest one of these humps can be seen in the KGCA mix design. The sharpest carbonate peak

is seen at 660°C, which is attributable to the mass loss of amorphous carbonate phases. The

possible final carbonate peak appears at 780°C due tetomposition of a more crystallised

calcite phase, which requires a higher temperature to decor(tptegpdkowska et al., 26
This peak shifts to the right for KGCA and KGCH (800°C), likely due to the crystalline

arrangement in the presence of cement. This hump is not very clear for the KGA mix, possibly

due to the sample used not containing a large quantity of ordereckCaCO

The mass losses for portlandite are indicatdelgnre3-13. It is seen that heat cured mixes are

characterised by a smaller mass loss due to portlandite decomposition than ambient cured

samples, in both binder composition. KGH and KGCH mixes have a mass loss of portlandite
of 0.84% and 0.89%, respectively. On gomtrary, KGA and KGCA mixes have a portlandite
mass loss of 1.17% and 1.49%, respectively.
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3.3.11Mercury Intrusion Porosimetry
Figure 3-14 presents the cumulative mercury intrusion against the pore diameter for the mixes

after 28 days of curing. The shapes of the curves are similar to each other; however, it is evident
from these results that the use of heat curing for the CBPD paste ¢eads)dre porous
microstructure relative to their ambient cured counterparts. The cumulative intrusion value is
highest for the KGH sample, followed by the KGCH binder. This increase in porosity due to
heat curing is assumed to be due to the increasegssvithin individual pores of cementitious
paste. These internal stresses can widen the pore and causernag&ing, hence increasing

the porosity. Consequently, this increased stress may enlarge the pores leading to a more
permeable microstructureh@& effect of increased porosity is also reflected in the density of

the specimens, where the ambiented samples are overall denser relative to the dueatl

samples.
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Figure 3-14 - MIP graphs of CBPD binders

Table3-6 presents the porosity values of these binders. The porosity of these samples can be
considered to be quite high. The main reason for this is the particle size of the component used
and the water to binder ratio. In general, a higher w/c ratio will leaeparation of cement
particles by entrapping air, leading to a more porous and less dense microstructure. High
permeability in cementitious binders can lead to detrimental effects on the durability and
strength of a cementitious system (Neville, 2012)ttHtarmore, as observed earlier, the
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addition of CBPD can lead to swelling due to the high free CaO content, which subsequently

can cause microcracks and increase porosity.

Table 3-6 - Porosity results for CBPD binders

Mix Design Porosity
KGA 39.5%
KGH 46.0%

KGCA 35.4%
KGCH 42.7%

3.3.12Scanning Electron Microscopy
The microstructure of the fracture surfaces of CBPD pastes was investigated using a scanning

electron microscope (SEM) as showrfFigure 3-15.

20210423 1220 NM D9.0 x10k 100pm 2E 2021-04-23 11:54NM D88 x10k 100 pm

:
20210427 13:50 NM D9.0 x10k 100pm 2iE

2021-04-23 11:13NM D88 x1.0k 100pm

Figure 3-157 SEM images of (a) KGA (b) KGCA (c) KGH (d) KGCH
From the figure, it is apparent that a large amount of ettringite (strand like crystals) is visible
in KGCA (Figure 3-15b). This is due to the higher quantity of sulphates in the CBPD. It has
been reported elsewhere that ettringite is largely responsible for the early development of
strength of binders containing kiln dug&adique and Coakley, 2016). Additionally, calcium
hydroxide crystals are visible in both KGA and KGCA. Freigure 3-15¢c, some crystals are
identified in the microstructure of KGH paste. Compared to the ambient cured samples, the
heat cured mixes show similar products but seemingly a more porous microstructure as
evidenced by the darker regions in the images. This céereile that more hydration occurred
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in the ambient cured samples, which can explain their enhanced mechanical properties relative
to the heat cured mixes. Another possibility is that they had similar hydration, however more
expansion occurred in the heat cured samples. The microstructlyssaseems to corroborate

the physical and mechanical properties of CBPD based mortar/paste.

3.4 Hydration Reaction
The hydration of CBPD binders is schematically showirigure 3-16. Initially, a strong

exothermic reaction causes a large change in volume, where a colloidal layer forms around the
grains of the bindelR{gure3-16 Step 2) and the free lime is converted into Ca@ @k yeaction

with water. As shown by the heat of hydration results, the exothermic reaction is stronger for
the CBPD binders than typical OPC binders. GBFS does, however, reduce the overall heat of
hydration (Kolani et al., 2012). Hence, a pure OPC bintr have a higher heat of hydration
overall. Other products such as ettringite are also formed in this step due to the reaction of
sulphate ions with aluminate phases. Aluminium also reacts with twedghions in the CBPD

to form Friedelds salt, as shown by the XRD

Once the colloidal layer has thickened and formed around the grains, water is blocked from the
unreacted core, slowing down the reaction and hydration of E@0ré 316 Step 3). This is

defined as a transitional period. Following this step, nucleation and flocculation of the layer
continues enabling more water passing through. GBFS hydration is accelerated due to the
alkaline environment caused by the portlandite foromafr he microstructure will then densify

(Figure 3-16 Step 4), and the hydration and formation of reaction products will continue over
time. CBPD binders containing cement wil/ r

due to the lower sulphate and chloride content, and an overall denser matuwstr

Evidently, different factors such as the chemical composition of CBPD, GBFS and cement,

water to binder ratio, curing regime etc. would lead to changes in the hydration of these binders.
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Figure 3-161 Hydration model of CBPD ternary binders (Chakraborty et al., 2016)

3.5 Life-Cycle Analysis Results

The global warming potential results for all the investigated binders and a representative OPC
mix are presented iRigure 317abelow. As expected, the OPC mix was the highest emitter of

all the materials. Relative to OPC, the CBPD binders had significant environmental gains
despite the heat curing. OPC had 179.1 kg €§) a 47% increase relative to KGCH. Cement
was responsible for 92% of emissions of this binder as sdegure3-17b. The adverse effect

of cement inclusion ifurtherseen when comparing KGA to KGCA, where KGCA had more
than double the total GWP of KGA with only a 20% replacement of cement. Thus, the

importance of cement alternatives is stressed in these results.
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When comparing the heat and ambient curing results, the benefits of ambient curing are
observedKGA and KGH had 27.9 kg G{&q and 97.5 kg C£&q, respectively. This amounts

to a 250% increase Emissions. Heat curing was responsible for 70% of emissions for KGH
due to the energy consumption. The total impact from heat curing can be improved if the curing
time is reduced or sustainable energy streams are used. Based on these results, heat curing ¢
only be recommended if early age strength is imperative.
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Figure 3-17 - Life cycle analysis results (a) global warming potential (b) contribution
analysis

While not covered in this research, the emissions associated with conventional AAM activators
can also be quite high. It has been shown that 1.1 kg ei<Cé&nitted for the manufacture 1

kg of sodium hydroxide, and 1.2kg of €8 emitted for 1 kg of sodium silicate (Mellado et

al., 2014). In addition, it has also been estimated that 80% of the cost of AAMs is due to the
cost of the commercial alkali activator (Luukkonen et al., 2018). Ultimately, the benefits of the
reuse of CD and waste activators irigeral are shown from the LCA modelling.

3.6 Technical Feasibility

This investigation was carried out to assess the potential of using CBPDceseat
replacement in combination wiBBFS and examine its behaviour in ternary and binary blends
composed of CBPEEBFSOPC. Hence, the fresh, mechanical, and microstructural properties

of these binders were investigated. One of the main drawbacks of using these binders was their
high-water @&mand, consequently leading to a high water to binder ratio. To overcome this,
future research will focus on reducing the amount of watkereusing chemical admixtures,

fine aggregates with a lower water absorption, or changing the binder to aggregate ratio. A
lower water to cement ratio will likely have positive effects on both mechanical performance
and other physical properties, suchpasosity. An improvement in these properties would

enable the possible uses of these mortars in structural applications.
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The longterm performance of these binders is yet to be properly understood. Due to their high
chloride content, the use of CBPD mortars would not be suitable for elements reinforced with
steel rebars. Steel fibres, however, could be used for the develophséructural elements as

they have been shown to withstand up to a 5% chloride content (Raupach et al., 2004).
Additionally, other types of fibre such as glass, plastic, jute etc. may be tested where they would

not be affected by the chloride content.

Furthermore, a factor that makes the reuse of CBPD very feasible is that it is produced at any
cement plant which has a bypass installed in its rotary kiln, hence, a circular economy would
be promoted as everything produced, including waste, would bedretiss would not only

help produce a sustainable and cheap building product but would save on landfilling costs

which would be a large incentive for cement plants.

3.7 Conclusions
This paper explored the reuse of CBPD azment replacemenThe experimental results

provided several insights into the behaviour of CBPD based binary (€HFES mixture)

and ternary (CBPE5BFSOPC) binders, and the following conclusions can be drawn:

1) CBPD has a highvater demand, and its use leads to stiff mixes. More workable mixes
can be obtained by adding 20% of cement to the binder. Consequently, the value of
standard consistency is higher for CBPD binders. Due to the required high water to
cementratio, the porosity of the mixes was also found to be relatively high which
impacts negatively on the other properties such as strength.

2) CBPD is much more reactive at early ages than OPC binders, with a rapid heat
evolution and showing no dormant period.

3) CBPD-GBFS based binders can be used successfully to develop mortars with suitable
28-day strengths. The inclusion of cement (20%rtassw.r.t binders) was also found
to be more beneficial on mechanical properties.

4) Heat curing was only found to accelerate early age strength development but did not
lead to any additional benefits. On the contrary, the-beetd samples experienced
severe swelling, accompanied with extensive surface cracking, which can negatively
affect both shorterm and longerm mechanical properties.

5) Microstructural analysis showed that the main hydrated phases present in a typical OPC
paste are also present in CBPD based paste. A large amount of portlandite was found
in the CBPD paste as demonstrated by XRD, TGA, and SEM analysis. While ettringite
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was not identified in the XRD analysis, it is clearly identified in the SEM images. Heat
curing lead to the formation of less reaction products.

6) Life cycle analysis showed that KGA had the lowest €EQissions associated with it,
where KGCA had more than double its emissions due to cement content. Heat curing

also proved to be detrimental with KGH having 250% higher emissions than KGA.

Overall, it is demonstrated that CBPD can be usedcasn@nt replacementvithout the need

for heat curing. Sustainable binders like these provide a good option for the reusability of
CBPD. The use of this material, for example in the production of mortar for wall plastering,
can replace the cement and lime mortar and mayttepdomote a circular economy. Given

the limitations due to the higivater demand of CBPD, future research should focus on the use
of admixtures or different aggregates with CBPDdeirs to reduce the required water to
cement ratio. This would also have a beneficial impact on the performance of such binder in

terms of shrinkage, strength development, and durability.
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Chapter 4 The effect of CBPD Composition on the
properties of Sladpased Mortars

(Published paper in Construction and Building Materialson August 14", 2024

Abstract

Research on sustainable alternatives to Ordinary Portland Cement aims to reduce global
COz emissions from cement production. Utilizing byproducts or waste materials to create
sustainable binders is a promising approach. Cement bypass dust is being investigated

a potential activator of pozzolanic materials, however there is large variability in the
composition of this dust and researcimézessary to understand the differences for the
potential application of the waste material. The objective of thik w@s to compare

two bypass dusts where ternary and binary mortars of bypass dust (50%, 30%, 10%, 0%
and by weight), cement (100%, 80%, 40% and by weight), and blast furnace slag (50%,
30%, 10% and 0% by weight), were produckthrtars were all ambient cured and a

water to binder ratio of 0.6 was maintained for all mixes.

The results showed that one bypass dust had a much higher free lime and chloride content,
whereas the other had more calcite and sulphates. Compressive strengths of the 1:1 slag
and sulphate rich bypass dust were of 18.6 MPa at 90 days, and lime rich dypas
achieved 15.1 MPaX-ray diffraction andthermogravimetric analysis revedlthat
sulphate rich bypass duiirmed more ettringite, enhancing strength, wiiiee rich

bypass dusfiormed more portlandite due to its lime conte@hemical shrinkage results
showed volumetriexpansiorat early ages for both bypass dusts with lime rich bypass
dust swelling up to 0.057 ml/g and sulphate rich bypass dust up to 0.015 ml/. Despite this,
both bypass dust binders exhibited higher shrinkage strains over-dag5@eriod
compared to cementhere sulphatech and lime rich bypass dust had strain percentages

of 0.225% and 0.228%, respectivenhis work found the main differences between the
composition of two bypass dusts, and it was found that these materials can be reused to

fabricate cementless binders.
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4.1 Introduction

The production of cement is a very energy intensive processdtaires the use of high
temperatures (1400°C) to produce clinkdewlett, 2019) Due to this, cement manufacture
contributes to 8% of global carbon dioxide emissig¢dbang et al., 2023) Hence, the
construction industry is facing demand to provide more sustainable solutions to Portland

cemenf{OPC)manufacture.

Many techniques are currently being utilised to reduce the environmental burden of the
concrete industry. These include the use of recycled aggr@yateg et al., 2022 carbon

curing of concretdKazemian& Shdei, 2023) and the use of supplementary cementitious
materials as cement replacements such as granulated blast furnace slag({®@BEe8pach

et al., 2011) GBFS is a dundational element in the formation of alkaditivated materials
(AAMs), which offer a cementless alternative for construction applicatiResearch on GBFS
based AAMs has been well established and currently work is being undertaken to further
improve the technology through techniques such as the inclusion of titanium dioxide
nanoparticlegCoffetti et al., 2023) GBFS has also been shown to combine with waste

materials such as glass powders to make AADErinpinar et al., 2022) adle furnace slag
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has also been reused at cement levels of 20% showing improvements in compressive strengths
(Revilla-Cuesta et al2023LopezAusin et al., 2024)

Additionally, several successful examples of cementless AAMs utilising waste materials have
been developed in previous research. Cakmak €2@24 developed a binder composed of
obsidian and waste glass activated by 12M sodium hydroxide as activator. Their findings
showed compressive strengths of up to 52.6 MPa. Use of demolition waste as a precursor in

AAMs have also been shown to be very effec{ievchenko et al., 2024)

Despite all the advances in AAM technology and innovation, challenges such as high global
warming potential from chemical activators (sodium silicate), and overhaul in infrastructure
limit their widespread use into sectors like the precast indystiyahhal et al., 2021)
Exploring sustainable activators from waste streams could address these challenges, offering a
more environmentally friendly and cestfective approach.

Cement bypass dust (CBPD) is a waste material that has been shown to have activating
potential of GBF§BamatHunek et al 2018) Due to an increase in the use of alternative fuels

in the cement kiln has led to the need of implemerdibhgpass system in most modern kilns
(Czapik et al.2020) CBPD isformed during the manufacturing process of cement clinker.
Due to its high alkali, sulphate, free lime and chloride content, this material is largely landfilled
and unexploited. Cement Kiln Dust (CKD) and CBPD are often mistaken for being the same
materid, however they are not and have differences to each other. CKD is typically captured
early in the kiln system, where it is captured by exhaust gases and is collected by electrostatic
precipitators or baghous€adaska & Taubert2008. Due to its typically stable condition,

CKD is often recycled and returned to the kiln. On the other hand, CBPD is collected from the
bypass system at the bottom of the kiln, where the bypass is often used to extract gasses high
in chlorides and sulphateSince CBPD is produced atuch higher temperatures (1000°C), it

is more calcined than CKD and contains higher levels of free lime. CBPD is much more
reactive than CKD and has a higher quantity of chlorides and sulphates. Hence, for this reason
CBPD is landfilled. It is important to reuse CBPD as its reuse will promote a circular economy
and this is a large incentive for cement companies globally. Furthermore, CBPD has been
shown to have the potential of contaminating ground water addressing this wauile req
complicated remediation techniqgué&heng et al.2023Hu et al., 2022)Hence better reuse of

the material is encouraged.
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CBPD accounts for circa2% of the clinker production byeight(Hanein et al 2020) This
indicates that at least 80 million metric tonnes of bypass dust were produced in 2022 based

clinker production statistioSl kachenko et al., 2023)

The chemical composition of CBPD largely changes based on the cement plant, which has been
attributed in the past to the kiln type, fuel type and raw materials ut{iistkka & Taubert,

2008. Research comparing two types of CBPD is scarce and a large gap in knowledge exists
on this subject, however there has been some work comparing two types of CKD. Chaunsali
and Peethampard@013)investigated two types of CKD on heatred mixes and found that

the CKD with the higher free lime attained a higher streimgfivzzolanic mixesSadique and
Coakley (2016) also reached the same conclusion, finding that higher sulphate and lime
contents lead to stronger concretes, however admitted that due to the range in composition,
further investigation was required on this mateNgbjtachaRychter et al(2022)replaced
cement by up to 30% with CBPD and found strengths up to 51 MPa after 90 days in their
concrete blocksGdoutos and Shat2003) compared four types of CKD. They found that the
CKD with highest sulphate content formed the most ettringite and had the earliest setting time,
and that its formation was also a contributor to strenQKD has also been used in other
building materials such as roof til@sINaggar et al.2023) Moreover, CKD has been shown

to have excellent carbon sequestration potential improving the sustainability of the material
(Adekunle, 2024)

Thus, the current state of the research is not enough to fully understand the differences and
potential of CBPDsProper classification of CBPD is still required if this material is to be
standardised and utilised properly in construct®esides the sustainability potentiaheoof

the primary benefits of using CBPD in mortars and concretes is that it does not change the

manufacturing proces, where other liquid activators would.

Hence, the main of this objective of this was to compare two different types of CBPD procured
from Eastern and Western Europe by using them as cement replacements in mortars. To the
best of the authors knowledge, there is a lack of research on the déeiestween CBPD
compositions and their interactions with GBFS and GBRFEC mortars. Additionally there is

a gap in knowledge regarding the effect different compositions of CBPD have on dd#mment
binders. A good understanding on the properties of diffee8PDs and what can be expected

from this material is lacking. Furthermore, classification of different CBPDs and their potential
uses is unavailable currently. To understand the material better, the effects of CBPD

composition on fresh and mechanicalgerties, as well as heat of hydration were investigated.
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In addition to this, the microstructure of CBREBFS and CBPBGBFSOPC binders were
investigated through-ray diffraction (XRD), thermogravimetric analysis (TGA), and Fourier
Transform Inrared Spectroscopy (FTIR). Finally, both the chemical and totataei of these

binders were observed in this experiment.

4.2 Experimental Work
4.2.1Materials

Two types of CBPD were examined, one from a cement plant in Rugby, UK, and another from
a plant in Latvia, labelled as CBPD R and CBPD L, respectively. The GBFS used in this
experiment was acquired from Scunthorpe, UK. The OPC usedivtee CEM Il type
(containing 35% GBFSyrade 32.5R and was procured from Hope Cement Works, Sheffield.
Based on previous work (Chapter 3), CEM Il was found to be more comparable tc GBFS

CBPD binderslue to the content of the OPC and the strength properties.

The mineralogical characterisation of the raw materials was determined Wihgs<shown
in Figure4-2. The main crystalline phases present in the CBPDs were free lime (CaO), gypsum
(CaSQ.2H-0), sylvite (KCI), quartz (Sig), and calcite (CaCs).

Table 4-17 Peak areas of main peaks for CBPD R and CBPD L determined using peak
deconvolution

Peak Location@ d) CBPDR CBPDL

Gypsum (25 25.9°9)  119.8 1.68

Sylvite (27.8i 29°) 188 349.8
Calcite (28.9 29.7°) 100.1 4.3
Gypsum (30.9 31.7°) 86.4 24.9

Lime (31.8i 32.4°) 114.5 195.4
Lime (37.1- 37.7°) 282.3 441.9

Sylvite (40.1- 40.9°)  107.6 153

To quantify the chemical composition of the significant phases, gypsum, calcite, ayldite
lime peak areas were calculated using peak deconvolution. The results are showrdid table
While both types of CBPD have similar mineralogical compositions, it is evident that CBPD
L has much higher amounts of lime relative to CBPDOOR.theother handCBPD R has a
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higher calcite content and sulphate (gypsum peaks) content. The alkali content in CBPD L is
also higher with a pH of 13 relative to pH of 12.6 for CBPD R. OPC, as expected, is mainly
composed of alite, belite, and calcite. GBFS, on the other hand, prkeaergey broad diffuse

band indicating that it contained a very large amount of amorphous material.

- CBPD L

10 20 30 40 50 60
29(°)

Figure 4-27 XRD images of OPC, GBFS, CBPD R & CBPD L (I = lime, g = gypsum, s = sylvite, b =
belite, a = alite, ¢ = calcite, g = quartz and p = portlandite)

The particle sizes, measured in a laser diffractometer, are shdviguie 4-3. CBPD L was

the finer of the two dusts having a median particle size of 21 microns, whereas CBPD R had a
median size of 46.5 micron¥he smaller particle size of CBPD L will likely enable it to
hydrate further due to a larger surface afeaoticeable difference between the two CBPDs
was that CBPD R grains clearly agglomerated more than CBPD L, as balls of dust could easily

be seen.
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Figure 4-31 Particle size of GBFS, OPC, CBPD R & CBPD L

4.2.2Specimen Preparation
The mixes were designed based on the results of pilot studies. During these studies, alternative

curing activation techniques such as chemical activation and heat curing were attempted, and
it was found that despite a lower early age streragtthient curing led to the strongest mixes

long term Locally available building sand was used as a fine aggregate for the mortars. The
specific gravity and water absorption capacity were measured to be 2.6 and 2.5%, respectively;
these conform to the limits specifiedBS EN 10976:200Q The binder to sand ratio was kept

at 1:3. When relevant for comparison purposes, 100% CBPD anced?€at 0.4 w/b ratio

were also useddigher w/b ratios were necessary for the mortars to compensate for the sand

absorption.

Seven mixes, with compositions given in ta#i2, were preparedA ratio of 50:50 of CBPD

and GBFS provided the strongest paste mixes in trial tests, hence this ratio was maintained
throughout the testing. Cement was then added at 40%, 80% to the@@BHSbinder, to test

the potential of cementitious binders with regdicement content. A control mix containing

100% CEM Il OPC was also tested for comparative purposes.

The binders were all mixed in ali&re panmixer. Powders were initially mixed to ensure a
homogenous dry mix. Following this, the water was added, and the material was mixed for 120

seconds. Aer multiple trials, avater to cement ratio of 0.6 was useudl this was kept constant
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for all mortar mixes|If dry material remained, the mortar was mixed further. Once properly
mixed, the mortar was cast into steel moulds in two layers, and the surface was finished using
a flat trowel. The specimens were then covered with a polyethylene sheet for 48rtbkept

in a curing roonat 20 = 2 °(before being demoulded. Once demoulded, the mortar specimens

were kept in a water curing taakso at20 + 2 °Cuntil the day of testing.

Table 4-21 Mix Design. Sample ID: S refers to Slag, B refers to Bypass Dust. The number refers to
the quantity of each (50 = 50% Slag and 50% Bypass Dust). R and L refer to CBPD from Rugby
and Latvia, respectively

Mix ID CBPD (%) GBFS (%) Cement (%) w/b ratio
SB50 R 50 50 - 0.6
SB50 L 50 50 - 0.6
SB30R 30 30 40 0.6
SB30 L 30 30 40 0.6
SB10R 10 10 80 0.6
SB10L 10 10 80 0.6
OoPC - - 100 0.6

4.2.3Test Methods

4.2.3.1 Fresh Properties and Heat of Hydration
The workability of the binders was assesgsihg a flow table test based on ASTM C1437.

Freshly mixed mortawas cast in two layers into a conical mould. The mould was then released,
and the mortar was tamped 15 times allowing it to spread out. The diameter of the mix was
then measured to quantify the workability of the mix design. To measure the standard
consigency, paste is cast into a mould, and different water to cement ratios are tested. The
water to cement ratio which allows a Vicat plunger to penetrate a depth38nd® in the

cement is the standard consistency.

Heat of hydratiormeasurements were carried out to investigate the heat evolution of CBPD
binders. Paste samples were mixed and cast into plasticliteggtotal mass of the binder was
2009 per mix desigi-he bags were then pierced with a thermocouple so that it was in contact
with the paste. This was then placed in a satibatic containeand the temperature evolution

over 60 hours was recorded.
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4.2.3.2Mechanical Properties
For compressive strength 50 rhoubes were utilised, whilst for flexural strength 40x 40x160

mm prisms were used.his was following the ASTM C109 standaifb further verify the
compressive strength result, the broken prism pieces from the flexural testing were also tested
in compression using two 40x40 mm metal plates to spread the load.

Ultrasonic Pulse Velocity (UPV) was measured using two transducers being placed at opposite
ends of a prism. The UPV, denoted as V (m/s), was calculated by measuring the time (t) taken
for ultrasonic pulses to go through the distance (d) of the two treesd his is shown in the
equation:

V =d/it

4.2.3.3Microstructural Analysis

For microstructural analysis, paste samples witlikeratio of 0.4 were used. The XRD of the
CBPD paste samples was carried out in a Bruk@rdiffractometer, using Xays of 1.54 A
generated by a Cu KU target and an Ni filtel
rate of 0.02° steps per secondeToftware used for peak identification was Diffrac.EVA by
Bruker which has an ICDD library. Origin 2022 was used for peak deconvolution of the main
XRD peaks.

Thermogravimetric Analysis (TGA) was carried out using a Perkin Elmer Pyris 1 TGA.
Samples were heated from 35°C to 1000°C degrees at a rate of 10°C per minute. In this study,
10 mg of the ground powder samples were used to investigate the thermal bebia@BBD

paste.

Fourier Transform Infrared Spectroscopy (FTIR) was carried out using a Perkin Elmer
Spectrometer. Potassium Bromide (KBr) pellets were formed by mixing and compressing
together cementitious powder and KBr powder. The samples were measured from wavelengths
400cm? to 4000cn.

4.2.3.4Shrinkage Properties
The chemical shrinkage was determined following Procedure A of ASTM G1B608he

CBPD pastes were cast into vials and compactedlid Bim layers. The vials were weighed
empty and filled with paste to determine the mass of the paste. Following thigettesfiled

with deaerated water, and sealed with rubber corks that were fitted with capillaries. Readings
of the water level were taken every 30 minutes for the first 8 hours after casting, and then every

12 hours for 72 hours. The first measurement atsrt 5 minutes after mixing.
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Total shrinkage was carried out following ASTM C588. Three mortar bars were prepared

for each mix design. After demoulding, the samples were water cured for 48 hours. The prisms
were then removed and once they were in a saturated surface dry comlogi@irst length
measurement was taken. The shrinkageasurements were carried out using a length
comparator to quantify the linear dimension change along the longitudinal axis of the mortar

bar.Shrinkage straimeasurements were taken for up to 150 days

4.3 Results and Discussion

4.3.1Flow Diameter, Standard Consistency and Setting Time
Using the flow table test results, thaative change in flow compared to OFPCshown in

Figure 44. Large amounts of CBPD (SB50 and SB8ixeg clearly reduce the workability

and led to a stiffer mortar at higher cement replacements. Nonetheless, some flow benefits are
observed in SB10 mixes. The control mix had an overall flow diameterlofrh6 whereas
SB10R and SB10L achieved 163.1mm and 163.5mm respectively. The same trend is seen in
the standard consistency results, shown in #@3ewhere more water was required as CBPD

content increased.

SB50R ~

SBS0L

SB30R

SB30L

SB10R -
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Figure 4-41 Relative change in flow ofmix designs containing CBPD comparedo OPC

The reduction in flowability and consistency for large amounts of CBPD is attributed to higher
water demand primarily due to the tendency of CBPD particles to agglomerate together
(BarnatHunek et al., 2018 ndthe higher alkalinity of CBPD that leads to higher reactivity
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Table 4-371 Standard consistencies, setting times and flowability of all the investigated mix designs

Mix  Standard Consistency Initial Setting Final Setting Flow Diameter
Design (%) (min) (min) (cm)
SB50R 38%= 2% 38+ 3 min 140+ 9 min 134+ 1cm
SB50L 35%= 1% 94+ 7 min 245+ 12 min 148+ 2 cm
SB30R 34%=* 1% 46+ 3 min 150+ 8 min 150+ 1 cm
SB30L 32%=+ 1% 76+ 8 min 250* 14 min 157+ 1 cm
SB10R 28%=+ 2% 51+ 1 min 155+ 4 min 163+ 2 cm
SB10L 27%=+ 2% 63% 2 min 175+ 10 min 164+ 3 cm

OPC 28%+ 1% 54+ 2 min 160+ 6 min 161+ 1 cm

When comparing the two CBPD mixes, CBPD L is significantly more workable than CBPD
R. This is reflected in the cementless mixes, with SB50L having a flow diameter of 147.8mm
and SB50R only achieving 1®fnm. This is likely due to the increased agglomeration in
CBPD R relative to CBPD L which increases the water demand. To reduce the effect of
agglomeration on rheological particles, repulsive forces, induced by adding extra water, are

necessary to separdhe particles from each oth@enff et al., 2009)

This is also reflected in the standard consistency results, where SB50R and SB50L had
consistencies of 38% and 35% respectively. In fact, SB30R and SB50L almost had identical
results for flow and standard consistency, despite the tendency for flow tovanwpith cement

increase. This indicates that CBPD R has a-wgter demand.

Setting times are also shown in tadi®. Overall CBPD R mixes set faster than CBPD L mixes.
The slower time of set of CBPD L mixes is likely due to the different chemical reactivity

between the dusts.

4.3.2Heat of Hydration
Heat of hydratiorcurves for CBPD R and CBPD L pastes up to 60 hours are presented in

Figure 4-5. The mass of the dry material was maintained at 200g for all the palseeime
required to reach the maximum temperature is denotehasOBPD L reaches iJax faster

than CBPD R, at 21 minutes compared to 48 minutes. It must be noted that both values are
very fast, indicating a high reactivity mdx of 105°Cis significantly higher for CBPD L than
CBPD R at 74°C. The speed of reaction and temperature difference is likely largely due to the

higher free lime content and fineness of CBPD L that incssthgesurface area for reactions.
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An induction period is not observed for the CBPD pastes and both seem to reach stabilisation

at around 15 hours.

Czapic et al(2020 showed similar results for their CBPD analysis. A rapid heat release was
experienced, followed by a rapid decrease, with no induction pekitatk of an induction

period may cause difficulties during in situ casting of CBPD mortar/concrete.

Figure4-5 also includes the results for OPC, which has a small initial temperature increase, a
stable induction period of about 5 hours, and a gradual temperature increase whererdthasa T
of 48°C at around 15 hours, significantly slower than the CBPD pastes.
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Figure 4-571 Heat of hydration for CBPD R, CBPD L & OPC pastes

The heat of hydration results for the investigated mortar mixes are shégores4-5to 4-7.

As expected, thenlxdecreases with an inclusion of GBf&han et al., 2014)SB50L €igure

4-6), SB30L €igure 4-7), and SB10L figure 4-8) achieved Thax of 73°C, 62°Cand 56°C,
respectively. These values are all higher than their CBPD R counterparts and thepesterol
The irductionperiod (phase Il) which occurs during cement hydration is observed only when

cement is included in the binder and is labelled irfithees when present.
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Figure 4-6 - Heat of hydration for SB50R and SB50L

It is evident from the differences in the curves, that free lydration is the main factor
governing the exothermic reaction for CBPD, whereas OPC is mainly du&1d ke heat of
hydration of GS is circa12.2 kJ/mol and for lime it is circ&4.4 kJ/mol(Telford,1997)This
explainswhy as CBPD content increasesal is higher, since the heat emitted from the
exothermic reaction of lime is much larger than that #8.Chis agrees with past research on
CBPD heat of hydration by Czapic et @020.
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Figure 4-7 - Heat of hydration for SB30R and SB30L

While CBPD L has a slaking reaction due to its lime content, it is important to highlight the
difference between free lime and CBPD heat of hydration. Cai €0#2)showedthat free

lime reaction with GBFS leads to a strong exothermic reaction in the first few minutes of
hydration with a second peak after 18h. Additionally, they observed rises in heat release as
more lime was included in the system, which correlates witbetnesults. Free lime is the
critical factor in determining the height of the exothermic peak. In the current results, the
second peak can be attributed to the delayed pozzolanic reaction and the slower reaction of free
lime and GBFSZhu et al.,2023) In some examples, such as SB50R and SB50L, a second
peak occurred in this system, however at around thé@®@our mark. ltcan be deduced that

a CaOGBFSsystem will dissolve GBFS faster than a CBBBFS binder.
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Figure 4-81 Heat of hydration for SB10R and SB10L

4.3.3Density and Ultrasonic Pulse Velocity
The bulk densiesof the mixes after 90 days of curingeshownin table4-4. The bulkdensity

of the mortar decreases with increasing CBPD conttanth may lead to a less refined and
more porous the microstructusgdditionally, CBPD L leads to less dense mortars than CBPD

R, which is likely due to its expansive behaviour at early ages. Expansion was clearly visible
in the SB50L binders which showed surface cracks on the prisms. Excessive swelling not only
affects density, but #lso can increase porosity and reduce the strength of the mortar.

UPV readings (see tabfed) were taken at 90 days to verify the density results. In general, the
UPV results present a similar trend to densities. SB10R shows the highest velocity, but overall,
the velocity decreases as CBPD increases. CBPD L mixes show the lowest velocities for th
same reasons described above.
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Table 4-47 UPV and Densityresults of all the investigated binders

Mix Density (kg/n?) UPV (m/s)
SB50R 2110 £ 20 3960
SB50L 2090 + 15 3831
SB30R 2150 + 10 4127
SB30L 2140 + 10 4054
SB10R 2200 + 20 4323
SB10L 2200 + 10 4237

OPC 2210+ 25 4304

The relationship between densityofitdays and UPV is shown figure4-9 below. The results
show a 0.99 Rvalue showingdhat there is a very strong correlation between the two properties.
This correlative relationship between density and UPV is well documented in re&azkein

et al., 2016)
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Figure 4-9171 Linear relationship between UPV and density showing a correlation of 99%

4.3.4Compressive and Flexural Strength
The average compressive strength of the mortars is shofigune 4-10. Though CBPD L

binders exhibit higher early strength (at 3 days), CBPD R produces stronger mixes over time.
This is in line with theemperature vs timesults, where CBPD L is shown to be more reactive
than CBPD R breaking down the glassy phases of GBFS faster due to its higher exothermic
reaction and alkalinity and lime contg@haunsali & Peethamparan, 2018ast researchers
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utilised this property ofcKDs to enhance the early age strength of cementitious products
(Sadiques Coakley, 2016)

There are several reasons to explain the improved mechanical properties of SB5SOR over SB50L
with time. Firstly, though it has a finer particle size, higher free lime, and alkali content, CBPD

L increases early age strength, however, it appears that shernit to this benefit as this
causes rapid expansion which can cause an uneven reaction product formation. This leads to a
deterioration in the quality of the microstructui@allucci, 2013) Expansion was clearly
observed on CBPD L binders, hence there was also a reduction in density due to microcrack
formation on the surface of the prisms. This consequently can lead to a weakerArintiesr

factor contributing to the strength @GBPD binders is ettringite formatigkonstaGdoutos &

Shah, 2003)Ettringite is a mineral primarily composed of sulphates and aluminates, which
CBPD R is abundant in. Ettringite has a long needle shape which has an overlapping effect
when formed in excess leading to improvements in the matrix strength due-fdlipogéGu

et al.,2020) Due to the high sulphate content in CBPD, the ettringite formed tends to be quite
stable. Chaunsali and Peethampgii3)attributed muctof the early age strength of their
cement kiln dustly ash binders to the ettringite formation in their binders. Another factor to
consider is the higher quantity of calcite in CBPD R is a factor contributing to the improved
strength of the materiaCalcite is not only denser, but it also has a larger molar volume than

portlandite(von GreveDierfeld et al., 2020)
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Figure 4-107 Compressive strengthresults of all investigated mixes at 3, 7, 28 and 90 days
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The highest 9@ay compressive strengths were attained by SB10R and SB10L, reaching 26.1
MPa and 25.1 MPa, respectively, representing 11% and 3% improvements over the control
mix. Good compressive strengths are achieved for SB30R and SB30L at 22.3 MPa and 21.6
MPa, respectely; these strengths were only 9% and 13% lower than the control mix
respectively.The strength results agree with similar previous research, where Marvila et al.
(2019) manufactured cemetitne mortars (up to 66% cement replacement) and achieved
strengths ranging from 11¥4.2 MPa at 28 days with similar w/b and binder to sand ratios as
this research. Hencenaseresults confirm that CBPD can replace up to 10% of typical OPC
binders and still result in higher compressive strength concrete/mortar. Nonetheless, it can also
be used at higher cement replacement levels up to 100% for lower strength concrete/mortar

applcations.

Flexural strength obtained from thrpeint bending testareshown infigure 411. In general,

the strength develops in a similar trend to the compressive strength. SB50L was stronger in
flexure at 3 days achieving 1.12MPa whereas SB50R achieved 0.4 MPa. By 90 days, however,
SB50R had exceeded SB50L06s exural strengtht oh2.5MPa. 2 . 2
As is typically expected, the flexural strength at 90 days for all mixes ranged from areund 10
15% of the total compressive strength. The flexural strength decreased with an increase in
CBPD content.
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Figure 4-117 Flexural strength results of all investigated mixes at 3, 7, 28 and 90 days
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4.3.5XRD Analysis
XRD is used to identify the chemical phases formed during the hydration of the figstes.

4-12 presents the XRD pattern for SB50R and SB50L at 7 and 28 days. At 7 days, a broad band
in the range of A5°, attributed to the amorphous nature of CBPD, was evident, with SB50L
displaying greater amorphousness than SB50R. This characteristic bandraimbyi28 days.

With an increase in cement content, the amorphousness is reduced, resulting in less noise in
the diffractograms, as seen figures 4-12 and 4-13. While CSH typically forms broad
diffusion peaks around 29°, these peaks are often obscured on XRD due to overlap with the

major crystalline calcite peak at 29(€hakraborty et al2016)

Overall, both CBPDs exhibited similar phases, albeit at varying intensities due to their distinct
chemical compositions. Ettringite was prominently present in these binders, with CBPD L
binders showing less intense peaks, indicative of a lower quantitedrThis aligns with the
strength results, where SB50R binders demonstrated greater strength than SB50L binders,
underscoring the significant role of ettringite formation in strength development. CBPD R
mixes produced more ettringite due to their highdplsate content, as sulphate concentration
influences ettringite formationGhorab 2004) It should be noted that the stability of ettringite

is contingent on sulphate quantity; reduced amounts can lead to depletion and conversion into
monosulphate (AFm(Havlica & Sahu, 1992)The sulphate conterg sufficient ags evident

in the XRD, with ettringite peaks intensifying at 28 days.
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Figure 4-127 XRD results of SB50R and SB50L [§ = portlandite, ¢ = calcite, e = ettringite, f =
friedel ds salt, a = alite, g = quartz and
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Another noticeable difference between the control and the CBPD mixes is the presence of
syngenite (at 31.3°). Syngenjpeaks form due to the potassium and sulphate content in the
CBPD and are mostly visible in the SB50 mixes. Over time, sulphate ions from the syngenite
are released and benefit the development of further ettrifkptestaGdoutos & Shah, 2003)

The intensity of these peaks decreased as the CBPD content was reduced in the binder.
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Figure 4-13 - XRD results of SB30R and SB30Lf = portlandite, ¢ = calcite, e = ettringite, f =
friedel s salt and a = alite)

Calcite peaks remained largely constant at all ages, indicating that the phase was mostly inert.
On the other hand, portlandite was found in much higher concentrations in SB50L at both ages,
which can be attributed to the increased free lime contentsrbyipass dust. Hence, it can be
deduced that most of the portlandite in CBPD binders comes from the hydration of free lime.
The reactivity of CBPD, dependent on free lime, sulphate, and alkali content, suggests CBPD

L is more reactive. However, more reaiti and a higher portlandite content do not necessarily
mean a stronger or denser product as seen from the strength results. Based on the XRD results,
the ettringite content is a large determinant of overall stredgtimentioned previous|ythe
increased calcite content is also a factor to consider due to its filling and densification effect in
the binder. It is observed that at 28 days, the portlandite peak for SB50L loses intensity. This

may be due to a secondary reaction between GBF$atidndite.
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The compressive strength results indicate an overall increase in strength with cement content.
It is also clear from the diffractogram that the amorphous content diminishes with increasing
cement content due to the orderly crystalline structure in cer@ersirtz peaks were not
observed in the control mix, which may be due to the lack of GBFS that contains silica. It is
also possible that the samples used in the XRD did not have a high composition of quartz.
SB10R and SB10L binders exhibited both enhanceshfand mechanical properties. These
mixes are characterised by higher calcite peaksf(gaee 4-14) than the SB30 and SB50
mixes, consistent with the higher cement content. When observing the ettringite peaks, it is
clear from the intensity that CBPD R produces the most. The inclusion of 10% CBPD R in
OPC mixes aids the quantity developed and ultimatehy enhance the final compressive
strength. From the diffractogram, SB10R has a higher ettringite content than OPC. The
tendency of the SB10L quartz peak to decrease over time could be attributed to the formation
of other cementitious gels such as CSld &ASH (Bernard et al.2018) It can be assumed

that the improved strength for SB10 mixes is due to the enhanced pozzolanic reaction of slag
due to the alkalinity of CBPD.
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Figure 4-14 - XRD results of SB10R, SB10L and OPCp = portlandite, c = calcite, e = ettringite, f
= friedelb6s salt, a = alite, g = gypsum a

The peak areas shown in tadk® are obtained from semi quantitative peak quantification of
the main calcite (29.4°), ettringite (9.8°), and portlandite (18.4°) peaks. OPC produces the most

74



Chapter 4 The effect of CBPD Composition on the Properties of Blaged Mortars

calcite, and there is a steady decrease in this peak as OPC content decreases, however it is also
clear that calcite content is higher in CBPD R than in CBPD L, when comparing SB50R and
SB50L peaks for this phase.

Table 4-57 Main peak area ratio for all investigatedmix designs at 28 daysletermined using peak
deconvolution of main peaks

Mix Ettringite  Portlandite  Calcite
SB50R 162.4 106.4 290.8
SB50L 38.7 176.9 197.8
SB30R 100.8 120.5 464.6
SB30L 41.3 138.3 442.9
SB10R 93.1 148.1 693.8
SB10L 77.3 171.2 625.5

OoPC 87.6 160.1 844.8

CBPD L binders exhibit higher portlandite production than CB®primarily due to their
substantial free lime content. SB50L has the highest portlandite content among all mixes at 28

days.

CBPD R mixes show the highest ettringite content, possibly a significant factor contributing to
their improved strength results compared to CBPD L mixes. SB50R has notably higher
ettringite content than the control mix, highlighting differences in hydrdigweerpure OPC

and CBPDBGBFS binders.

Based on the hydration results, a simplified hydration model was developed based on the XRD
results as seen digure4-15. Water is added to the binder materials, and they begin to dissolve
(figure4-15 Step 1 and Step 2). Aexothermic reaction results in the formation of a colloidal
layer around the binder grains and free lime begins to be converted into portlagdie4¢

15 Step 3). Ettringite also begins to form due to the reaction of sulphate ions with aluminate
phases. Following this the colloidal layer thickens around the grain blocking water from the
unreacted core of the graifigure 4-15 Step 4).The binder begins to flocculate and nucleate
which enables more water to pass through. Hydration continues and the microstructure will
densify forming a dense binddigure 415 Step 5). Hydration continues over time forming

more reaction product and further densifying the microstructure of the material.
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Figure 4-1571 Simplified hydration model of CBPD-GBFS-OPC Binders (Jo et al., 2017)

4.3.6FTIR Analysis

Chemical phases that are difficult to locate using techniques such as XRD are easier to identify
with the help of FTIR. Tabld-6 presents thalentified IR bands and their functional groups.

Table 4-6 - Functional groups classificationfor the FTIR results for all mix designs

Wavenumber (cm?)  Functional Group

36423645 3 QCh(OHY)
29762980 C-H
1791796 CaCQ
16381643 U ORO)( H
1421427 33 CO 3Cz¢
1131140 SO
962-965 Si-O (CSH), Aft
873876 CO 32

The FTIR spectra of the investigated mix designs are preserfigdres4-16, 4-17 and4-18.

The results show several distinct peaks typically expected in cementitious products, however,
in some cases they are slightly shifted and li#i¥erent intensities. The peaks located around

the wavelength of 800 cfrand 965 crit are due to SO asymmetric stretching, which occur

due to the generation of CSH. This confirms that this gel forms in CBPD b{@leakraborty

et al., 2016)The StO stretching band consistently shifts to a lower wavelength in all cases,

especially as cement content increases. fdssbeen reported in the past due to the progressive
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depolymerisation of the silicate-8i chains. This band tends to shift to a lower frequency as

the calcium/silica ratio increases in the rfiu etal., 1999)

CSH forms in CBPBGBFS binders when the release of-Qdhs (from the portlandite content
in CBPD) in the solution break the-Siand AlO bonds of GBFS, forming Siand AlG: and
releasing C% ions. The free calcium ions then react with the active, 8i@ AlQ; leading to
the formation of CSH and CASfYan et al., 2022)The peak around 965¢hean also indicate

the presence of an ettringite and monosulphate phase that increases as CBPD content increases.

965 1435 2905 3642

Absorbance (a.u.)

—— SB50L
—— SB50R

T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

Figure 4-1671 FTIR results for SB50R and SB50L

Ettringite formation can also be analysed by observing the band around 11 2Batmlzova
et al., 2015)This peak is the most intense for the mixes containing CBPD R binders, indicating

moreettringite formation due to this bypass dust.

The bands located at around 1@&44* and 3425 cm occur due to the bending and stretching
of bound water moleculeShi & al., 2019) From the results, the difference in intensities
between CBPD R and CBPD L mixes are not appaergpt for the SB50 mixes as seen from
figure4-16.
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Figure 4-177 FTIR results for SB30R and SB30L

The band at 3642 ctrrepresents an absorption peak of portlandite and is attributabk¢ito O
stretching. The mixes containing CBPD L had higher and sharper peaks at this band relative to
CBPD R, indicating more portlandite content, which confirms the XRD results. Broad bands
were also observed between 3208400 cmt for all mixes. This band gets broader and less

sharp as the cement content increases, indicating again a lower degree of polymé@Besition
et al., 2@1).
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Figure 4-1871 FTIR results for SB10R, SB10L and OPC

At around 1430 crha band due to the-&tretching of carbonate molecules is observed. These
molecules are formed through the reaction of calcium hydroxide and carbon dioxide from the
air (Huntzinger et al., 2009As observed, as the cement content increases the bands slightly
shift towards a lower wavelength. This indicates a higher degree of reaction in the OPC relative
to the bypass dusts for calcite formation.

4.3.7TGA/DTG Analysis
Figure4-19 presents the TGA curves of the mixes (at 28 days) from 35°C to 1000°C. The main

temperature ranges that need to be considered are betw28(°35220400°C, 400600°C,
and 600800°C whi ch correspond to the |l oss of wate

and monosulphate, the decomposition of portlandite, and the decomposition of calcium
carbonate, respective{Zzapik et al.2020.
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Figure 4-19 - TGA results for the investigated mix designga) SB50R and SB50L (b) SB30R and
SB30L (c) SB10R, SB10L and OPC
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The results show that the final weight loss decreases as the CBPD content increases. The
control mix experienced the greatest mass loss (23.2%) followed closely by SB10R (22.5%),
showing that a 10% addition of CBPD R does not significantly reduce oweaatlon product
formation. This mass loss is mostly the result of calcite decomposition. SB50L, had the least
mass loss of 17.6%, showing the lowest hydration products overall. Overall, CBPD L mixes
show less mass loss than CBPD R mixes, confirming tlegt ibsulted in fewer hydration
products. Fewer hydration products lead to a less dense matrix, weakening the binder due to
less pordilling.

Mass loss can be better understood when observing the different stages of decomposition of
the mixes. ThTG results figure 4-20) indicate that there were three distinct peaks and a
weak broad peak observed in the samples, except for CBPD L samples which had four distinct
peaks.
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Figure 4-207 DTG results for the investigated mix designga) SB50R and SB50L (b) SB30R and
SB30L (c) SB10R, SB10L and OPC
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In the first phase (3220°C), CBPD R mixes consistently exhibit the largest mass loss,
indicating a higher formation of hydration products, such as ettringite and CSH. This trend
holds even when compared to the control mix, emphasizing the impact of BPiigh
sulphate content on ettringite formation, in agreement with XRD and FTIR results. From the
DTG, the order of peak intensity in this phase is highest for SB50R, followed by SB30R and
SB10R.

The broadband (22000 UC) corresponds to the decomposi
salt. The greatest mass loss in this phase is seen in SB50L, with the mass loss reducing as the
CBPD content decreased. This is because of two main factors: the prese of Fr i edel
due to the chloride content and the conversion of ettringite to monosulphate. As is evidenced
from the XRD and the thermal decomposition, CBPD L mixes contain less ettringite likely due

to the lower sulphate content of the dust. THESAatio is imperative in the stability of
ettringite, hence the reduction of sulphates in CBPD L relative to CBPD R led to the formation

of monosulphate. This is also the case for the mixes containing less CBPD R which would also

lead to a reduction in amosulphate phases.

When assessing the decomposition of portlandite-68@0C) or dehydroxylation, CBPD R

mixes show the lowest mass loss where SB50R only decreased by 2.3%. On the contrary,
SB50L had a mass loss of 3.5% with a comparable value to the overall mass 1686 &dr3

the control mix. When considering that only 50% of the mix was composed of bypass dust for

SB50 mixes, a large amount of portlandite has been formed. This was also confirmed by the

XRD results which show a larger amount of portlandite for CBPDxemi

The final phase corresponds to the decomposition of calcium carbonate. From the results, the
control mix had the largest amount of mass loss with a decrease of 8.3%. Furthermore, CBPD
R binders exhibited greater loss relative than CBPD L in each mix timdj@higher carbonate
content. A significant aspect to consider is that the Gad&omposition of the control mix
occurs at a higher temperature than mixes containing CBPD. Peaks occurring at a higher

temperature indicate a more ordered Ca(@bou et al., 2019)

These results show the high variability in CBPD content, as CBPD R contained morg CaCO
and ettringite and CBPD L contained more free lime. While increased free lime is associated
with an accelerated reaction and more hydration products, excessive free lime can detrimentally

impact compressive strength and structural integrity due to unbydration product
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distribution. The presence of stable and inert calcium carbonate is also identified as a

significant factor in the strength of CBPD binders.

4.3.8Chemical Shrinkage
Figure 4-21 presents volume change versus time during the first 24 lod@BPD and OPC

pastes CBPD L caused significant expansion and experienced the greatest overall volume
change, followed by CBPD &nd OPC. The expansion of CBPD L was fastest during the first
five hours of curing, stabilising after that. Czapic et(2020)also observed similar results
where their 100% CBPD mix achieved a 55% volume expansion mostly within the first 10

hours.

Swelling of up to 0.091 ml/g was experienced in CBRIOlus large expansion is due to the
CaO hydration that is highly exothermic enabling thermal expansion. The ratio of volume
change of a CaO particle to a Ca(@HKbprticle is circa 17/33Kurdowski et al.,1981)
Excessive ettringite formation also causes expansion and likely the coupled effect of free lime
hydration and ettringite formation lead to this swelling.

Though both CBPDs experienced eventual swelling, they did in a different manner. As
observed fronfigure4-22 , CBPD R experienced shrinkage during the first 90 minutes before
expanding. This indicates that there may be two factors that affect volume change in CBPD:
ettringite formation and free lime hydration. It is possible that initially, CBPD R is shrinking,
however as ettringite begins forming at early ages, it begins to expand. Overall, due to the
compensating effect of shrinkage and swelling the volume change was the least with swelling
of 0.018 ml/g by the end of testing. OPC only experienced shrinkageadralresult 0f0.043

ml/g by the end of testing.
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Figure 4-217 CBPD R, CBPD L and OPC chemical shrinkage results

The chemical shrinkage results for the mixes containing GBFS are sltpwes4-22, 4-23

and4-24. For SB50 mixesfigure 4-22) the expansion largely follows the trend of the CBPD
pastes, however, to a lesser degree. They both experience swelling where SB50R and SB50L
experienced swelling of 0.015 ml/g and 0.057 ml/g, respectively after 3 days. Clearly the
inclusion of GBFS inhilts the volume change, largely due to the slower reaction as seen in the

heat of hydration results.
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Figure 4-227 SB50R and SB50L chemical shrinkage results

SB30R {igure 4-21) showed even lower volume change and it is evident that the expansion
from the CBPD and the shrinkage from the cement are counteracting each other leading to an
overall volume change0.011 mi/g. SB30L also experienced swelling, however to a lesser
extent than before, clearly due to the reduced CBPD and increased cement content.
Interestingly, after 48 hours, the paste started to shrink. This indicates that the CBPD L reacts
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at a much faster pace than cement. As the cement hydrates further, it induces shrinkage on the

binder. SB30R experienced a similar effect, however to a lesser extent.
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Figure 4-237 SB30R and SB30L chemical shrinkage results

SB10 mixes showed shrinkage due to the high cement content (80%), however SB10L showed
a reduction in overall early age shrinkage relative to OPC. This is an interesting outcome that

shows that CBPD has the potential to inhibit early age chemical shriokagEmentitious

binders.
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Figure 4-24 - SB10R, SB10L and OPQchemical shrinkage results
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4.3.9Total Shrinkage

Figure 4-25 shows the total shrinkage for all samples up to 150 days. Final total shrinkage

increases with increasing content of CBPD.
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Figure 4-25 - Total shrinkage strains for all investigated mix designs

At early ages up to 1fays, the shrinkage of both SB10 mixes and OPC is practically the same,
due to the high OPC content. CBPD L binders somehow exhibits the capability to reduce early
ageshrinkage, most notably observed in SB30L and SB50L with the lowest shrinkage up to
30 chys. This indicates a direct effect of the initial chemical expansive behaviour on total drying
shrinkage. This is likely due to the expansion during the formation of ettringite and the
hydration of free lime which slowed down the overall shrinkage ofetmixes. As this
expansion slows down, CBPD mixes eventually exhibit higher shrinkage, surpassing that of
OPC at later ages. This phenomenon was also observed in the chemical shrinkage, where SB30
binders expanded and then began shrinking after a few Blatyse work should focus on the

use of admixtures to reduce overall shrinkage. Shrinkage reducing admixtures have been
effective in reducing drying shrinkage of GBFS based AAMs in previous red€asppola et

al., 2020.

Another factor to consider is that the prisms were stored in ambient curing conditions. It has
been found that expansion due to ettringite formation is greatly enhanced when cured in water

and can take up to several months to complete. However, thisiBcsigtly reduced when
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stored in air, due to less access to water, and an increase in réStnairath, 2004)it is likely
that if water immersion shrinkage/expansion was monitored or the samples were cured for

longer in water, the results would be very different and CBPD mixes would shrink less.

The type of CBPD clearly influences overall shrinkage, with CBPD R mixes consistently
exhibiting lower shrinkage than their CBPD L counterparts by 90 days. However, mixes with
the same CBPD quantity show similar trends, regardless of CBPD type. Whiletdhe t
shrinkage was highest by 150 days for SB50L, it should be noted that swelling did occur prior
to the hardening of the paste with visible effect on the prisms.ni&ysindicatethat overall,

the paste material expanded more than it shrunk. Totakslgernvalues at 7, 28, 90, and 150
days are detailed iable4-7.

Table 4-77 Total shrinkage at 7, 28, 90 and 150 day®r all the investigated mix designs

Mix 7 Days 28 Days 90 Days 150 days
SB50R 0.031% 0.108% 0.197% 0.225%
SB50L 0.016% 0.093% 0.213% 0.228%
SB30R 0.025% 0.096% 0.156% 0.195%
SB30L 0.019% 0.085% 0.165% 0.203%
SB10R 0.048% 0.105% 0.129% 0.155%
SB10L 0.046% 0.102% 0.137% 0.163%

OPC 0.048% 0.091% 0.109% 0.123%

4.3.10CBPD Classification

From the results, the differences between the two types of CBPD investigated are clear. CBPD
L has a higher free lime and chloride content as evidenced by the XRD diffractograms. This
enabled it to have different properties such as expansive behaviduexbitnermic behaviour,

and weaker binders overall due to reduced density and uneven hydration. A CBPD as such may
be classified as lime rich and based on the strength results, should be limited to low controlled
strength applications. As example of a Istrength material CBPD L can be reused as would

be as a backfiling material. Li et alLi et al., 2022)developed a backfilling material
composed of fly ash, gypsum and GBFS with strengths up to 6.5 MPa. CBPD L binders can
also be reused in soil stabilisation. Low strength GBFS AAMs have been utilised in the past to

stabilise hazardous arsetliearing tailngs as an examp(diang et al., 2024)
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CBPD R binders gained strengths largely due to their sulphate content, which facilitated the
formation of ettringite, and the higher quantity of calcite. Thus, this CBPD can be classified as
sulphate rich. The balance between sulphates and free limes inirtder allows it to be more

appropriate for reuse in more structural applications due to its suitable strength. Further
optimisation of the material, through milling and other methods could lead to a much stronger

binder.

It must be noted thathile this research covered two types of CBPD that significantly varied
in composition future work needs to be carried out on further types. CBPD may be procured
from different parts of the world and compared similarly as in this research, as this will help
standardise and classify the material further. Future work may also fotesittnent methods

to reduce the variability of the materialn example of this could be the reduction of chloride
contentthrough leaching techniques. i$hmethod was used by Seo et al. (2019) where they
managed to reduce chloride contents in the CBPD by up to 90%.

4.4 Conclusions
This paper compared two types of bypdsst as activators of CBPD and discussed their

differences. The results provided information on the effect the composition of CBPD has in
GBFSbased mortars. Two types of CBPD were analysed, a sulpbat€BPD (CBPDR)
and a limerich CBPD (CBPD L). Théollowing conclusions can be drawn:

1. CBPD R binders have a higher water demand than CBPD L, and produce stiffer mixes
relative to CBPD L. Hence, the binders also set faster. The reduction of GBFS and
CBPD content lead to a better flowability.

2. CBPD L is much more reactive and has a higher heat of hydration relative to CBPD R.
This is attributed to the highly exothermic reaction between lime and water.

3. CBPD R binders are denser than CBPD L binders, and lead to stronger binders.
Inclusion of cement is overall beneficial for the strength, however the 20% replacement
of OPC with CBPBDGBFS provided the strongest binders both in flexure and
compression.

4. Chemical shrinkage results show initial expansion for both CBPD L and R binders,
however for different reasons. It is hypothesised that CBPD L expands due to the free
lime reaction with water, whereas CBPD R expands due to ettringite formation. This
expangon also leads to lower total shrinkage at early ages, however by 90 days CBPD
binders show higher total shrinkage than OPC.
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5. Microstructural analysis shows that CBPD L produces a much larger amount of
portlandite than CBPD R, however CBPD R produces more ettringite due to its higher
sulphate content. Ultimately, both hydration reactions are dominated by these phases.

CBPD R alsdhad a higher calcite content.

Overall, this research explained the reason for the differences in hydration with different types
of CBPD, and what may be expected when dealing with these materials. Based on these results,
it can be concluded that a CBPD that is lower in free lime contenbe more favourable due

to less overall expansion, leading to stronger binders and likely more durable mortar/concrete.
At the end the CBPD was classified as sulphate or lime rich, and the potential uses of each type
was highlighted. Future work shaulocus more on durability studies on CBPD binders as well

as the use of admixtures to aid in workability and shrinkage of these binders.

91



Chapter 5 Carbon Curing of Cement Bypass Dust

Chapter 5 CarbonCuring of Gment Bypass Dust

5.1 Introduction

Carbon curing of cementitiolmnders has been experimented upon since the beginning of the
1970s (Klemm & Berger, 1972). Only recently, however, has this technique beg@amn
prominence. Figure-& showsthe yearly increase of publicatiofleey words: carbon curing
concrete, carbon curing cement, carbon curing mdet@s curing) related to carbon curing of
cementitious materials since 2015 (Scopus, 2028%.is due to the urgent need to reduce CO
emissions associated with cement manufacturing processdgQestratioand utilisation are
alternatives that can play a very important role in the mitigation of emissions worldwide

(CuellarFranca & Azapagic, 2015).

6000

5000

4000

3000

Publications

2000

1000

O T T T T T T T T T
2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Figure 5-1 - Publications related tocarbon curing of cement since 2015

A practical application includezuring ofprecast concrete/mortgpecimenisidean enclosed
chamberwhichis subsequently filleavith pure CQ gas.Following this,CSH, free lime, and
portlanditereact withthe CO, and form calcium carbonate as seerthe equations below
(Zhang et al 2017)

CSH+CQY CaCQ+ SiO; + H,0O

(51)
CaO+CQY CaCG

(5-2)
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Ca ( @HO QY CaCG+ H0O
(5-3)
The difference between atmospheric carbonation and carbonation muthmaf the CQ@in
carbon curing directly reacts with the binding matiixing critical hydration periods. The GO
will act as a reaeint and not a catalyst like in atmospheric carbonation, allowing different
reaction products to be forméghang et al 2017) Atmospheric carbonation is detrimental to

concrete due to a reduction in pH of the pore solution causing rebar corrosion (VE@23).

Research involving carbon curing of cement has shown very positive results regarding strength
and durability. The main reasons for strength increase are attributed to the unhydrated cement
minerals reacting with carbon dioxide, accelerating the hardenirng$s leading to improved
mechanical and durability propertiélsi et al, 2019). Following carbon curing, CSH and
calcium carbonate are the most important products fof@ieaihg et al 2023). Additionally,
research has also shown environmental advastafyasing this technology to cure concrete
(Mahoutian & Shao, 2016; Kasheffagigi et al, 2015).

Rostami et al(2012), compared carbon cured concrete to conventio@aiscuring. They

found a reduction in total portlandite due to its conversion to calcium carbonate. The strength
of their binders was enhanced at early ages and reached comparable values to steam curing by
28 days. They found improved sulphate and frebaes resistance, as well as an increased
surface resistivity in carbon cured concretes. Similar results were obtained by H2@1t &)

which had a stronger GQured binder at 28 dayrelative to an ambient cured binder. Early

age strength was enhanced and decreased porosity was achieved due to densification of the
binder. Hassan et.gR014) also showed large increases in their carbon cured concrete relative

to steam cured concrete at both early and late ages.

Research on the carbon curing of CBPD is very scarce, however there is some literature on the
reuse of cement kiln dust (CKD). Since the materials are similar in nature, the research is quite
relevant. The increased alkalinity and availability of alkatiagons can be beneficial and can
enhance the rate of carbon uptake of CKD relative to OPC (Sharma and Goyal, 2018).
Furthermore, the environmental benefits @D, capture coupled with the reduction in
landfilling, can lead to a very sustainable cementi&inThereare several reaction pathways

in CKD that can capture Gs seen from the equations bel@tuntzinger et a) 2009)
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Mg G COY Mg Os

(5-4)
K20+ COY K:CQ
(5-5)
N aO+ CO:Y N aCOs
(56)
Lutnyski and Pierzyna (2017) investigated th
backfilling material. They concl udetdhréahat CK
of capture was determined by the free | i me
acceddarabonati on of several industrial waste

wastes mainly composed 0fiel i metlabsbobmati de
and CBPD were the mostFirneaacltyi,v(e2 Dwals)t eesb ntahberye c
carbonation potential of two CKDs replacing
finer CKD had an increased carbon capture p
uptake was higher for increased CKD.(r2@dpRI3gcem
investigated the direct carbonation of diffe
CKD. 2¢Caxs was directly pumped into a vacuum s
The results showed bparnf CrKarmaa rtdleatwiores tt aCC

still showed a relatively strong sequestrat:.
This chapter aims to investigate the poten
Previously two CBPDs were investigated, wher
Due to this, the reaction bet weermnlsiemaieaand y\v
reduced compressive strengths. The primary t
this CBPD and investigate the main differenc
CBPDs wil |l be in binary G8F&® taeadnazreyehltemdsl o
carbon curing for 5 hours in a pressurised c
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5.2 Methodology

5.2.1Materials
Two types of CBPD are examineg@BPD R sourced froma CEMEX plant inrRugby UK and
CBPD L, from a cement plant ihatvia. Additionally, 32.5R Cement Type Il (OPC) and GBFS
were usedThe particle size distribution of these materials is presented in figi2Zréelow,
which shows that CBPD R is the coarsest of the binddnést CBPD L is the finest.
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Figure 5-2 7 Particle size ofraw materials

The XRD patterns of the materials are shown in figetz2 The OPC contains all phases
typically expected of cement. As expected, GBFS is high in calcium and is largely amorphous.
The primary difference between the two types of CBPD is idiie and sulphate contents,

with CBPD L having much higher lime contents and CBPD R having much more sulphate
reflected by the gypsum peal&dditionally, CBPD L shows more prominent sylvite peaks

which is a potassium chloride mineral.
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Figure 5-3 - XRD patterns of raw materials (p=portlandite, q = quartz, g = gypsum, b = belite, | =

lime, a = alite, s = sylvite, ¢ = calcite)

5.2.2Curing and Casting Procedure

Due to the small size of the carbonation chamber the samples used in this experiment were 20
mm paste cube3he water tdinderratio was 0.4, however, two more water to cement ratios
(0.3, 0.5 etc.) were examined on CBP@uringtrials. These trials are shown in sect®8. 1.

The mixes used in this experiment are listethbie5-1.

Table 5-11 Mix designsinvestigated

Mix CBPDR CBPD L OPC GBFS Curing Type
Design (%) (%) (%) (%) (WIC)
OPC 0 0 100 0 w
OPC-C 0 0 100 0 C
SB50R 50 0 0 50 w
SB50RC 50 0 0 50 C
SB50L 0 50 0 50 w
SB50L-C 0 50 0 50 C
SB30R 30 0 40 30 w
SB30RC 30 0 40 30 C
SB30L 0 30 40 30 w
SB30L-C 0 30 40 30 C
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The dry material was mixed first and the water was then added. Mixing continued until the
paste was consistent, with no dry material or lumps. The paste was then cast into the mould
and vibrated to release any entrapped air. A polyethylene sheet wae uegdrtthe paste to

prevent excessive water evaporation.

After 24 hours, the cubes were demoulded and preconditioned for 3 hours in an environmental
chamber at 50% relative humidity and a temperature of 23°C. Preconditioning was used to
reduce free water and facilitate the penetration ob.GGter preconditioning, two curing

techniques were applied:

1. CarbonCuringi Samples were placed in an airtight carbonation chamber for 5 hours
(see figureb-4). The chamber supplied GQas of 99% purity and pressureloftm
Following carbon curing, the cubes were wrapped in moist hessian and placed in plastic
bags, to ensure a moist environment until the testing age. This curing method was
derived from the research conducted by Sharma and Goyal (2018), whose findings
demongrated thathis curing technique was more effective in promoting the strength

developmenof carboncured mortar.

Carbonation
Set-Up

Pressure
Valve

Carbonation
Chamber

| Samples

CO:
Tank
1atm

Figure 5-4 - Carbonation curing set-up

2. WaterCuringi Water curing was carried out right after demoulding, whergéste

cubeswere placed in a water tank at 21 £+ 2°C until the testing age.
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5.2.3Analytical Techniques

5.2.3.1Mass Change
As a measure of CQOuptake, the mass change between the surface dry cubes prior to

carbonation and after carbonation was measuete cubes were carbonated for each mix
design and the average mass change oiradiwas taken.
0 Qi i O @i i
0 Wi i

60

(57)

5.2.3.2Water absorption andulk Density
Water absorption was determined in accordance with ASTM C B4k density was

measured by weighing the dry weight of the cubes anduthmerged weight. The following
eguation was then used:

Ol ®»Q WO
OQWO YO wda Qim0

66 B0Q¢ i Qcow

(5-8)

5.2.3.3Compressive Strength Testing
Compressive strength tests were carried out at the age of 3, 7 and 28 dags/ersaltesting

machine with a maximum load capacity of 10kN. The loading rate used was of 0.3/s#mm

5.2.3.4Microstructural Analysis
Microstructural analysis was only performed for SB50R, SB50L and OP€&sasxhese were

deemed to be sufficietd understand the effect of carbonation curing

5.2.3.4.1X-Ray Diffraction

X-Ray diffraction (XRD), used to analyse ti&icrostructural analysis of each mix, was
performed at 28 days with a Bruker D2 Phaser. The 2 a n g e-60Wwith a step sizé of
0.02°.

5.2.3.4.2Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) was carried out using a Perkin Elmer Pyris 1 TGA.
Samples were heated frofi°C to 1000°C degrees at a rate of 10 °C per midQterng of the
ground powder samples were used to investigate the thermal behaviour of CBPD paste.

5.2.3.4.3Scanning Electron Imaging
The fractured surface of the CBPD based paste was observed using a FEI Inspect F field
emission scanning electron (FEEM) microscope. The microstructure was analysed at a

voltage of 15 kV using a backscattering electron mode.
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5.3 Results

5.3.1Mass Gain

5.3.1.1Trials
Water is a very important factor whearbonating a material and it needs to be proportioned

correctly. A high w/c ratio can block the diffusion of £i@the system, and a too low wi/c ratio
can halt the reaction (Shi et,&2012). Thus, por to testing a suitable w/c ratio was selected
based on most Cbsorption. Trials took place on SB50hitial preconditioning entailed 3
hours in an environmental chamber at a temperatur8°¢faéhd a relative humidity of 50%.
The results are shown in tale? below.The w/c ratio selected was 0.4.

Table 5-2 - Massgain of SB50L with different W/C ratios

w/c Ratio  MassGain (%)

0.3 5.1
0.35 5.9
0.4 6.9
0.45 6.7
0.5 6.6

The appropriate time of carbonation was also selected based on trials. This is shown in figure
5-5, where 5 hoursf curing provided the largest mass gain. Due to laboratory constraints,
longer periods ofime could not be attempted, however, most of the mass gain occurs during
the first hour of carbon curirgnd a ntabledecrease in the rate of mass gain can be observed
after about 4 hours
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Figure 5-5 - Massgain over time of SB50L

5.3.1.2Mass Change
From the mass change results showrainle 53, SB50L-C shows the largest mass gain

following carbon curing, with a mass increase of 6.9%. This gain can be largely attributed to
formation of CaC@asa result of the absorption of GOy lime that was present in higher
volume in CBPD L. CBPD R, having a significantly lower free lime content, showed a reduced
mass gain. The mass gain reduced as the CBPD content de@sasszh in SB30 mixes
While the mass gain technique method underestimates the totap@®e, since not all water

evaporated duringacbonation can be collected, as a comparative method it is shown to be
effective (Shao and Morshed, 2013).

Table 5-37 Massgain of eachmix design after CO; massgain

Mix Design Mass Gain (%)

SB50R 19
SB50L 6.9
SB30R 1.2
SB30L 4.7
OPC 0.6

It must be noted that lime content is not the only factor in mass uptake of CBPD binders. Alimi
et al.(2022), tested the carbon uptake of GKIPC binders with OPC binders replaced by up
to 60% with CKD. Their results showed that the higlivae CKD in fact had a lower carbon
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dioxide uptake, which was attributed to the coarseness of the CKD. In this study, CBPD L is
much finer than CBPD R, which likely enhances,@ptake.

Another factor to consider is the calcite content present in CBPD R binders relative to CBPD
L. As research by Biawet al.(2023) has shown, the large presence of calcite as a phase reduces
the CQ sequestration potential, due to the low solubility of this phase in water. Additionally,

calcite does not react with GOl'his also explains the behaviour of the control mix.

5.3.2Density and WateAbsorption

Figure 56 shows the water absorption results at 3, 7, and 28 days, whilst$iguskows the

28-day density. Carbon curing has a positive effect on both density and absorption. The largest
improvements are observed in SB5CLwhere there is a reduction in water absorption of up

to 14% at 7 days anti% at 28 days relative to SB50Lhere is also a significant increase in
density when comparing SB5AL to SB50L.Regarding SB50R and OPC, the results also
indicate an improvemendlbeitto a lesser extent.
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opC
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Figure 5-6 - Water absorption over time of the specimens

The density at 28 days is shown below, with the density of the carbonated mixes vs-the non
carbonated mixes. Mass gain is expected to increase density as more hydration products are
formed leading to a denser structure. It should be noted that the maatitryghroduct from

carbon curing is CaCf that has a significantly higher density and molar volume than
portlandite (von Grew®ierfield et al, 2020).
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Figure 5-7 - Density results for CBPD andcontrol mix at 28 days

The mass gain does not fully follow the density gain percentage as seen frob4ables is
likely due to the mass gain measurement being measured at early ages, hydration over time
may have increased the relative density further. This may also be indicative of a change in

volume or other factors beyond the scope of this research.

Table 5-4 7 Density increase of the CQ cured mixesrelative tonon-CO:z cured mixes

Mix Density increase (%)
SB50RC 2.8
SB50L-C 9.8
SB30RC 15
SB30L-C 5.0

OPC 1.1

5.3.3Compressiveétrength

The average compressive strengths for the pastes at 3, 7 and 28 days are showrbi8.figure
When examining the strength development in the OPC control mixes, the benefits of carbon
curing are not evident as the water cured specimens were slightly stronger than carbon cured
ones. The low mass gain may indicate that the amount of calcite foithedtdsupplement

the loss in hydration products due to lack of watemgduring initial curing of the paste.
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SB50 mixes performed better after carbonation curing relative to their -ouatst

counterparts. The relative strength increases between the mixes remained similar during the

testing period. SB50C benefitted the most from carbon curing and byd2§s had a

compressive strength @MPa, an increase of 38.8% compared to SB50L which achieved
14.4MPa. This increase also means that SB&0&xceeded the strength of SB50R at all ages,

which is notthe case without carbon curing. This confirms that high torents in CBPD

can beexploitedusing carbon curing to make stronger binders. SB30 mixes also achieved

strength gains, however more moderate, which is likely due to the lower quantity of CBPD.

The strength gain due to carbonation enabled SB3@h achieve a strengtimly 9% weaker

than the uncarbonated control samplee strength gain percentage due to carbon cati2§

daysis presented in tableb.
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Table 5-57 Strength increase of the CQ cured mixesrelative to non-COz cured mixes

Mix Strength increase (%)
SB50RC 4.2
SB50L-C 38.8
SB30RC 1.0
SB30L-C 27.1

OPC -9.2

Sharma et al(2018) tested the compressive strength of mortars containing OPC replaced by
CKD up to 50% by weight and found that carbon curing can increase stigngghto 30%,

with strength increasing withnincrease in CKD content. They concluded that this strength
increase was due to the Cag&d CSH gel formation.

There is a very strong linear correlation between mass and strength gain as seen5figure
This indicates that the mass gain due to the intake of carbon dioxide was largely responsible

for the strength gains of the carbonated specimens and hence the benefits of carbon curing are
clear in CBPD mixes.
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Figure 5-9 - Correlation betweenmass andstrength gain (%)

It must also be considered that, due to laboratory restraints, the carbon curing was only carried
out for 5 hours, where research in the past has shown the benefits of carbon curing for extended
periods of time (Zhangt al, 2017). This indicates that CBPD binders may have even more

potential for strength increase if carbonated for longer.
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5.3.4XRD

Figure5-10 shows the XRD pattern for SB50L and SB50L The most significant peaks to
consider are the portlandite peaks at 18.04°, 28.68° and 47.1°, and the calcite peaks at 23.02°,
29.4°, 39.5, and 43.15°. The XRD patterns for the carbon cured CBPD pastes atrehgw
calcium carbonate peaks, indicating carbonation at a microstructural level. What is also
apparent is the reduction in portlandite peaks, indicating that these were likely converted into
calcium carbonate, which also explains the deraiba of the specimens. This is the primary
reaction that occurs due to carbonation in cementitious pro@iwsget al, 2017)

Ca(OHp + CO21 CaCQ + H20

(59)

Unreacted free lime may also react with Cfd form CaC@ The largest increase in the
carbonate peak was observed for SB&ILThe work presented in Chapter 4 showed that
CBPD L-GBFS binders did ndtavea large amount of calcite, and this is confirmed in the
SB50L XRD pattern. Due to its free lime content, it produces a very large amount of portlandite
that can even exceed that formed by hydrated OPC. Hence, this is clearly the reason for the
increase ircarbonation. The significance of lime and portlandite formation is also evidenced

when observing the portldite peak at 18.04° which practically disappears due to carbonation.

. ——— SB50L-C
—— SB50L

Intensity (a.u.)
é
(e}
O
(e}
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20(°)

Figure 5-10 - XRD patterns for SB50L and SB50L-C (c = calcite, p = portlandite)
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Similar behaviour is observed for SB5@R as seen in figurg-11. This CBPD also exhibited

a significant increase in CaGQilbeitto a lesser extenthe previous chaptshows that CBPD
R-GBFS binders are calcitgch and produce far less portlandite than CBPD L mixes, hence
the benefits of carbon curing may be hindered by this. The fact that CBPD L is more alkaline
and finer is also a factor to consider. Nevertheles§08EC clearly shows evidence of
increased calcite due to carbonation. Despite ndhbaa large strength increase, the benefits

are not solely mechanical but also environmental.

Potassium phases also seem affected, as a prominent syngenite (potassium calcium sulphate)
typically located at 31.3°2 has a r e d u cabdnationPted@auswork gn these s t
binders has shown a reduction of this syngenite peak over time, likely due to the release of
sulphate ions in the pore solution leading to the formation of ettringite. It is possiblé'the K

ions in the pore solution were carbonated as well, however this was not reflected in the XRD

as KCOsz was not located

c — SBS0R-C

Intensity (a.u.)

10 20 30 40 50 60
26(°)

Figure 5-11 - XRD patterns for SB50R and SB50RC (c = calcite, p = portlandite)

The OPC control mix (figur&-12) shows the least change, as the carbonate and portlandite
peaks remained mostly similar post carbonation. Past results have shown that carbon curing
has positive effects on OPC binders (Rostetnal, 2012), but for longer carbon curing pesod

Hence it is anticipated that further carbonation would happen with longer curing periods.
Nonetheless, there is the possibility that the lack of carbonation could be due to the binder

being saturated with calcite in which case roat produce more.
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Figure 5-12 - XRD patterns of OPC and OPGC (c = calcite, p = portlandite)

Peak quantification was carried out through deconvolution of the main portlandite (18.4°) and
calcite (29.4°) peaks. The area of the peaks is presented iB-&btdow. These results verify

the visual observations. Calcite increasgsa 4 times and 2 times for SB50L and SB50R,
respectively. Interestingly, both SB5@Rand SB50LC have a very similar amount of calcite
which might indicate that there is a limit to the amount of carbonation for CBPD. Hence, it is
possible that SB50L cannobsorb much ma CQ as the portlandite was nearly fully
converted to calcite, unlike for the case of SB50R. Considering SB50L contained the more
reactive and alkaline CBPD, portlandite consumption is not necessarily the sole phase

contributing to CQ@absorption. Other alkaline phases can also factor into this.

Table 5-6 i Peak quantification of calcite and portlandite

Mix Design Portlandite Calcite

SB50R 47.4 106.9
SB50RC 24.8 2444
SB50L 71.3 69.3
SB50L-C 5.1 278.6
OPC 68.8 246.8
OPGC 54.2 305.4

5.3.5Thermogravimetric Analysis

The TGA curves for 28 day cured specimens are shown in figet840 515 below, while

the massloss results araummarisedn table5-7. The main decomposition mass losses to
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observe are for portlandite (38@0°C) and calcite (606040°). SB50L shows a mass loss of
calcite and portlandite of 1% and 28%, respectively. Comparatively, SB5@. has mass
losses of A% for calcite andlL.26 for portlandite, clearly corroborating the XRD results
showing the significant increase in calcite due to carbon curing. Consequently, the portlandite
had a sharp decrease for SB5OLwhere it hadboeen mostly consumedhe TGA also
highlights the benefits of carbon curing SB50Lwhen observinghe overall mass loss, as
SB50L-C has a mass loss 08.56 and SB50L o2%%, however this loss is largely in the
range between 3505°C which is typically attributed to the loss of hygroscopic water (Unluer
and Tabbaa, 2013)t must be noted that this mass loss was quite variable from the results,

hence the most significant losses to consider should be betwe&0@80
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Figure 5-1371 TGA resultsof SB50L and SB50L-C

The results for SB50® show a clear increase in the calcite weight loss due to carbon curing.
SB50R and SB50K had mass losses d4f%% and 3%% respectively. In contrast, the
portlandite quantity for SB50R and SB5@Rwere 1.9% and 1%, respectively. Much like

with the XRD, potassium carbonate phases were not identified in the TGA.
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Figure 5-147 TGA resultsof SB50R and SB50RC

The results for the OPQigure 155) control also show little change both the carbonated
and nonrcarbonated mix. It can be inferred that the reason for the strength drop due to
carbonation was due to the lack of water curing. Hence, the beneficial effect of carbon curing
on strength is only evident when large amounts of @@ absorbedSimilarly, to the SB50

results, the mass loss in the hygroscopic temperature range was variable.

100

95

90

85

Mass Loss (%)

80

75

I T I ' I T I '
200 400 600 800 1000
Temperature (°C)

Figure 5-157 TGA resultsof OPC and OPGC
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The loss results are presented in té&ble

Table 5-7 - TGA masslossresults

Portlandite Mass Loss (%)  Calcite Mass Loss (%)

Mix Design (3802500°) (6002740°)
SB50R 1.9 1.9
SB50RC 11 3.5
SBS50L 2.8 1.7
SB50L-C 1.2 7.9
OPC 2.6 6.3
OPGC 2.2 7.1

Carbon uptake will not always result in calcite formation as @@y react with other alkali
cations. This was not evident, however, from the TGA hence the calcite mass loss can be
deemed as a rougdstimate of carbon uptake. As seen from the {&B50L-C gained the

most calcite and had virtually no portlandite due to its consumption. On the other hand, for
SB50RC longer carbonation times may be required. The reducei@Re may be attributed

to coarser particles of CBPD R that lead to a reduced surface area and fewer reaction points,
possibly leaving large unhydrated CBPD particles with a coating of the reaction product
(Abidoye and Das, 2021). Another reason for ¢lais be due to the reducdlainity of CBPD

R compared to CBPD L. CQeacts with alkali cations to produce carbonate minerals, hence
the significance of alkalinity (Kirchofest al, 2023). Carbonation in alkaline wastes has been
widely investigated@unning 2010). While OPC has high alkalinity, several of the alkaline

cations in CBPD are present in much lower levels in OPC except for calcium.

The DTG images are presented in figbr&6, 5-17 and 518 below. The results generally
provide the same results to the TGA; however, they highlight certain peaks and mass losses

that are not clearly distinguishable in the TGA.
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Figure 5-167 DTG results of SB50L and SB50L-C

The main difference between carbonated aoxcarbonated results, besides the calcite and
portlandite peaks, occurs at 800°C where a peak occurs only for carbonatedpnnixasly
SB50L-C. A similar peak was observed for Huntzingeal.(2009) for carbonated CKD. They
could not identify its origin, however, they argued that it may be anhydrite. Nonetheless, it is
possible that this is a secooalcitepeak. Stepkowsket al.(2005), identified carbonate peaks
that decomposed at temperatures above 750°C and attributed this to the largéhescadaite

crystals relative to other calcitdence, this mass loss could be due to the larger calcite crystals.

Figure 5-177 DTG results of SB50R and SB50RC
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