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Abstract

The environmental concerns of carbon emissions by the energy industry have led to
a change in the way energy is generatethasUK moves to a low carbon future.
While biomass combustion is gaigirattraction as the most available renewable
energy source, the resulting ash is most often landfilledisastll not accepted in

the concrete industry am the case of coal fly ash. This is mainly because of the
limited knowledge of the hservice lifeof concretemade with this fly ash. This
researchinvestigates the use of two types of wood biomass fly ash, obtained from
two power plants inthe UK, in cement and concrete production to provide a

performancebased database for evaluating its utilizatiothe concrete industry.

The study comprises of three parts, the first part deals with determining the
chemical, mineralogical and physical properties of these fly ashesenhanced
biomass asHEBA) and virgin wood biomass asWVBA). The results showhat
EBA has a chemical composition more similar to coal fly ash (CFA) than WBA and
EBA satisfesthe BS EN 456l requirements for the main oxides and other chemical
components. The mineralogical structure of both ashes is mainly amoras;
particlesare mainly spherical whereas the morphology of WBA particlédbisus
irregular in shape and sizZ&/BA has a higher surface area than both EBA and CFA
while its pozzolanic reactivity is les§.he mechanical and durability properties
investigated in past2 and 3 are related to these characteristics (e.g., chemical
compositions, pozzolanic reactivity and particle siaeyl also to pore properties

investigated in part.2

Part 2 of this study is concerned with the effect of both ashes on the fresh and
hardened propertiesf concretecompared to coal fly ash. Blended fly gsstesand
mortars substituting the cement at 10, 20 and 30% were produced and numerous
tests were performed. The results show that the incorporation of EBA reduces the
water demand anichproves the workability similar to the effect of coal fly ash while
the behavio of WBA is the opposite. The coarse and high surface area of WBA
particles contributgto its higher water demandhe early age hydratidmehaviorof
EBA is quite similar tocCFA. The CFA and EBA mixes release considerably higher
heat than WBA mixesindicating a higher rate of hydration. The compressive and
flexural strength decreases gradually as the percentage of both EBA and WBA in the
mix increases. The compressive sttangf CFA mixes is higher than EBA mixes
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while WBA mixes give the lowest strengtiihe incorporation of EBA and WBA

increassthe total porosity of cement pastes.

Part 3 investigates the durability properties of enhanced biomass fly ash
concrete by exposg it to longterm sulphate, chloride and carbon dioxide
environments which are substances that cause deterioration and damage to concrete
structures. Durability properties wetestedunder laboratory conditions over a
period of one year and control sdeg of ordinary OPC concrete and coal fly ash
concrete were produced for comparison. Generally, enhanced biomass fly ash
concrete shows better durability properties than OPC concrete efarephe
carbonationresistance. fie depth of carbonation of enhadcbiomass fly ash
concrete is higher than OPC concreteless than coal fly ash concrete which shows
the highest carbonation deptihe resultsalso show that the incorporation of
enhanced biomass fly asmproves the sulphate resistance compared tdralon
OPC, however, it is still less effective than coal fly ash in resisting sulphate. attack
The chemically and physically bound chloride of enhanced biomass fly ash concrete
is lower than OPC concrete but it is higfteancoal fly ash concreté he eficiency
of bothenhanced biomass fly asimdvirgin wood biomass asim mitigating alkalt
silica reaction was also examined basedtlomaccelerated mortar baest. The
results show thagnhanced biomass fly asbduced the expansi@ausedy ASR to
the low-risk level of dederioration according to ASTM C1260/1576&tandard
whereaghe reductiorof expansionin the case o¥irgin wood biomass asWasnot

sufficient to reduce thesk from potentially deleterious level to low risk

Vi
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CHAPTER 1 INTRODUCTION

1.1 Project Background and Motivations

Partland cement concrete is the most widely used construction material. Its success
is mainly due to the availability, low cost of its main ingredients and its high
mechanical propertiefl 8]. However, the manufacture of the Cement is high
energy demanding and responsible for produck7§®of worldwide CQemissions.

It is estimated that every ton of cement emits approximately 0.87 ton of carbon
dioxide [4 6]. Moreover, the manufacturing of Portland cement consumes
approximately 28% of the global primary energy4]. With increasing concern
about CQ emissims, there has been a move to specify sustainable, high
performance and environmentally friendly (through manufacturing and operational
process) binders with reasonable cost to reduce the environmental impact and
energy consumed by cemddt 7, 8] One of those solutions is to use less cement
by partial replacement with other reactive industrialpbyducts such as ground
granulated blast furnace slag (GGBSHdity ash. The use of bgroducts also
reduces the amount of material that would usually be disposed of at landfill and
provides protection to the environmelthas been estimated that 18% replacement

of Portland cement would result in a 17% reductio@0f emissiong9].

Fly ash released from coal combustiorelectric power stations has been effectively
used to replace a portion of cement in concrete production to reduce the
environmental footprint of cement production and produce durable concrete.
However, a quantity of COis released to the atmosphere dgrthe coal burning
process[10]. Therefore, there has been a move tange the way energy is
generated by employing innovative techniques to generate renewable. efeegy
move towards biomass combustion instead of coal combustion as a fuel source for
the energy industry is currently the global trend. Combustion of biormaksa
combustion of coal with biomass are considered the most promising technology for
producing power using renewable energy soufte«l 3]. Biomass as a forestry and
agricultural waste is considered a low cost and, G@utral source of renewable

energy due to its COconsumption while growing being the sametlesd released by
1



burning[14, 15] The global growth of biomass is estimated between 112 and 220
billion tonnes per yeafl6]. Currently, biomass contributes betweet3% of the

world energy supplies for heat anléaricity and is expected to reach-36% of

the world's primary energy consumption by 2066438]. The UK government have
supported lmmass electricity more than any other renewable energy sources to meet
the renewable energy target to provide 15% renewable energy by 2020. Biomass
power station projects which could burn over 23 million tonnes per year have been
already approved. Some pemstations with a capacity of 6 million tonnes per year,

such as Lynemouth, have already op€ed&ql.

The term "biomass" generally describes solid organic materials used to generate
energy such as wood, grass, and straw; therefore, similar characteristics cannot be
expected from the biomass flyhagenerated fromitferent sources of biomass and
from different plantd20 £2]. Consequently, the growing use of this technology in
power generation releasashuge amount of a new class of fly ash that differs from
the coal combustion fly ash in its quality, chemistry, and mineralogy. The
characteristics of biomasg/fash differ due to a variety of its sources and depend on
combustion conditions (fixed or fluidized beds), biomass sources (wood, herbaceous,
rice husk, etc.) and the location where the ash is collected after combustion (fly ash
or bottom ash)14, 20, 23] Generally, wooebased biomass burning is the main
source of electricity in Europe which is considered the largest importer and
consumer of wood in the world whereas thK is by far the biggest wood consumer

in Europe. The converted cei@led power stations to biomass, such as Drax and
Lynemouth (the suppliers of the biomass fly ash used in the current investigation),
only use highguality wood pellets. It has been cgfed that about 15 million tonnes

per year of wood were burnt in the UK and Drax power station is the biggest which
burns the majority of biomass. For instance, in 2014/2015 it burnt around 9 million
tonnes of wood and in 2015 more than 20% of global wamlet supply was burnt

at Drax[19, 24}

Currently, the majority (approximately 70%) of the biomass ash is disposed of in
landfills without any control and needs an adequate management system as an

industrial waste[14, 20, 25] Incorporation of biomass ash as a supplementary
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cementitious material (SSMs) could be one strategy to produce sustainable concrete.
From an environmental point of view, utilization of bioma®m cemenbased
materials adds beneficial effects by reducing,@®ission, preserves the natural
resources and reduces the energy used in cement production. In addition, it can be a
solution to the environmental problem related to ash disposaihanising cost of

landfill disposal[20, 26]

Various types of biomass ash such as rice husk ash, palm oil fuel ash can have a
similar pozzolanic mperty to coal fly ash with a high amount of silica an
amorphous form which has the potential to be used as a pozzolanic material to
replace a portion of cement in concrf®e 27]. However, most of the international
standards such as ASTM C618 and EN4508at specify requirements for utilization

of fly ash in concrete only accept the uddly ash released from coal combustion

and precludes the use of any material not derived from coal combustion from their
use as cement components. Recently, ENU&pPproved the use of fly ash obtained
from cocombustion biomass up to 20% of the totaél [28, 29] whereas pure
biomass is still not included in this standard

Unlike coal fly ash, limited research has been conducted on the use of biomass fly
ash in the ancrete industry; however, most of the research has been focused on co
combustion fly ashes with less focus on pure bioragkdt has been reported the
literature that utilization of coal fly ash as a partial replacement of cement not only
prevents itfrom disposal in landfill, but it also improves long term strength and
durability properties of concrete. This raises the expectation of biomass ashes
providing similar benefits by their use in concrete. Thereforezomobustion and
biomass ash require ngilar evaluation by research before they can be widely

accepted for use in concrete construction.

The compositions of biomass and-@ambustion ashes can be more variable than

coal fly ash. Therefore, comprehensive research on different types of biomass
produced at different power stations is required to develop guidelines for their use in
concreteproductionand subsequent introduction in standards and codes of practice.
Although there have been a number of studies on the chemical and mineralogical

compogtions of biomass ashes, little research has been done to investigate their
3



durability propertiesn concreteand their applicability to alkakctivated technology.

The structural integrity of any cementitious material is compromised by the ingress

of chloride, carbon dioxide and sulphates from the environment. Understanding the

resistance of biomass fly ash concrete when exposed to such aggressive

environments is critical to predicting how the material will behave in service.
1.2 Aimsand Objectives

The aim of this work igo investigate the usef two types ofwood biomass fly ash

in cement and concrete production and to provide a perforrizsssl database for
evaluating their utilization in concrete for its potential applicatioslso, to
determinethe relationship between the compositions of biomass ashes and the

properties of concrete made with these fly ashes.

An intensive programme of research was prepared as summarized in Table 1.1

order to achieve the following objectives:

1. Carry aut a critical review on the state of aftfly ash classification and the
extent of research on the effect of biomass fly ashes on the performance of
concreten order to identify areas requiring new research.

2. Determine the chemical, mineralogical and sibgl properties of two types
of biomass fly ashes produced in the UK by using different testing techniques.

3. Investigate the effect of biomass fly ashes on the properties of fresh and
hardened concrete, including microstructure and hydrated phase devaiopme

4. Investigate the depth, rate of carbonation and carbonation shrinkage of
biomass fly ash concretes over a long period of exposure to accelerated
carbonation process.

5. Investigate the sulphate resistance of biomass fly ash mortars when exposed
to 5% sodim sulphate solution over one year.

6. Investigate the efficiency dhe biomass fly ashes in mitigating ASRhen
exposed to high alkali hydroxide solution for @®ys.

7. Investigate the chloride diffusion parameters of biomass fly ash concrete

when exposed t4% sodium chloride solution ovarperiod of 400 days.



8. Analyse and evaluate the data of biomass ash concrete and both the control

coal fly ash concrete and Portland cerdessied concrete in order to develop

conclusioms for the use of biomass fly ashescioncrete construction.

Table 1.1Research programme

Test Property Test method Standard
Chemical composition X-ray Fluorescence (XRF) none
Mineralogical composition X-ray Diffraction XRD none
Fly ash
characterization | Particle size distribution Laser diffraction none
Specific surface area BET none
Morphology SEM none
Pozzolanic activity Strength activity index BS EN 4501
Setting time Vicat needle BS EN 1963
Fresh properties Consistency Mortar flow EN 10153
Heat of hydration Isothermal calorimetry ASTM C1702
Compressive & Mortar strength BS EN 1961
flexure strength
Hardened and Microstructure Mercury intrusion none
durability porosimetry(MIP)
property
Hydrated phases Quantitative xray diffraction none
(QXRD)
Carbonation Accelerated carbonation BS 1881210
method for carbonation
resistance
Sulphate attack resistancg  Mortar bar expansion test | ASTM C1012
Alkali-silica reaction (ASR)| Accelerated mortar bar test ASTM
C1260/C1567
Chloride diffusion Accelerated diffusion tests| Nord Test 443
& CEN, TS
12390




1.3 Research layout

The thesis is divided into eight chapters and a brief overview of each chapter is

presented below:

Chapter 1 provides a brief description of the study backgroundgwess the
motivationfor undertaking of the research. The aim, objectives, strategy and layout
of theresearclplanare also presented in this chapter.

Chapter 2 a literature study has been perfornedthe stateof-the-art of the
ash classificationni terms of origin the source from which it has been derived), the
combustion technology and tlekeemical composition. The literature on the use and
the effect of biomass combustion on the properties of fly ashes and on the
performance of concrete usingete asheare also discussed in this chapter. A brief
review of the durability propertiesf concrete is giveim this chapter to provide the
background for discussion relating to the durability properties of biomass ash

concrete.

Chapter 3 presents the techniques usedcharacterize two types of wood
biomass fly ashes available in the Ukamely the Enhanced Pozzolanic Biomass
Ash (EBA) generated from Drax power statiand virgin wood biomass fly ash
(WBA) produced inLynemouthpower statbn. The chemical and physical properties
(particle size distribution, specific surface area and morphology) of these ashes are
investigated. The chemical compositions were evaluated against the requirements
specified in BS EN 450 and ASTM C618L2 for coafly ash. The strength activity
index method was used as an indirect method of evaluating the pozzolanic reactivity
of thetwo ashes.

Chapter 4 examines the influence of these ashes on -@ayty hydration
properties (water demand, setting time, heatyalration and workability), strength,
microstructure properties and hydrated phase development of mortar. Blended fly
ash cement pastes and mortars were prepared at cement replacement levels 10, 20
and 30% by weight of the total binder. A parallel invgatiion was also conducted

on coal fly ash (CFA) blended cement mortars by using the same cement
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replacement levels together with control specimens of mortar made with 100% OPC

cement for comparison.

Chapter 5 investigates the carbonatioesistanceof erhanced biomass ash
(EBA) concrete by the accelerated carbonation metAddtal of 9 concrete prism
of size (75 x 75 x 300 mm were cast for each mito determine thelepth of
carbonation, carbonatioshrinkageand drying shrinkage The carbonationdepth
samples wereured in water for 28 days after demoulding befxposireto 3- 4%
CO;at20 £ 2 °C and 5070% RH in a carbonation chamber up to one .yéae
carbonation and drying shriafe sgcimens were cured in water for 7 dagsdthen
they werecured in the laboratory air2Q + 2 °C, 50% RH. The carbonation
shrinkage specimens were put inside the carbonation chambeat 45 days age
together withthe carbonatiordepth samplesThe depth of carbonatigrcarbonation
and drying shrinkage were detenad at regular intervaland compared to coal fly
ash concrete and control OPC concrete designed for sstriégngth A discussion of
the results is given followed by the major outcomes of the investigation.

Chapter 6 comprises of two parts. HE first partexamines the sulphate
resistance of enhanced biomass fly asbrtas. The mortars were prepared at
cement replacement levels 10, 20 and 30% by weight of the total biddgamples
were cured in water at 20 until 28 daysgeto develop sfiicient strengthand then
immersed in5% sodium sulphate solutiorfor 420 days.The degree of sulphate
attack was evaluated by measuring the expansion of the mortars, the final weight
change, visual observation and the morpholofye second part of thishapter
investigates thenfluence of biomass fly ash on the expanstanseddue toalkali-
silica reaction ASR). Blended fly ash cement mortars containing 20% replacement
of cement by enhanced biomass fly ash (EBA) and wood biomass ash (EBA) were
examined. The samplegere preconditioned in water maintained at 80 °C inside an
oven for 24 hThey were subsequentlyansferred to a plastic container filled with
4% sodium hydroxide solution (NaOH) maintained at 80°C inside the oven. The

length change of mortar bars was periodically measured over 28 days of exposure.

A parallel investigation on coal fly ash (CFA) bleddeement mortars by using the

samecement replacement levedsid control specimens of mortar made with 100%
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OPC cement was also conducted for compariddre resultsare discussed and

relevant conclusions are given.

Chapter 7 investigates the physicallyand chemically bound chloride
diffusion propertiesor three concrete mixtures (20% EBA, 20% CFA and OPC). A
total of 10 slabgor each mix were cast in 250 x 250 x 75mm dimension polystyrene
moulds and cured in water for 28 days before long term perioesposure to 4%
sodium chloride solution. Accelerated chloride diffusion (bulk diffusion) test
procedures were used poovide rapidchloride ingress. The tests for physically and
chemically bound chlorides were conducted on 2 slabs of each concreté 90ix a
210,300 and 400 days of exposure to the chloride solution. Chemical analyses were
performed on the concrete powder collected at 825535, 50 and 65mm depths
from the surfaceexposedo the chloride solution. The remaining facethe slab
specimens were sealed with bitumen patot provide unidirectional chloride
diffusion. Chloride diffusion characteristics including the chloride diffusion profiles,
the equilibrium surface chloride concentratio)(@nd diffusion coefficient(Dc) for
acid-soluble and watesoluble chloride concentrations were determined by applying
Fick's second law of diffusion and performiray regression analys of the
experimental data. The results are then discussed in relation to the current and

previous work and relant conclusions are given.

Chapter 8 provides the overall conclusions derived from this study and gives

recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW

2.1. Introduction

This chaptepresens a review on the characteristics and properties of coal, biomass
and cecombustion fly asbsand their application in cement and concrete industries
including their impact on eardsge properties, strgth and durability. A brief
literature review on the aspects which are relevantheodurability properties

investigatedn this study isalsopresented ithis chapter

2.2. Ash classification

Fly ash isgenerallyclassifiedby its chemical composition, theurce from which it

has been derived, the combustion technology and the fotaoewhere it has been
collected It consists of a complex mixture of finely divided particles ttiffer in

their chemical compositions and physical characteristics. Theichleamd mineral
compositions of fly ash change its colour depending on the content of unburnt

carbon.
2.2.1. Coal fly ash

Coal iy ash is a fine powder resultifgpm coalcombustionin power stations. It is
defined by the American concrete institute (ACI)"#ee finely divided residue that
results from the combustion of ground or powdered coal that is transported by flue
gasses fronthe combustion zone to the particle removal sys{@ém'During the coal
combustion, two types of ashes can be obtained according to théraonehere

they arecollecied. About 20% of the ash is collected at the bottom of the furnace as
bottom ash whereas 80% is captured from utility boiéard iscalled fly ash. The
classification and properties of coal fly askpdnd on the type of coal burnt
(bituminous, sufbituminous, lignite) however, bituminous coal is the most

commorny used for energy productidg, 3].
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ASTM C 618 [1] standard classifies coal adtased on its chemical and physical
propertiesinto Class C and Class F. Class C (high calcium fly ashjaowsa high
amount of calcium oxide (CaO) and normally produced from burning sub
bituminous or lignite coal. This class has cementitious and pozzolanic properties.
Class F (low calcium fly ash), which has high level of silica and alumina
compound, is produced from bituminous coal burnifd]. The main difference
between Class F and Class C fly ash is inrtbalcium, silica, aluminand iron
content. In addition, the amount of alkalis (equivalent sodium and potassium) is

relatively higher in Class C than Clasf2f.

Generally, coal fly ash particles have predominasgiigerical shape either solid or
hollow spheres which allow flgsh to flow and blend easily in a concrete ik

The particle sizes of fly ash vary from lesanl P WR PRUH WKDQ
typical range of 74um to 5 um. The spherical shape of fly ash particles and their
extreme fineness have a beneficial effect on the workability of conf@ebg It's
suface area rarep from about 200 kg to 500 n/kg, andthe relative density
ranges between 1.9 and 28, 6]. It consists of a heterogeneous mix of crystalline
phases such as quartz (9iOmullite (3ALO; PSi0,) and hematite (R©s3) and
amorphous (glassy) phases which accdiantover 50% of coal fly ash. Many
elementsvhich exist in fly ash are usually expressed as the equivalent oXidese

are pimarily silica, alumina, iron, and calcium with minor constituents being
magnesium, sulphur, sodium, potassium, and caf®o4d]. The silica and alumina
are mainly derived from quartz and clay minerals while calcium is mostly from

calcium carbonate and calcium sulphates in [sjal

The chemical compositions 8 different types of coal fly ash previously analysed
in literature[7, 8] are listed inTable 2.1 It is clear that lignite and stlituminous
coal which produce Class C fly ash contain higher amount of calcium oxide and

sulphate than bituminow®al fly ash

13
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Table 2.1 The chemical compositions of coal fly ash according t@assilev et.al[7]

Element Range Type of ash

Bituminous (Av) Sub-bituminous(Av) Lignite (Av)

Class F Class C Class C
Sio, 32- 68 56.1 54.7 44.9
Al,03 11- 35 24.8 22.9 17.1
FeO; 0.8 16 7.6 5.3 10.8
CaO 0.4-28 4.9 7.1 13.1
MgO 0.34 1.6 21 2.5
K0 0.34 1.6 1.7 1.5
Na,O 0.09 3 0.8 1.1 0.5
SG; 0.3 14 2.2 4.1 8.6
P,Os 0.1-2 0.2 0.1 0.2
TiO, 0.6 2 1.2 1.0 0.8

2.2.2. Biomass fly ash

The term biomass is the name given to all living mattezarth. As a claskiomass
ashdiffers from coal ashes in their chemistry and mineralogy. Gégebiomass

ash is classifieciccording to the origimf the asiHorming matter in the biomass
which includesmaterialsof vegetable, animal or industrial origin. For instance,
biomassbased on vegetable origis divided into wood biomass such as wood
pelles and waste wood, agricultural biomasspresentig residues from food
processing such as olive and rice hu$Rs Qualitatively, the basic element
composition of biomass and coal is similar but differences can be found in the
content of individual elements and chemical compounds in these majedial$he
chemical composition of biomass abhsed on vegetable origin is based on the
chemical elements which are reqdiréor the plant to grow such as Carbon(C),
Hydrogen (H), Oxygen (O) and Nitrogen (N), which comes essentially from air and

water, in addition to some elementkich comefrom soil during plant growth such
14



as Silicon (Si).Someagriculturalwaste or herbaceis biomass fuelsuch asrice
husk ash have high silicon conte&t)(while some have high alkali metal content

such as wood adR].

Wood-based biomass is the only suitable souwvbé&ch can be fired in the large scale
pulverized coal boilex. Therefore, it is the primary type th@tburnt for electricity
generationin the world generally and in the UK specificalbgcausehe existing
coal power plants can be easily converted to either biomasscandoustion plants.
Thus, wood ash is the focus of this section.

Biomass firing tempetures are typically lower than coal firing temperatures
because biomass materials can have comparatively lower ash melting and fusion
temperatures depending on their composifi®fi.Combustion temperature of wood
inside the furnace governs bothe content and chemical compositioof the
resulting ah[11]. The combustion of wood at higher temperatlregond 1000°C
produces a lower amount of wood ask2¢b) and depends on many factors such as
the harvestingnethodand the contamination with soil. The main components are
Ca, K and Mg. Vassileet al [8, 12] summarized the chemical compositions of
wood ash from literature (Table2}. It shows that biomass ash hawide range of
chemical composition compared to thaga of coal fly ash shawnin Table 21. The

bulk of wood ash consists mainly of CaO, s#hd KO which accountor about
75-80% of it, whereas the alumina content is I¢% 13]. The presence of alkali
(potassium sodium) and chlorine metals in the biomass can adversely affect its
quality and cause slagging during combustitue to ash agglomeratidi4, 15]

The comlustion processes control the alkali concentration irbibemassash higher
combustion temperatures can leadatdecrease of alkalis vile the other major

elements remaialmost constant or increalis].

The combustion technology used in the thermal plantatsagnificant effect on the
physical properties of the resultirgsh. Wood biomass ash partickeg commonly
irregular in shape with lge average particle size and high surface area dueito the

porousstructure[3]. The censity of wood ash decreases with increasiregcarbon
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content[2]. The average patrticle size is 230 um, pH valuesb&tween 9 and 13.5
and specific gravity varies between 2260 and 2600 kg/m.

Table 2.2 The chemical compositions of wood biomass and -@@mbustion wood ashes according
to Vassilev etal. [8, 12]

Element Wood biomass Co-combustion coal and wood biomass

Range %  Wood ash (Av)% | Range %  Co-combustionwood (Av)%
Sio, 2-68 22.2 18-80 49.2
Al,O; 0.1-15 51 6-33 23.3
Fe,03 0.410 34 3-11 7.1
CaO 3-83 43 1-51 11.5
MgO 1-15 6.1 1-19 2.2
K,0 2-32 108 1-5 1.9
NaO 0.1-30 2.9 0.1-8 1.5
SG; 0.412 2.8 0.026 1.9
P,Os 0.7-13 35 0.0026 1.5
TiO, 0.061 0.3 0.1-2 1.1

2.2.3. Co-combustion coal and biomass fly ash

Co-combustion (cdiring) is the burning of more than one type of fuel
simultaneously. Cdiring coal and biomass can be a loast option for converting
biomassenergyto electricity efficiently by adding biomass as a partial substitute fuel

in high-efficiency coal boilersThis option offers several environmental benefits
such ageduced emissiornsf carbon dioxideThe suitability of biomass for efiring

with coal is because both biomass and coal are solid fuels and the equipment
designed to burn coal is able to use biomass as[9ellThe diversity and variable
amount of biomasburntwith coal in industrial processefect the characteristics of

the ash produceld0]. The effect of cefiring biomass with coabn the resultingash

composition and its properties is less understood compared to coal #ioaeh
16



The cofiring temperatures are lower than coal combustion alone (<1600°C) due to
the high moisture contents of some biomass fuels. The lower firing tetaps

might affect the composition of the ash derived from the coal fraction during co
firing compared to coabnly combustiori5]. Cofired fly ash particles are a mixture

of individual biomass fly ash particles and coal fly ash partidesyever, its
chemical and physical properties depend on the content of biomass fuel that is burnt
with coal[18]. It has been reported thaith up to 50% wood as a fuel, the resuit
co-combustion ash is slightly influenceand can meet the linmig values of
European standard BS EN4BI®] for coal fly ashwhile combustion of above 50%
wood with coal leads to more variation in the chemical composition of theingsult
co-combustion ash which mightifdao satisfy thdimits allowed for coal fly asii13].

The content of several components such as phosphor, potassium and calcium in the

fly ash will changaunder cecombustiorcompared to standard coal fly ash.

The chemical compositions of 2%-fired ashes, which were derived from-co
combustion of wood with coal att8 66% of the total fuel weights reported in the
literature [5, 8, 12] are compared withhe chemical composition of biomass ash
derived from wooeburning only in Table 2.3. It is clear that the chemical
composition of cdired wood ash differs from wood biomass ash @&ndhighly
affected bythe higher cdired percentage of coal compared tmrbass. Co-
combustion fly askshave a wide rangef Na,O, K,O and BOs contentshowever,

they are less vable than biomass fly ash.

2.3. Current Standards for Fly Ash Use in Concrete

The American standard ASTM &€.8[1] and European Standard BS EN45[19]

providethe specification for codly ashand raw or calcined natural pozzaddor

use in concreteThe use of biomass fly ash in cement and concrete production is
SURKLELWHG XQGHU $670 & VWDQGDUG ZKLFK GHILC
residue that results from the combustion of ground or powdered coal and that is
transported b | O X H J DheEWHOpéan Standa®lS EN 4501 currentlyapprove

the use of fly ash obtaindxy burning pulverized coatith co-combustion materials
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up to 20% of the total fughowever,pure biomass is still not included in this

standard

The mainchamical requirements$or coal fly ashspecified in theASTM C 618 [1]
and BS EN4501 [19] for construction purpose are presentedTable 23. The
chemicalrequirements stipulated S EN 45061 include additional limitgor co-
combustion fly ashcompared to ASTM (618 These additional requirements
includemaximum chloridefree calcium oxide @ntents maximum amount of alkalis

equivalentNaO)eqandtotal phosphate

There are no standards for-combustion and biomass fly ash, however, some co
combustion and biomass ashes can potentially satisfy the BS EN gji#xification

as will be discused in chapter Bection 3.3.1).

Table 2.3 Chemical requirements for fly ash in ASTM C618 and BS EN 45Q standards

Properties ASTM C 618 BSEN 4501
Class C Class F

™  6hk2AlLO;+ F&Os3) % 50 70 *70
Max % SQ 5 5 "3
Max % Moisture content 3 3 -

Max % Loss of ignition (LOI) 6 6 9

Max % (NaO)eq - - <5
Max % free CaO - - "10
Max % Total BOs - - "5
Max % (CI) - - "0.1
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2.4. Cement Hydration and the Effect of Fly Ash in

Cementitious Systems

2.4.1. Cement Hydration

The hydration reactianof the primarycompoundsof Portland cementyicalcium
silicate (C3S) and dicalciunsilicate (C,S), producecalcium silicate hydrategel (C-
S-H) and calciumhydroxide (CH)as shown in equations 2.1 and 2.2.

2C3 6 +  -&H + 3CH 2.1
2C, 6 + -&H+ CH 2.2

The two reactions are very similaut theC,S reactionproceeds much more slowly
andthe quantity of CHproduced by €S is lesgshanC3S. Calcium silicate hydrate
(C-S-H) is the main hydration produ¢hat accouns for mostof the volume of the
hydrated pastandis responsible for strength developmenal€dumhydroxide (CH
is the secondmost reaction producivhich occupes about 2625% of the paste
volume, however hte strengttcontribution of CH is much less thanSeH due to its
lower surface aredal’'he other compounds éfortlandcement tricalcium aluminate
(C3A) and tetracalcium aluminoferrie {&F) alo contribue to the hydration

reactiors as follows:

CsA +3 CSH+26H CsASzH 32 2.3
C/AF+3 CSH+21H  Cg AF SH 32+ AF H3 2.4

However, he rate of reaction for all compounds is differeéd§S hydrates rapidly
relative to the other cemenbmpoundsand is primarily responsible for the initial

concrete settingndstrength developmef20].

2.4.2. Effect of Fly Ash in Cementitious Systera (Pozzolanic Properties
of Fly Ash)

Fly ash is a pozzolanic material and its primary phasenorphous aluminailicate

with varying amounts of calcium. Its success as a raw materiakeictégment and
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concrete industry is mainly due to its pozzolanic properties. When mixed with
Portland cement and water, the amorphous alwsilitate in fly ash reacts
chemically with free limecalcium hydroxide (CH), released by the hydration of
cement, to produce additional calciwgilicate hydrates (&-H) and calcium

aluminate hydrates (8l-H) gels.

Some fly ashes which have higher amounts of calcium (i.e. Class C) are able to react
with water to produce hydrates in the absence of a source of cafgidroxide

which is provided by cement hydratioithese pozzolanic reactions increase the
quantity of the cementitious binder phaseS€l) which is responsible for most of

the compressive strengi®l]. The pozzolanic reaction ifosv at early agebut over

time it improves the longterm strength and permeability. The rate of pozzolanic
reaction depends on the chemical and physical properties of the fly ash. The
summation of primary oxide content (Si® Al, O3 + F&03), Fineness, morphous
(glass) content and surface area are important factors affecting the pozzolanic
reaction ratd22]. The pozzolanic reaction of fly ash becanedéfectiveat around 90

days and beyond veémthe mechanical and durability properties of the cetecshow

improvemen{4, 23, 24]

The pozzolanic behaviour of fly ash in mortar and concrete can be determined by
using different method# direct method of quantifying the pozzolanic behaviour is

to meaure the consumption of calciumydroxide Ca(OH), while indirect methods
measure the influence of the pozzolanic behaviouhephysical properéssuch as
compressive strengifactivity index) orelectrical conductivityof mortar or concrete

[25].

2.5. Coal, Biomass and Co-combustion Fly Ash Usage in

Concrete

Coal fly ashhas been effectively used to replace a portion of cement in concrete
production to reduce the environmental footprint of cement production addqe
durable concrete vareaghe majority (approximately 70%) of the biomdlysash is
disposed of in landfillsA limited amounis used a® soil supplement to improve the
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alkalinity of soil or in highways as filler material in road pavemé¢his 26] Recent
research2, 5, 2780] was performed to investigatee use ofco-combustion and

biomass fly asbsas a partial cement replacement material for concrete production
2.5.1. Effect of Fly Asheson Fresh Properties
2.5.1.1. Workability (flow) and water demand

It's well known that th@hysical properties afoal fly ashprovide a greatadvantage

in working with fresh concrete, where the spherical shapkly ash particles and

their extreme fineness have a beneficial effect on the workability of conGitete
greater the percentage fiy ash, the better the flow of concreteXdH WR WKH 3ED(
EHDULQJ Hhe tHRparRcles[4, 5, 20]A water reduction of 5% to 15% in
blended fly ash mixes compared to OPC mixes is achieved for the same workability
[31]. The high fineness and low carbon contentaofal fly ashreduce the water
demand of concrete and improve the cohesiveness of corjdietth contrast,
biomass fly asthasa negative impact on rheology as its physical propertitsrd

from coal fly ashSome studiehave shown that the inclusion of wood biomass fly
ash as a partial cement replacement resulted in high water demand to achieve a
standad level of cement consistey. The workability, measured by either slump or
mortar flow, was reduced[2, 5, 27, 30, 32] The water demand increases with
increasing level of cement replacement due to the high specific ateaioegular

shape and pous particles of wood biomass ash. For instance, Udoeyo Ei74l.
investigated the effect of wood waste fly ash on the workability of concrete
containing varying percentag®f wood waste fly ash compared to control OPC
concrete of the same water content. The replacement levels were from 5% to 30%
with a regular increment of 5% by weight of OPe slumpreducedfrom 62mm

for OPC concrete to Bim at 5% wood waste ash, 2rbn at 15% vood waste ash

and zero slump when the replacement level e)ad20%. Shearej5] examined the
influence of cecombustion coal biomass and pure biomass fly ashes on the flow of
blended mortars. The test results showed that mortar mixes wibnebustion and

biomass fly ashes had less flow compared to control OPC mortar.
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Biomass fly ashes can reduce the workability mowre than cecombustion fly

ashes due to their highater demanand irregular shapgarticlesmorphology
2.5.1.2. Setting time

The effect of coal fly ash on the setting time is well documented generally
agreed that class F fly ashes delay setting time whereas Class C fly ashes have mixed
effects on setting time depending their compaosition, amount and the reactivity of
the ghssy phasd33]. Similar behaviour was observed for-combustion and
biomass fly ashes from different souroebjch delayed the setting timempared to
plain cement3, 27, 29] The delay in setting time becomes more significant
increasiy the cement replacement levélsl]. The inclusion of wood waste ash
delays setting time due to the dilution effect (less cement content) whichs iasult
retardation of hydration as the wood fly ash is less reactive than cédmettte other
hand,Rajamma et al2, 34] have investigated the effect of two types of waste wood
biomass ash on fresh propertieéscluding setting time, of blended mixes. He
observed tht the inclusion of 10% wood waste ash lacteased theetting time
compared to control OPC mbut when substitution dosage of ash increatmve
20%, the setting time was shortenddhese apparerdccelerated setting timas high
dosagecan bedue todrying (stiffening) of the mortar mixture rather than initial
setting due to chemical reaction. This is due to the water adsofptitdme wood
biomass fly ash ands high carbon content whiclead to greater absorption thfe

mixing water leading to faslrying.

Shearer[5] has also reported an accelerati@lecrease)n initial setting timeby

more than 2.51s than the control OP@t 25% replacemerity wood biomass fly ash

in ablendedcementpaste. In contrashe observed a delgincreae)in setting time

in co-combustion biomass fly ash blended paste at the same level of cement
replacementThe coecombustion fly ash particles are a mixture of individual biomass
fly ash particles and coal fly agfarticles however, the resulting ecomhustion ash

is only slightly influenced when the content of biomasghe fuel is < 50% of the

total fuel. Therefore, ccombustion fly aslbehaves similarly to coal fly asin its

influence on setting time
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2.5.1.3. Heat of hydration

Portland cement hydratios divided into four stages, ahownin Figure2.1 [22,

35]. The first stage isigsolution periodCsS dissolution) which starts directly after
adding water and only takes fewmutes producing high amount of heat followed

by a slow reaction or inductioperiod (dormant stage) as illustrated by stage 2 in
figure 2.1.At the end of dormant period, the rate of hydration increases rapidly due
to the higher rate of 45 dissolution.This stage is known as acceleration period
(stage 3figure 2.1) and the initial setting of cement mostly occurs on the lower side
of this stage whereas the final setting occurs after reaching the maximum peak
(upper side of stage 3). The last stage ieldeation period which starts when the
reaction slows down after the maximum peak is reached. After 24 hours, the rate of
reaction becomes slow and continues until all free water is cong@Bletligh heat

of hydration can indicate high early strength but sometimes sesuliecreased
durability performancevhereasjower heat of hydration redasearly strengtrand

improveslong-term durability[5, 37].
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Figure 2.1 Portland cement hydration stages as a function of time given by isothermal

calorimetry measurements.

Stages 1 and 2, a slowdown in dissolot and induction period, stage 3 acceleration period and
stage 4 deceleration period.
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Measurement of hydration heat can gareindication of the reactions which occur
in the early age of cement hydration. Several methods have beeto imsedsure the
heda of hydration, however, calorimeter test methods (isothermal, adiabatic and

semtadiabatic) are the most common

The addition of supplementary cementitious matesgath as fly ash normally result
in slow hydration and low heat of hydrati¢88 #0]. Replacement of cement with
coal fly ash reduces the hydration heat due to the dilution effect of fly agh as
pozzolanic reaction is very slow at early addis occurs when less cement is
available for hydration due tits partialreplacement witlly ash. Limited research
has been conducted to investigate the impact of bioaskesdco-combustion coal
and biomass fly ash on tleatof hydration. Rajamma et gR, 32] found that the
hydration peak reduced and acceleratéghtly by incorporating two types of wood
waste biomasash at cement replacement levels2@and 30% compared to control
OPC mix. Thepeak acceleration was attributed to the high alkali and cldori
content of wood biomass fly ashésowever,the high water demandnd specific
surface are®af biomass fly asbsis alsothe likely reason as will be discussed in
chapter 4 (section 4.43).

Tkaczewska et a[4l, 42] investigated the efféaf cocombustion wood biomass
fly ash on thenheatof hydrationandfound that the blended emmbustion biomass
fly ash mixes retarded hydration of cement compared to coal fly Sighlar
behaviour was reported byhearer [5] for mixes corgining 25% cement
replacement by wood waste biomass anecammbustion biomass fly asheshe
variation between the resutt§ biomass and coombustion fly ashesould be due to
the differencesin their physical and chemical compositiorlowever, earlyage
hydration kinetics involve many simultaneous complex procesfsegdration in the
different compounds of cemeng.§. C3A, C3S) making it difficult to correlate the
hydrationresults with the chemical and physical properties of the a3hesefore,
moreresearch is needed to better understand the impact of biomass fly ash on the
earlyage hydration of cementitious systerdse to its physical and chemical

properties.
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2.5.2. Effect of Fly Asheson Hardenedand Durability Properties
2.5.2.1. Compressiveand flexural strength

Compressive strength is tmeost important property of concrete whichdirectly
related to the degree of hydration and the structure of the hardened material.
Structural design and specifications generally refer to 28 days compressive strength
Generdly, thereplacement of cement with fly ash reduces the early age stigngth

to 28 daysvhen thepozzolanic reaction is slow and improves the ldegn strength

[43, 44] The pozzolanic reactiomcreass the quantity ofC-S-H phase which is
responsible for most of the compressive strenigthwever,Class Cfly ash due to

its high GO contenthas more rapid strength gain at early age lassF whereas

the later contrbutes moreto long term strengtf#].

The chemical and physical properties of biomass fly @$érdrom coal fly ashand

its pozzolanicreactivity can be significantly less thaioal fly ashdependingon its

Si0O, and AbO; contents Several studies have investigated the compressive and
flexural strength of wood biomass fly ash mortar and cond&t0, 27, 29, 32]
There is a general agreement that the use of wood wastasashpartial cement
replacementreduces both compressive dtekural strength relative to control OPC.
Udoeyo et al[27] determined the compressive and flexural strength of concrete
made with waste wood ash from 5 to 30% cement replacement. He found that the
strength increases with age lolgcreasgwith the increase in the wood ash cante
However, the rate of flexural strength gain is slower than compressive strength rate.
Some sudies have shown tha0% sulstitution of cement withwood ash exibited
similar or higher 28 days compressive strength than the control OP@haneasat
redacementlevels higher than 10%the compressive strengtBdued [2, 30]. On

the other handAbdullahi[45] reported the compressive strengtBultsat 28 and 60

days age of wood ashconcreteat replacementpercentages 10, 20, 30, and 40%
compared to control OPC concreféhe results showed that ti@PC concretdad

the higrest compressive strengtlihe mixture containing 20%wvood ash had higher
strength than that containing 10% wood ash at 28 and 60 Alayacrease in wood

ash content beyond 20% resulted in a reduction in strength at 28 and 6(Hédays
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explained hatthe silica provided by 10%00d ash was inadequate to react with the
calcium hydroxideprovided by the hydration of cemenbut when substitution
dosage of ash increababove 200, the silica present in the mix was in excess of the
amount required to cobine with the calcium hydroxide

Co-combustion biomass fly ash has shown mixed behaviour with regard to strength
gain. Wang et al.[28], Jdhnson et al[46] and Sarabe [13] indicated that co
combustion biomass fly ask produced from wod pellets, switchgrass behave
similarly to coal fly ashwhich improves long-term strength compared to control
OPC.In contrast, Tkacewska et g1, 42] found mixed resultspne type of ce
combustion fly ash from wood biomass had a compressive strength lestasa R

coal fly ash mix and another type of-combustion fly asi{also from woodhad
higher strength compared to cladsdly ashand the control OPC at later age. The
variation in the combustion process and conditismsh as furnace temperatuwe

the type of coal which was used as a fughieco-combustion process could be the

reason for this outcome.

2.5.2.2. Microstructure and hydrated phase development

The pre structureof cementbased materialss one of the mosimportant factors
that influence thie physical mechanical and durabilifgropertiesThe porosityand
pore size distribution are the main parameters charaoigrine pore structure of
hydrated cement past®lany experimental methods have beesedto study the
microstructure angbhase development of cemératsed materials such &ercury
intrusion porosimetryMIP), Thermal analysi$TGA) and Xray diffraction(XRD).
MIP is the most widely used methdd measure theorosity andpore structure
whereasTGA andXRD techniques are used éstimatethe calcium hydroxidgCH)

contentwhich indicates the amount of&H gel produced.

The influence of coal fly asbn the porosity andpore structure of blended cement
pasteis well documented[47 £1]. The addition of fly ash gendha results in an
increag in early porosity compared to traditional OPC conceetd improvethe

long-termtransport properties of concrdt, 52, 53] The C-S-H gels produced by
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the mpzzolanic reaction of §l ash with calcium hydroxidgll in andrefine the pore

structure of cement padé9, 54]

Compared to the extensive rdsulvailable onthe hydration mechaisms and
microstructure ofcoal fly ash cement pasteand concretefew studies hawe
investigatedhe effect of biomass fly ash on thmicrostructureand hydrated phase
developmentof cement pastesShearer[5] conducted microstructural analyses
investpgate the effect of coombustionfly ash produced by coiustion of coal and
wood biomass,and pure woodbiomass fly ash orhe microstruaire development
of blendedcementmixescompared to coal fly asgdind control OPGt 7 and 90 days.
TGA data revealea@ steady increase talcium hydroxidg CH) content between 1
and 7 daysor both co-combustionandwood biomassfly ash sanplescompared to
the significant increase observed by OPC control. ugates that co-combustion
and wood biomass fly agiarticleshave not contributed to hydrationeactionat this
age.At 90 daysthe ceacombustion fly ash underwent a latgepozzdanic reaction
similar to coal fly ashand consumed a significant amount célcium hydroxide
(CH) relative to theplain control cement In contrast,the wood biomass ash
remained unreacted even at fafges and ultimately inhibited strength gdime to

the lack of pozzolanic reactivity

MIP analysesvereperformed by Rajammg] on two types of waste wood fly ash
blended cement pastes at cement replacement leve2® Hhd 30% of total weight.
The results showed that the total porosity of all blendedd fly ash samples is
higher thanthe control OPC. Ahough total porosity increases with increasing fly
ash replacement, the median pore diameter decrdassddition,the TGA curvesof
the same sampleshow that the intensity peaks of ttecium hydroxidgCH) in the

blendedfly ashpastesvere less thato that ofcontrol OPCcement paste

It is unclear from those studies whether the inclusion of biofinassh contributes

to therefining of pore structure of cement paste similar to coal fly ashegether

there is no visible coribution from the biomass flgshin terms of accelerating the
hydration process except that it acts more like a filler than as a binder. Therefore,

more research is needed this aspect.
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2.5.2.3. Durability of Concrete

The design of concrete structures is gelhetzased on the required strength while
the durability performance does not always receive similar attention at the design
stage.Low permeability and shrinkage are two performance characteristics that can
prolong the service life of concrete structimghen subjected to severe exposure
conditions. The ingressf ions, water and various deleterionsterials,which are

the origin of many forms of attack on concredecreases when the permeability of
concrete is lowFly ash can result in pore refinemerntedo the pozzolanic reaction
products,which canconsiderabl reduce the permeabilitghereby decreasing the
ingress of moisture, oxygen, Ghlorides and other harmful agents that affect the

durability of concrete.
2.5.2.3.1. Carbonation

Carbonation has been mgmized as one of the main causes of concrete deterioration
and reinforcement corrosiont occurs due to the diffusion of atmospheric LCO
through its pore system disselVin the pore solution and forming Hg@n. In the
presence of moistuyéhis ion rects with calcium hydroxide, Ca(Ok|)which is the
main product of cement hydration to form calcium carbq@a€Q, according to

the following euation[55, 56}

CO, + Ca(OH) CaCQ + H,0O 2.5

The calcium silicate hydrate get&H and the unreacted componengS@nd GS
can also react with CQand produce calcium carbonate and silica gel according to

thefollowing reactiond57]:

3CO+ CGSH 3CaCQ + 2SiO, + 3H,0 2.6
3CO+ GS 3CaCQ + H,OSIO, +H0 2.7
2CO+ C,S 2CaCQ + H,0SiG, +H20 2.8

The reaction of €5-H takes place in a similar way as carbonation of Caf®Hf) at

a slower rate because it is more dependent on Ca/Siamdidhe permeability of
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concrete. Therefore the reaction of Ca(@ky more crucial to the carbonation
procesg56, 58] The GS-H dissolve faster leading to a higher rate of carbonation

whensupplementary cementitious materials (SS&tg)incorporatetto concrete

There are several fac®that control the propagation of carbonation into concrete,
however, the main parameters are those controlling the diffusivity and the reactivity
of CO,with the binding pastas summarised in Figure 2.Zhe amount and type of
the hydration products @he binder influence their reaction products with,CtThe
diffusivity of CO, into concrete depends on the saturation level of itsspame
exposure conditions such as the concentration of, C€ative humidity and
temperatureFor instance, the poresliMbe filled with water at very high relative
humidity thereby prohibiting the diffusioaf CO,. On the other hand, insufficient
water will be available abw humidity to dissolve C® and support the carbonation
reaction.The highest rate of carbonatiogaction is achieved within the range of 50
70% relative humidity55, 59, 60] In addition, the carbonatiorate is affected by

the concentration of COn the atmosphere. The carbonation process is too slow
under the ambient conditions as the C€@ncentration in the atmosphere is
approximately 0.04% whereas under accelerated carbonation conditions (aedelerat

tests) the C@concentration exceed®b

Carbonation
Diffusively of CO2 Reactivity of CO2
Exposure conditions Pore System
-RH - Degree of hydration . .
- Temperature - Type and binder content Maturity of Gel Binder type

- COz Concentration - Wb ratio

b, e

Figure 2.2 Factors controlling the carbonation of cementitious materials, according to the
classification of FernandezBertos et al[55].
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The pore system of concrete depends upon the degree of hydration, water to binder
ratio and the type and content of binder. The depth of carbonation decreases when
the binder content in the concrete mix gses as the carbonation occurs only in the
binder gel.In addition, he depth of carbonation increases as the water to binder ratio
increases since higher water content leads to an increase in pqBdsitgl]
However, carbonation in concrete is a complex process which can not easily be
described due to the variation in its rate at differentsestwithin the same concrete

structure.

The phenolphthalein indicator method is the most popular method for measuring the
depth of carbonation of concrete which involves spraying of the solution on the

concrete surface® showa change in colouwhenthe gH becomes noslkaline[57].

x Carbonation Shrinkage

When hardened cement or concrete are exposed tatthesphere, drying and
carbonation occur simultaneously, resulting in combined volume chilogeever,

the mechanisms of drying and carbonation shrinkage are different. While drying
shrinkageis the volume change of hardened cement paste due to moisssie |
carbonation shrinkage is the irreversible volume change dihe éthemical reaction

with the carbon dioxide, CQin the atmosphel@2]. Carbonation reaction results in
shrinkage and cracking on the surface of concdeie to stresses induced in the
cementitious matrix. When calciucarbonate is formed, the total porosity in the
carbonated zone is reduced causing differential shrinkage between the carbonated
and uncarbonated zones. Unlike drying shrinkage, the mechanism of carbonation
shrinkage is still poorly understood as the cadimn shrinkage results in mass gain
rather than mass loss due to the formation of calcium carbonate ;Oa0&h et al.

[59, 63] suggested that carbonation shrinkage ispacial case of decalcification
shrinkage that occurs when the Ca/Si ratio of tH& I gel is reduced below 1.2. On

the other hand, Swenson and Ser¢®d] suggested that carbonation shrinkage
occurs due to a gradient of moisture conteithiw the calcium carbonate, CagO

passivation layer which forms around carbonated calcium hydroxa({@©HJ,.
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However,the magnitude of carbonation shrinkage in concrete is small compared to

long term drying shrinkage.
x Effect of Fly Ash on Carbonation Resgstance

The incorporation of supplementary cementitious materials (SSMs) including fly ash
in concrete improves properties such as strefigtfy-term)and shrinkage. However,

the influence of fly ash on carbonation is controversial. In OPC concreteHEagO

the main product of cement hydration and the depth of carbonation is limited by the
quantity of Ca(OH) available to react with CO The quantity of Ca(OH) will
decrease in blended fly ash concrete due to the lower amount of cement and its
pozzohnic reaction with fly ash which reduces its resistance against carboj@tjon

64]. The consumption of free lime Ca(QHY highly influenced by the pozzolanic
activity of fly ash.

Studies focusing on the influence of fly ash on carbonation resistance are limited in
comparison with the extensive research that has been conducted on the carbonation
of OPC concrete. There is no general agreement between researchersr wheth
incorporation of fly ash in concrete reduces its carbonation Patpadakig61]
investigated the effect of high and low calcium fly ashes on the carbonation
behaviour of fly ash concrete at replacement level of200and 30% by weight of

the binder. He found that the carbonation depth increases with increasing cement
replacement by both ashes, but when the fly ash was usedfias aggregate
replacement, the carbonation depth decreased because the binder cordased.

Other studiesaportcontradictory results with regard to the carbonation of concrete
made with fly ash. Hussain et db6] have conductec& comparative study of
accelerated carbonation of plain cement and fly ash concrete with various dosages of
fly ash from 10% to 70% replacement by weight. They found that fly ash concrete
shows similar resistance against carbonation as the control ORCetsonvhen
designed for the same water/binder ra#itis [65] also reported that fly ash concrete,
made with 50% cement replacement and lower water/binder ratio than OPC concrete,
showed lower or comparable carbonation degshOPC concrete. According to
Venkat andMeena[57], the carbonation depth of high volume fly ash concrete is

similar to the carbonation depttf oontrol OPC concrete after 90 days of £O
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exposure. Literature survey{60] reviewedthe studies which have been undertaken
since 1968 on the effect of fly ash on carbonation of concrete. They found 65% of
the studies reported that fly askhduces the carbonation resistance of concrete
compared to OPC concrete mainly due to the lower content of Ca(€dylting

from the pozzolanic reactiowhich consume<Ca(OH). In contrast, 4% of the
studies recorded lower carbonation rate of fly ash meovhich was attributed to

its denser hardened structure, 5% reported no change, 13% reported varying results
(increase and decrease) and 13% of these studies there is no reference OPC mix to
compare.The variation in the test conditions in terms of tenapure, relative
humidity and CQ concentration (natural or accelerated) in addition to the mix
design, curing duration and fly ash content are the main factors responsible for these
outcomes. From earlier studjes was shown that the strength of conerecuring

period and C@content have direct influence on carbonation. The curing period has
direct impact on permeability, strength of concrete and consequently depth of
carbonation. The increase in curing period increases strength of concrete and
decreaes depth of carbonation. Furthermore, it was observed that carbonation depth
is increased when the G@oncentration is high. In addition,it has been reported that
low-strength fly ash concrete carbonates more than conventional OPC concrete of
similar stength whereas higstrength fly ash concrete shows similar rate of
carbonation to OPC concrete designed for the same stii@igth

These observations suggest that incorporating fly ash as a cement replacement
requires careful consideration in the design of concrete mixes and proper curing in

order to produce fly ash concrete of similar carbonation resist® OPC concrete.

There has been little research on the carbonation of bionrass-combustion
biomassfly ashbased concretdRamos et al[66] have investigated the carbonation
resistance of mortar samples containing 10% and 20% wood waste ash compared to
control OPC sample. The specimens were water curetéfdiays (20°C: 2°C and

RH = 100%) and then transferred to a chamber at 2022C and 50% 5% RH

until 28 daysto reach moisture equilibriunspecimens were then exposed % 5

0.1% carbon dioxide, RH = €0 £+ 5% and tempature 23C = 3°C, in an
acceleated carbonation chamber for 30 dayBhe results showed that the
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carbonation depth for bhdedwood waste asbhement mixtures was greater than for
the control OPCmixture It was found thathe depth of carbonation increases along
with the increase in wood waste fly ash contdite increase in carbonation depth
could be due to the reductioh©@a(OH) caused byhe pozzolanic reactiarhowever,
theduration of carbonation process (30days) is too shgtdweidea clear picture of

the effect of biomass ash on carbonation.

Chee and Ramli67] investigated the effect of partial replacement of cement with
high calcium wood ash (HCWA) on the carbonation resistance of concrete. They
indicae that inclusion of 5% of HCWA in blended cement mortar reduced the
carbonation depth compared to control OPC while it increased at replacement level
from 10 to 25%. No previous research has examined the impactambustion
biomass fly ash on carbon&n resistance.Therefore research is needed to
determine if these types of fly ashes can be used to improve the carbonation

resistance of concrete.
2.5.2.3.2. Sulphate Attack

Sulphate attack on concretecurswhen environmental sulphate (from watswil or
seaweer) penetrates the concrete structi®edium, potassium and magnesium are
the main sources of sulphate ionstle soil while calcium sulphates are the main
sulphate ions in groundwater. Solid sulphate salts are harmless to concrete unless
they are presde in solution. Sulphate damage manifests itself in several ways
depending on which of the following chemical processes occur and are dominant.
Sulphates can combine with soluble calcium hydroxide and calcium silicate hydrate
in the presence of water torfo gypsum (CaSg§) and/or react with calcium
aluminate hydrate to form ettringite #&£3CaSQ.32H,0). The volume of resulting
gypsum and ettringite is higher than the volume of its initial components, therefore,
their formation causes large expansion whidhy lead to cracking, spalling and loss

of strength[31, 684#0]. However, not all sulphates react with all cerdessed
materials’' phases. For instansedium sulphate reacts only with calcium hydroxide
and calcium aluminate hydrate whereas magnesium sulphate can directly attack
calcium silicate hydrat¢C-S-H) in addition to calcium hydroxidéCa(OH)) and

calcium aluminate hydratC-Al-H). Thereforemagnesium sulphate attack is more
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severe than any other type of sulphates as it causes loss of strength and adhesion of

cement paste due to decalcification of calcium silicate hy{iBaie

The reaction of sodium sulphate with calcium hydroxide and calcium aluminate
hydrate can be expressed as follpids$:

Ca(OH}+ N& SOr.10 HO —> CaSQ. 2H,0 +2 NaOH + 8H,0 29

2(3Ca0.Ay03.12H,0) + 3 (NaSOy.10H,0)———>

3Ca0.Ab03.3CaSQ.31H,0 + 2AI(OH)3+6 NaOH+17 HO 2.10

The reaction of magnesium sulphate with calcium silicate hyasas@own in the

following formula:

3Ca0.2SiQag + MgSQ.7H,O0 ——> CaSgH,0 + Mg(OH)y + SiG,.aq 211

It is generally agreed that the type of cement, reflected by the content of components
that contribute to sulphate reactiongsA@nd C&), permeability of concrete and the
concentration of sulphate solution are the main factors affecting the rate of sulphate
attack. Higher A and CaO contents in cement lead to more sulphate re@¢gpn
Moreover, the more permeable the cate, the more sulphate ions can penetrate
leading to higher rate of sulphate attack. In addition, sulphate attack depends upon
the concentration and type of sulphate solution (i.e. sodium, magnesium) to which
the concrete is exposed. Park et[@B] found that the expansion ofR@C mortar
samples exposed to Isodum sulphate was about 75% higher than the expansion
of samples immersed in magnesium sulphate with the same concerdss@aium
sulphate In contrast, the samples immersed in magnesium sulphate suffered a large
strength loss accompanied by a significaeduction in weight compared to the
samples immersed in sodium sulphal®is indicates that the mode of attack is
different between sodium and magnesium sulpbaposurevhich suggest that the

type and the concentration of sulphate ions play an importdée incontrolling the

sulphate attack.
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x Influence of Fly Ash on Sulphate Resistance

It is recognized that incorporation of pozzolanic matesakh as fly ash, silica fume
and blast furnace sldag concrete production improves sulphate resistanbereity
lowering GA and CaO content in the blended binder or reducing the permeability.
Early work conducted by Dimic and Drolj¢2] reported that the sulphate resistance

of concrete is highly affected by the amount of tricalcium alumingfg(C

Fly ash is generallknown to be effective in reducing sulphate attack on concrete
due tothe pozzolanic reaction which consumes Ca(@k)wever, high calcium fly
ash has shown to bless effectivein resisting sulphate attack compared to low
calciumfly ash Tikalsky and Carrasquillfr4] reported thiaconcrete withfly ashof
calcium oxide CaO) contentgreater than 20% was moseisceptible to sulphate
attack than fly ash withkess than 10% calcium oxide. Duns{@b] has reported that
the resistance of fly ash concrete to sulphate attack (up to 25% replacemabrislev
a function of calcium and iron conteot the fly ashand can be identified by using
simple resistance factor "R" given in the following equation.

Y2 O E9

4 L GE? 212

Dunstan found that values of R < 1.5 increase sulphateamsistvhereas values >3
decreasehe sulphate resistance. However, other studi@s71] argued that this
factor was insufficient to determine the sulphate resistance of fly ash concrete and
only the actual fly ds content could improve the sulphate resistafite validity of

factor R to concretes made with biomass fly ash requires investigation and it will be

discussed in chapter(6ection 61.3.1).

Compared to coal fly asbn which significant research has beelone, there has
been little research aulphate resistanad concrete made with biomass cofired
biomassfly ash and their effect is still unclea@ne study found that mortars made
with co-combustion bituminous coal and biomass fly ash exhibite@dsesistance
to sulphate attack than the mortars made with coal fly [@6h Rajamma|2]
reported work on the sulphate resistance of mortars made with two types of wood
waste biomass fly asls at various cement replacement levels, exposed to
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combinaion of 5% magnesium sulphate and 5% sodium sulphate solution up to one
year. The two ashes have different chemical composition and provide different
porosity of the mortars. He found that the expansion due to sulphate attack increases
with increasing contd of bothbiomassfly ashes. He attributed that to the higher
porosity of both biomass fly ash mortars compared to control OPC mortar. The
results also indicated that higher carbon content and high porosity of the fly ash leads
to a higher rate of detemation. Shearef5] also reported that biomass fly ash is
ineffective in mitigating the expansion caused by sulphate attack due to a lack of
pozzolanicity (low content of silica and aluminbfowever, the current literature of
biomass fly ashprovidesinconclusive information on the sulphate resistance of
biomass ash mortar or concrete and, therefore, more research is needed on this

subject.

2.5.2.3.3. Chloride Ingressin Concrete

The highly alkaline environment of concrete provides a passive layee®utface

of steel barswhich protects the steel reinforcement from corrosiblowever,
chloride ions can diffuse into concrete through its pore water and atiagiasive
layer. When chloride ions penetrate into concrete from an environmental solution,
they can be either captured by the hydration products (physically and chemically
bound chloride) or stay free in the pore solution (free chloride). The summation of
bound chloride and free chloride gives the total chloride as shokigure 2.3.

Total Chloride

Free Chloride Bound Chloride
) |
| i 1

Chemically Physically Bound
Bound - .

Figure 2.3 The presence of chloride in concrete
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The free and bound chlorides normally exist together and maintain chemical
equilibrium. The proportion of bound chloride present in the total chloride in
conventionalOPC concrete varies from 80% to 65% which means that the majority
of total chloride ichemicallybound to the hydration products or physically attached

to the surface of <G-H gel rather than dissolved in the pore soluffi.

The chemically bound chloride (aesbluble) is a result of the reaction between the
chloride ions with urhydrated GA and GAF to form Friedel's salt
(CaAIl206.CaCh.10H,0) and calcium chloroferritd CasFe0s.CaChb.10H,0). The
physically bound chloride (watesoluble) occurs due to the adsorption of chloride on
the surface of €-H gel. Thereforethe chemical binding bchloride in cementitious
systems is dominated by the content eA@nd GAF while the physical chloride
binding is controlled by the amount of-&H gel [77, 78] Chemically bound
chloride (acidsoluble)represents most of the chloride in convenal OPC concrete
andin current practicethe acidsoluble chloride valueare usedn the longterm

prediction model$or chloride ingress in concrefé9 82].

Bound chloride reduces the quantity of free chloride in tbee psolution and,
therefore, reduces the risk mdinforcementcorrosion[83]. Free chloride can be a
major durability problem only when its concentration exceeds a critical limit (known
as a threshold) at the surface of the embedded steel. The limits of threshold, usually
expressed as the percentage of chloride by mass of the binder, vary for different
types of concrete For example,the maximum corrosion thresholdhloride
concentration is 0.4% by mass of cement for reinforced concrete and 1% for non
reinforced concrete as given in the standard BS2BH [84]. Although the free
chloride is considered to be responsible for initiating corrosion, determining its value
by pore solution extraction under pressure is more difficult than conducting the total
chloride content analyses by the as@ublemethod[85]. In practice, extraction of

pore fluid requires special equipment and it is often not possible to obtain sufficient
pore solution from ancrete especially from cores obtained from concrete structures
in the field which have inadequate moisture to release the pore fluid under pressure.
In addition, this methodis unsuitable foractual structures due to the practical

difficulties of obtainirg concretecoresfor pore fluid extractionlt has been noted
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that the use of this method is inaccurate and may overestimate the free ¢BEjride
The state of moisture (degree of saturation of pores) indherete affects thealue

of free chloride concentration. Glass and Buen{8Id have provided evidence of
the errors assimated with the use of poruid extraction method. Therefore, in
practical situations, a relationship between free @maimncally bound écid-soluble)
chloridesis requiredsince acidgsoluble chloride is specified istandardBS EN
14629[79] for the design of concrete structures against reinforcement corrosion
Some researchers have used the wstduble chloride determined by dissolving the
concrete powder in water (tests for physically bound chloride) measure ofree

chloride concentratiof88 01].

Incorporation of supplementary cementitious materials (SCMs), such as fly ash, slag,
silica fume has a significant impact on the resist of concrete tochloride
diffusion. Their dfect on chloride binding is varied due to the differences in their
chemical composition and physical properties which theyaitio concrete. For
instance, fly ash and ground granulated blast furnace(&€&®BS) generally show
increased chloride bindingapacity due to their relatively high reactive @4
contents while a lower chloride binding capacity is observed when silica fume is
used due to its low AD; content[78, 92] Coal fly ash reduces thigee chloride
ingress as chlorides chemically bind to fhyeash hydratesdue toits high alumira
content The increase aéement replacement wifty ash in concrete tricestherate

of chloride ion penetration androvides greater protection tteel corrosion in
concrete[83, 93, 94]

Existing literature lacks comprehensive datathe impact of biomass fly ash on
chloride ingress in concrete; only lited data are available based on rapid chloride
permeability (RCPT) testvhich showed lower chloride permeability than control
OPC concretd5, 11, 95] However, the rapid chloride permeability test does not
provide direct information on the chloride diffusion parameters of concrete which
are required for the design and maintenance of concrete structure against
reinforcement corrosion.In addition, rapid chloride permeability test is not
recommended to evaluate chloride pesimigy of concrete incorporating

supplementary cementing materi@g&CMsg. This is because it is a measurement of
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the electrical conductivity o€oncrete, which depends on both pore structure and
composition of the pore solutiomhich can change due to the addition of SCMs
Analyses based on published results have indicated that the replacerReritaoid
cement withSCMscan reduce the electricebnductivity of concrete more than%0
due to the change in pore solution composition in the conf@éjeTherefore,the

bulk chloride diffusiontestmethod fordirectly determining the basiparameters of
the diffusion process was used in this researofect, whichinvolved the longerm

exposure of test specimens in a chloride solution
x Chloride Ingressand Transport Mechanism

Chloride penetrates into the concrete matrix by a combination of mechanisms such
as absorption by capillary suction, permeation due to hydrostatic pressure and
diffusion caused by the differences in chloride concentration withincomerete
parts[97, 98] The predominant mechanism is controlled by the environment to
which the concrete is exposed as shown in Teble Among these three
mechanisms, only diffusion can bring chloride ions up to the level of stexthiztae
concrete as the effect @bsorption is usually limited to a shallow region and
permeatioroccursrardy [97, 99] Also in submerged areas where permeation occurs,
the availability of oxygen téuel the corrosion reaction may be reduced due to lower

oxygen diffusion rates isubmerged structures.

The rate of ingress of chlorides into concrete is mainly dependent on the pore
structure of concrete which is in turn controlled by other factors such as water to
binder ratio, the binder content, the lumion of supplementary cementitious
materialsand the degree of hydration. However, other external factors such as curing
condition, duration of exposure, temperatanel the degree of saturation also control
the transport of chloride iorf87, 99] When the concrete is fully saturated (the case
of the current study),the chloride moves from the high concentration medium
(chloride solution)towards the lowr concentration medium (concrete) to reach

equilibrium, representing the predominant diffusion mechaf@8n99]
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Table 2.4 Chloride transport mechanisms for various marine exposure conditiorj$00]

Exposure Example of structure Primary(predominant)
condition transport mechanism
Substructures below low tide Diffusion
Submerged
Basement exterior walls or transport Permeation, diffusion and Wick'
tunnel liners below tide. action
Tidal Superstuctures in tidal zone Capillary absorption and diffusior

Splash & spray

Superstructures above high tide in th Capillary absorption and diffusiol
open sea (also carbonation)

Coastal

land-based structures in coastal Capillary absorption (alsc
carbonation)
area or superstructures above

high tide in river estuary

X Chloride Diffusion

The response of concrete to chloride exposure is described by its chloride diffusion

profiles. The chloride diffusion coefficienDc, and surface chloride concentration

Co, are the main parameters used to assess the resistance of concrete to long term

chloride ingress.

Fick's second law of diffusion, represented by equath®3 and 2.14has been

proposed by Collepardi et.gll01] as a suitable model for chloride diffusiom

concrete:

ELANI 2.13
¢ lé~
Cxp=Co SF A N%A’? 2.14
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Where: C(x,t) ighe chloride concentration (% by weight of binder) at distance x and
exposure time t; x is the distance from the concrete surface (m); t is the time
(seconds); Dc is the diffusion coefficients); G is the chloride concentration (%

by weight of binderon the concrete surface and erf is the error function.

The equation2.14 assumes that the values of Dc angla€ constant during the
chloride exposure periothowever other studies have proven that these values vary
with time[82, 102, 103]

Mangat etl. [102] have proposed the following power function:
Dc=D.t" 2.15

Where: Dc is the diffusion coefficient at time t; B the diffusion coefficient ata

reference time and m is the age factor.

By introducing the time dependencytbe diffusion coefficient Dc (equatiah 15
into Fick's second law (equati@il4), the following equation is obtaingd?2]:

Coup= Co 5 F ANIB——= WP 2.16

¥:-79;

Equation 2.15 can be used to predict loitgrm chloride diffusion coefficient while
equation2.16 predicts the chloride concentration profiles in concrete by knowing the

values of m, gand D.

Similarly, the timedependent g£has ben shown to be proportional the square
root of chloride exposure peri¢tlo4, 105]as given in the following equation:

Col %E GVPF R= 2.17

Where C; and t are reference surface chloride concentration and refert@nee
respectively k is the age factor influencing the lotgrm surface chloride

concentationsandCg is the chloride concentration on the concrete suidatme t
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Many studies have been conducted on chloride ingress in céased materials
under different marine exposure conditions to determine their chloride diffusion
coefficiens Dc at different periods of exposuia order to quantify the chloride
ingressrate in concrete[99, 102, 106, 107]Table 25 shows a wide range of Dc
values determined by various methods for seveoalciete mixesThese values
rance betweenlx 10*?to 52.3x 10*?m?s .The table covers a wide range of mixes
with w/c ratics varying from 0.4 to 0.65 and differembncentrations of salt solution
exposurs. These values indicate that the Dc deeaomd ®veral factors such as the

type of binder, W/B ratio, the exposure condition and the test method.

For example, Polder[106] determined the Dc values of different fly ash concrete
mixes from experimental results up to 14 wedken he applied an empirical model
to predict Dc value at 1.5 yeaA higher chloride diffusion coefficieraf 52.3 x10"
m?/s is determinedn fibre reinforced concretafter 28days of exposure to wet/dry
cycles in the laboratorywith high salt conentration The higher Dc valués due to
the high wi/c ratio of 0.58 which makes the concrete more permeable. However, the
diffusion coefficient decreased to X' m?%s after 270 days exposure period
whereas the surface chloride concentration increasad 0.32% to 0.85% by
weight of the binder between 28 and 270 days of exposure d&6afi A higher
binder content and longer duration of exposure retitbe chloride diffusion
coefficientto 6.13x10%*m?/s at 154 days exposuamdto 2.81 x10¥m?/s at 1250
days[107]. Chalee et.al108] reported lower chloride diffusion coefficieridc, and
surface chloride concentratioy, in reinforced fly ash concrete compared to control
OPC concrete after 7 years exposure to hot and-tughdity climate marine

conditions as shown in Figure42.
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B cement type I @ 25%-fly ash A 35%-fly ash O 50%-fly ash
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Figure 2.4 The fitting curve of the SO OXWLRQ RI )LFNfV VHFRQG ODZ RQ FKORUL(
in concrete with a W/B ratio of 0.65 at #year exposurg108]
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Table2.5 Chloride diffusion coefficienbc values as Published in literature

Dc x10% w/C Curing Author Concrete type & Environment
(m?s) ratio age
1.1-4 0.4-0.54 | 1-14 weeks| R.B.Poldef{106] | Fly ash concrete exposed to salt/c
cycle
25 0.43 1.5 year
15.3-0.42 | 0.440.68 | 2-10 years | Thomas Fly ash concrete exposed to tic
&Matthews [109] | zone of BRE marie site
3.651.19 | 0.5 2 Months | Zhang &Gjorv Theoretical analysis of concre
[110] under RCPT test
52.310 0.58 28270 Mangat& Molloy | Steel fibre reinforced concret
days [102] exposed to wet/dry cycle
2.270.36 | - 28180 Mangat & Concrete repair materials
days Limbachiya[111] | immersed in 175g of NaCl per 1
of water solution in laboratory
6.132.81 | 0.4 1541250 Mangat& Steel fibre reinfozed concrete
days Gurusamy{107] under marine exposure
7.1-0.8 0.450.65 | 7 years W.Chalee et.al Reinforced fly ash concret
[108] exposed to hot and high humidi
climate in marine condition
7.325 0.486 55270 Mangat Concrete under bulk diffusion te:
days & Ojedokun[81] immersed in 5% Nal solution in
laboratory
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2.5.2.3.4. Alkali silica reaction (ASR)

The alkalis present inoncrete pore solutigrwhich is dominated bia, K, and OH
(with minor amounts of Ca)yeacts with the silica present in aggregates causing
expansive reactionsn the prasence of sufficient moistureThe product of the
reaction isan alkaltsilica gel composed of Na, K, Ca, and Sielgel imbibes water
from the surrounding cement paséxpandsand &entually the swelling pressures
may exceed the tensile strength of ther@unding paste ancdausecracking of the
concretewhich can in turn cause failuf@1214]. ASR affects many structures

worldwide, including major dams and bridges.

ASR was first identifiedoy Stanton in the early 1940s in California (US#)en he
noticed that the camete pavement and bridges in the Salinas Valley were failing due
to cracking caused by expansive expansion. He recognized for the firsthame
alkalis, Na and K, in the paste combined with silica inabgregate in a deleterious

reactionwhich causedracking[115].

Thefollowing is thesimplest equation which caaepresent thASR:
Silicon dioxide + Alkali Hydroxide——— Alkali-Silicagel + Water

4 Si+ 2R OH—— > R3SisOg + H,0 2.18
Where: R is sodium Na or potassiumK.

Alkali oxides such as O and NaO are identified as the most significant
contributors to ASR expansion. Cement is the major source of alkabriarete;
however, other concrete ingredients such as aggeegaster and SMs may

contain a certain amount of alkali and can contribute significantly to ASR damage.

Alkali released from cemems described athe WRWDO PDVV Rl 3HTXLYDO
R [L G H %0)ety,Bvhich is determined from the followikguation[116, 117]

(NaO)eq (%) = NaO (%) + 0.658,0 (%) 2.19

Where: the constar.658 represents the atomic mass ratioN#O (62.0 g/mol)
overK,0 (94.2 g/mol).
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Alkali has the ability tareact withboth crystalline and amorphous silica to form
alkali dlicate gel. With crystallinesilica, the produced gabccupesgreater volume
than the volume of the reactaifssvellinggel) whereas amorphous silica reacts more
readily with alkali with little or no net expansignon-swelling gel). The expansion
of corcrete depends on the type of reaction products, i.e. swelling-sikedi gel or
nonswelling limealkali-silica gel.The expansion will occur only when the swelling
alkali-silica gel is formedThe calcium, Ca ion concentration in concrete controls
theformation of the type of reaction produtiscause iteacs with both amorphous
and crystalline silicaThe calcium reactions with amorphous silica decrease the
reaction rates of amorphous silica witie alkali, therefore, ASR reactions tend to
increase with increasing calcium contentHowever, the ASR reaction with
crystalline silicais slow, which is the reason that ASRmagecommonly requirs

20 or more years to become evidgit

The reactivity of silica depends on the crystal structure rather than its chemical
composition. For instangeoth quartz and opal are silica minerals that have similar
chemical composition, however, opal has a denser structwsicafsphees and is
highly reactive whereaquartzhas a welordered crystal structure of silica arsd

very stablgless reactive)n concrete at normal temperat(it4.8].

The silica is not directly attacked by the alkali metal Na anth& first stage ofhe
alkali-silica reaction is the reaction betwetre hydroxyl ions (OH) in the pore
soluion and reactive silica in the aggregalde alkalis contribute initially to the
high concentration of hydroxyl ions in solution and later to the formation of an

expansive alkalsilica gel[112, 119]

Two main testsare used to screen aggregates for potential abiatia reactivity,
ASTM C 1260[120] and ASTM C 1293121]. Both are accelerated tethat put the
material inaggressiveonditionsto increase the rate of reaction compared to the rate
that would occur in the field. In ASTM C 1260, the reaction accelerated by exposing
the mortar sample to Higtemperatur¢80°C) and high concentration of hydroxide
(1IN NaOH for 14 days The length difference of the specimens between 1 day and
14 days indicates the expansion percentage ofpleeimenswhere expansion of

less thans 0.1% innocuous0.1- 0.2%representpotentially deleteriouASR; more
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than 0.2%representsleleteriousASR attack In contrast ASTM C 1290 uses high
alkali cement(total alkali content 1.25%)r alternativelyalkalinity is increased by
adding sodium hydroxigé&NaOH, to the mixingwater of concrete to obtain the alkali
content required by this testhe concreteest samples are stored in an airtight
container at 38C and 95% RHThe aggregate is ceitlered potentially reactivié
the expansion percentage of t@ncretespecimensat an age of one yeaxceeds
0.04% Although ASTM C 1290test has less aggressive conditiorflewer
concentration of hydroxide and lower temperattinen ASTM C 1260, it requires a
year to complete. Thu#ccelerated mortar bar te#ASTM C 1260 is predfrred due

to its time effectiveneq4.22].
x The effect of fly ash on ASR

The use of SCM such as fly ash, slags and silica fumeshegnshown to suppress
the expansion due to ASR in accelerated laboratory testasus8TM C1260/1567
and ASTM C1293 and even in field exposure tgs28, 124] Different mechanisms
have been proposed for mitigatiah ASR by fly ash such aseduction in pore
solution alkalinity redudion in the availability of calciumandrefinement ofthe pore
structure thus reducing permeability and retarding ions transfer of congr2fet
128]. However, the primaryole of fly ash in minimizing the deleterious expansion
due to ASR is mainlattributed tothe reduction in pore sotion alkalinity by alkali
dilution and bindingof the alkalis in the hydration produdts26]. The dfect of fly
ashon the alkalis available in solution depsmh the composition of the ash, level
of replacement and alkali content of the cem@20]. A fly ash is ineffective in
depressing ASR expansioh its buffering effect cannot reduce tladkali content

below the limits at which certain reactive aggregates undergo significanfl23R

During cement hydratigra certain amount of alkali ions can be released into the
pore solutionWhen fly ash is usd as a replacement of cemehe total alkalis in

the mix reducegdilution effect)thereby mitigates ASR. The silica present in the fly
ash reacts with the alkalis present in cement to forrmaexpansive calciuralkali-
silica ge] thus, reducingthe free alkalisavailableto react with the aggregates.
Binding the alkalis in the hydration products tife cementfly ash system is

controlled by CaO content of the fly ashhe binding increass as the calcium
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content decrease. Lewalcium fly ashes are me effective at increasing the alkali
binding capacity of €5-H than high calcium fly ashes, therefore, the availability of
alkalis for ASR increases when high calcium fly ashes are U6 130] The
inferior performanceof high calcium fly ashess largely dueto differences in the
pore solution chemistrgf concretes withow or highcalciumfly ash[130]. C S
hydratewith a low Ca/Si raticare able to retain more alkalis (Na+K) compared to
hydrates of higher lime to silica Ca/Si rati@asseret al.[118, 131]explairedthe
differences in alkali absorptioof C 4544 which is dependent on the Ca/Si ratio. At
high ratios the charge is positive and thef:H tends to repel cations. As the Ca/Si

ratio decreases the positive charge reduces becoming negative at low CalSi ratios

Both pozzolanic reactioand alkalisilica reaction can simultaneously take plate

the presencef fly ashunder strong alkali conditiorThe overall effect is to reduce

the possibility of reaction between alkali and aggregate. The pozzolanic reaction
products (secondary-&H gel) can incorporate alkali metal ions into their structure
and reduce th alkalinity of the pore solutiorin addition,they fill the pores and
reduce the permeability of concrete, consequently, reducing the free movement of
alkali ions.The second effegtedudion of the permeabilityis more importantvhen

there is a contmous supply otlkali from anoutside sourcegfoundwaterde-icing
saltsandthe case of accelerated mortar tem) because it slosdown the supply of
alkalis to concret§l14, 123]

Accelerated mortar bar test AMBBSTM C 1567[132] is widely used to assess

the potential reactivity of the combination of SCMs and aggregaéhesalkali in the

pore solution of mortar bars is mainly a function of the availability of alkalis in the
cementitious system and the quantity of alkalis that penetrate from the external
solution of NaOH at 80°CThus the accelerated mortar bar test is actually testing the
ability of the fly ash to lower the alkalinity of the pore solution (by binding alkalis in
the hydrates) and to reduce the diffusivity of the mortar bar making it lesssdiee

to the external alkalinedium As such it is a good simulation of practical conditions

under which ASR occurs where both internal and external alkalis are available.

While Class F fly ashes are commonly used to mitigate aggregate reactivity, the

influence of biomass and @mmbustion fly ashes for mitigation of alkallica
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reaction expansiorequires more research to enable their applicatacording to
Wang and Baxtef133], biomass fly asHirom combinedsawdus and switch grass
has much better performance than class C fly insimitigating ASR expansion,
despite its muchigher alkali contentThis could be due to lower capacity of binding
the alkalis in the hydration products tbie cemenifly ash system as is controlled
by the CaO content of the fly ash. Therefore, the availability of alkalisABR
increasesn the case of class C fly ash because it has higher amount of CaO than
sawdus andswitch grassiomass ashes. Similar behaviour was reported twdw
bottom ashproducedfrom a biomass power plant in Portudsl using itas 10 %
cement replacement in mortat reduced the expansion causedASR compared
with the control mortar{134]. In contrast, Shearef5] observed a significant
differencesbetween expansion rates of mixes incorpora@d§o co-combustion
sawdust biomasity ashes compared to their companilass Fcoal fly ashsample
mixes Both ashegamitigated ASR expansion, whereas pure waadtebiomassash

at the same level of replacemevrds ineffective in controlling expansion

In another study carried out liysteves et al[135], expansion resultsof mortar
mixes containing rediwve aggregate and 20 and?%Q@vastewood biomass fly ash
showed asmall improvement in resisting ASR compared to con®BIC. But the
incorporation ofbiomass fly ash in the blend along with metakaolin, 20% BFA +
10% MK, showedsignificant improvement in the expansion results, indicating the

effective use of biomass fly ash along with metakaolin in mitigating ASR.

These mied resultsencouragefurther research on the topic, especially given the
differences in chemical compositions and thigh alkali contents of thdiomass
ashesnvestigated in this studyhich may contribute significantly to ASR damage.
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CHAPTER 3 CHARACTERIZATION OF BIOMASS
FLY ASHES

3.1. Introduction

Proper characterization afachfly ash before employing it to partially replace
cement in concrete is necessary to assess its suitability as a supplementary
cementitious materig]SSMs) Each fly ash used in this study was characterized in
terms of chemical, mineralogical and physipabperties by using different testing
techniquesThree types of fly ash, depending on the combustion technology used in
the power plants, were used in this investigation. An enhapazzblanic biomass

ash identified as (EBA) generated in Drax power atatlyorkshire, by burning 30
tonnes of wood pellets with 5 tonnes of coal fly ash by proportion. Coal fly ash was
added to the wood before combustion to prevent the reaction of potassium with
chloride and sulphur to form several potassium compounds. Rotasgs the
ability of binding with alumina and silicate phases of coal fly ash and becanie

of the glass phaseCombustion of wood pellets usually produces low ash content of
around 12%. Thus, 30 tonnes of wood pellets produce 0.6 tonnes of bidipash

which combines with 5 tonnes of coal fly ash used in the combustion process. The
second type of fly ash used in this project was wood biomass ash identified as
(WBA) generated in Lynemouth power station by burning only pure virgin wood
pellets. Thethird material was standard class F coal fly ash identified as (CFA)
conforming to EN450, which is commonly used in concrete production. All
materials were supplied in 25 Kg drums, the EBA and CFA were supplied by Power

Minerals Ltd while WBA was suppliedirectly from Lynemouth power station.

3.2. Experimental Techniques

3.2.1. Chemical Characterization

X-ray Fluorescence (XRF) technique was used to determine the chemical
composition of the three types of fly ash by using Philips PW2400 XRF
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spectrometer. The samplas irradiated by an->Xtay beam and the elements present
were identified by the energies of the emittedrays. Then, the intensity of-Xays

was used to determine the concentration of each element. The loss of ignition (LOI),
which is a measure of tr@mount of unburnt carbon in fly ash, was also determined
by heating the samples up to 95Quring the analysis proce3he weight loss of

the sample after heating is considered as loss of ignition, vidiekpressed aa

percentage of the original sample weight before heating.

3.2.2. Mineralogical Characterization

The mineralogical composition of the fly ash samples was determined-ry X
Diffraction (XRD) analysis. A Philips X3HUW GLIIUDFWRPHWHU ZLWK D
sourF H .9 P$ DQG ZDYHOHQJWK QP ZDV XVH
loaded into a separate XRD flat plate sample holder for a 30 minutes scan between
(10T - 80TC) and the data were collected over an artgde An internal standard

method based on theddition ofa known amount of standard silicon (10%) was

employed to quantiffheamorphous content of the samfil¢.

3.2.3. PhysicalCharacterization
3.2.3.1. Patrticle Size Distribution

The ash particle size distribution (PSD) was measured using the laser diffraction
technique. The Malvern Mastersizer 3000 analyser shown Figure 3.1 was used with
dry dispersion laser diffraction. The detectingrdction of the device covers a size
range from 40hm to 2000um. The measurement uses a laser beam passing through
the dispersed particulate sample and the angular variation in the intensity of the
scattered light is measured. The basic principle of tighod is that the large
particles scatter light at small angles while small particles scatter light at large angles.
The angular scattering intensity data is then analysed by applying Mie theory to

calculate the size of the particles.
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Figure 3.1 Malvern Mastersizer 3000 analyser

3.2.3.2. SpecificSurface Area

The specific surface area of both ashes was measured based on BET (Stephen
Brunauer, P.H.Emmett and Edward Teller) metf@jd A probing gas that does not
chemically react with the material, such as Nitrogen, is used in this method to
determine the surface area based on the amount of gas adsorbed by the sample at a
known pressure. The softwaie programmed to measure the specific surface area
based on the pressure differences. BET theory relies on some assumptions such as
the gas molecules behave ideally and the surface is homogeneous as well as all its
sites are equal. Figure 3.2 shows thecrigiineritics ASAP 2020 M volumetric
adsorption analyser which was usedhis study.

3.2.3.3. Morphology

Gold-sputtered ash samples were prepared and examined in aMin@ 200 SEM
(Scanning Electron Microscope) at varying magnifications under accelerating
voltage of 5kV. The sample was first attached to aluminium stubs and a layer of
gold was applied for 90 seconds. The sample was then transferred to the SEM device
and exposed to an electron beam inside. The electrons generate signals which reveal
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information alout the sample's morphology. Figure 3.3 shows Nb\zno 200 SEM

which was useth this study.

Figure 3.2 Micromeritics ASAP 2020 volumetric adsorption BET analyser.

Figure 3.3 Nova- Nano 200 SEM analyser
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3.2.3.4. Pozzolanic Activity Index (PAI)

Various test methods have been reported in the literature to assess the pozzolanic
activity of fly ash in mortar and concrete. Direct methods measure the amount of
Ca(OH) by using X ray diffraction (XRD) and thermgravimetric analyses (TGA)

while indirect methods measure the influence of the pozzolanic behaviour on some
physical properties such as compressive strength and electrical condyitivity

this study,pozzolanic khaviour was tested by measuring the pozzolanic activity
index (PAI) in accordance witBS EN 450-1 [4]. PAl is a physical method used to
measure the reactivity of pozzolanic materials, which involves measuring the 28, 90
days compressive strength of fly ash cement mortar relative to control 100% OPC
morta. The control OPC mortar was prepared by mixing 1858and, 450g
Portland cement and 225 g water. The blended fly ash mortars were prepared in the
same manner except that 25% by weight of the Portland cement was replaced with
fly ash and the quantity okater was altered to give the same workability (flow)

value as the control mortar (x10mm).

Cement and fly ashinderswere mixed by hand until homogeneity was achieved.
The binder was then placed into the bowl of a Hobart mixer and water was added
carefully within 10 seconds. Immediately the mixing was started at low speed for 30
seconds. Then, the sand was added grhddating the following 30 seconds while
mixing continued. The mixer was switched to high speed for an additional 60
seconds. After about 2 minutes, the mixing was stopped and the mix was briefly
mixed by hand to remove accumulated materials from the @aahd the base of the
bowl. This was followed by mixing at high speed for 60 seconds. The flow tests
were conducted according to EN 163 5tandard5]. A detailed procedure of the

flow test is given in chapter 4 (section 4.3.1.2).

The mortar samples were theast in 40x 40 x 160 mm prism moulds in the

laboratory environment (20, 60% RH), demoulded after 24 h and cured in water at

20TC until the age of testing. The prisms were first tested underpimiae bending,

then each part was tested under compreqgquivalent cube) according to BS EN

196-1 standard6] as shown in Figure 3.4. Three samples wested at each age
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and their average was determined. The pozzolanic activity index (PAI) was

calculated as follows:

244 @Aosrr % 3.1

Where A is the average compressive strength of blended flycastent mortar
(MPa) and B is the average strength of the control OPC mortar (MPa) at the same

age.

According to the standarethe tested material is considered as pozzolanic (reactive)
if the activty index is higher than 7% at 28 days and 8% at 90 days.

Figure 3.4 Three-point bending and equivalent cube compressive strength tests

3.3. Results and Discussion

3.3.1. Chemical Characterization

The major chemical elements of the ashes obtained by XRF analysis are presented in
Table 3.1. Considering that no specific standard covers biomass fly ash, its
properties were compared with the requirements for coal fly ash as specified in BS
EN 4501 [4] and ASTM C61812 [7]. Table 3.1 shows that both EBA and CFA
comprise of silica (Sig) and alumina (AlO3) which are the important components

in the cementitious and pozzolanic reactiofise CFA contains higher amounts of

silicon dioxide (SiQ), aluminium oxide (AIO3) and iron oxide (F&3) compared to
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EBA which might result in better pozzolanic and mechanical properties of CFA
whereas EBA is much richer in calcium oxide (CaO), alkali sodium and potassium
oxides (NaO, K;O). Both ashes have a total content of main oxides (58,03
+Fe0s3) greater than 70% and total calcium content, represented by calcium oxide
(Ca0), lower than 10%. Thus, both ashes meet the requirement of main oxides with
73.04% and 81.35% for EBA dnCFA respectively and the total calcium content
requirement with 8.10% and 3.10% for EBA and CFA respectively. Therefore, both
would be classified as Class F according to ASTM CBA®ased on their chemical

compositions.

Calcium oxide (CaOjs the main omponent in WBA (Table 3.1), which accounts
for 25.4% of the ash mass whereas the main oxides, 3i0; and FgO; are
present in lower quantities than EBA and CFA. The total content of the main oxides
(Si0,=12.5%), aluminium oxide (ADs;= 2.55%) and wn oxide (FeOz= 1.71%) is
16.76%. This is less than the minimum limits of 50% and 70% prescribed for
pozzolanic ashes by ASTM C612 and BS EN45601 respectively. In addition, the
chemical composition of WBA indicates very high LOI (42.48%) which isentloan

the limit of 6% required for ASTM C618.2 and 9% required f&S EN 450-1. LOI

is a very important factor for determining the quality of fly ash for use in concrete as
it represents residual carbon material that may have negative impactentriaived

concrete and loss of strength due to higher wagarand8].

The alkali content (expressed as total alkali equivalent;©Na0.66 KO), is below

the acceptable limit of BS EN 450 ” E\ PDVV 2Z% n&2.24% for EBA
and CFA respectively while it is above the limit in WBA with 6.49%. The high
alkali content of both biomass ashes (EBA and WBA) increases their risk of alkal
silica reaction. The other chemical components of all ashes met the BSEN
requirements of SEx 3%, MgO <4%, BOs< 5%.Generally, the silica and alumina
content of wood biomass fly ashis lower than coal fly ash whereas they contain

abundant potassium as the most volatile element in raw bigth#sa.
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Table 3.1 The chemical analyses of CFA, EBA and WBA fly dses

Element EBA(wt. %) WBA (wt. %) CFA (wt. %)
Sio, 41.46 12,5 47.64
Al,Oq 23.49 2.55 25.32
F&03 8.10 171 8.39
MgO 2.27 2.66 211
SO, 0.17 0.12 -
TiO, 1.48 - 0.57
CO 8.10 25.4 3.10
K;0 5.57 8.81 3.16
P,Os 0.75 1.52 0.22
Na,0 0.56 0.68 0.16
MnO 0.46 1.25 -
ZnO 0.12 0.098 -
SrO 0.25 0.067 0.11
BaO 0.21 - 0.36
LOI 8.91 42.48 7.0

A wide variation in the chemical composition of biomass fly ashes has been reported
in the literature which makes their categorization very difficult. Therefore, it is very
important to know the source and the burning conditions of biomass fly ash in order

to characterize these parameters and identify their category.

3.3.2. Mineralogical Characterization

The importance of XR[patterns is to give an indication of the reactivity of fly ash

by determining its amorphous content. The initial XRD patterns osaalples had
relatively weak peaks and high backgrounds; this suggests a high amorphcus (non
crystalline) component in the samples. Thereftre samples were put back on the
X'Pert XRD machine overnight and the test was rerun with 10% standard silicon
adced to do longer scans. It was possible to determine the percentage of amorphous
content in these samples by including a known amount of standard ¢8itzordard
Addition technique to determine the amorphous contdt)XRD results indicate

that the mineralogical structure of all ashes is mainly amorphous with the presence
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of some crystalline phases. The amorphous contentds, &% and80 % for CFA,

EBA and WBA respectively. Qualitative XRD analyses determined the main
crystalline phases for all ashes. The XRD patterns of EBA ash given in Figure 3.5
show the presence of quartz (iQime (CaO) and hematite (J&;) as the major
crystaline mineral components. The main phases identified for CFA, were quartz
(Si0O) andmullite (Al03.Si0,) as shown in Figure 3.@.hese minerals are usually
present in class F fly ashes as reported in the literfud, 13] The result of the
mineralogical analyses of WBA is presented in Figure 3.7. Quartz)(SN@anite
(K2SOy) and dicalcium silicate (G&i0O,) are the main crystalline phases. In addition,

small peaks of calcite (CaGJOwere also detected.

The reactive cmponent of fly ash is related to the nonystalline (amorphous)
phase. Therefore, all fly ashes, EBA, WBA and CFA can be considered reactive as

they consisted of 84 %, 8@ and 886 amorphous phases respectively.

Si Q = Quartz, H=Hematite, L= Lime , Si = Silicgn
3
L
2
K7)
o
E Si
Q
Q Q
L L Q
oy Q H H
10 20 30 40 50 60 70 80
Angle (2)

Figure 3.5 XRD patterns of EBA
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Figure 3.6 XRD patterns of CFA
Q2 Q= Quartz , Si = Silicon, A = Arcanite , Ca =Calcite],
Ds= Dicalcium silicate

Si

10 20 30 40 50 60 70 80

Angle (2)

Figure 3.7 XRD patterns of WBA
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3.3.3. Physcal Characterization
3.3.3.1. Particle Size Distribution

The particle size distribution (PSD) of all ashes as determined by laser diffraction is
shown in Figure 3.8. The cumulative size distribution calculated at 1@9p 9%

(dgg) and the median size of the ear50% (dso) are summarized in Table 3.2.

Table 3.2 Particle size distribution by laser diffraction

Sample Particle Size Distribution
Median (do) pm (dio) pm (dgo) pm
CFA 17.3 2.46 148
EBA 49.7 6.43 246
WBA (Sieved by 500 68.9 6.25 308
um sieve
WBA (Un-Sieved) 86.4 8.6 516

About 90% of EBA exhibits a grain size smaller than gdbwhereas 90% of WBA

particles are less than 516 um before sieving and 308 um after sieving.

The analyses revealed tHaith biomass ash particles are coarser than coal fly ash
particles.The median diameter {g) is 17.3 um, 49.7um and 86.4 um for CFA,
EBA andUn-SievedWBA respectively. The maximum patrticle size is around 760
pum for EBA ash and about 350 um for CFA whilexceeds Inm (1000 pm) in un
sieved WBA. The patrticle size distribution of both biomass ashes EBA and WBA is
unimodal and the most numerous ranges are around pb®Owhereas CFA
distribution is triple modal. The biggest first mode is located at 5 unereds the

second and third modes are at 28 and 140 pm respectively.
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Figure 3.8 Particle size distribution (PSD) of EBA, CFA and WBA

Based on physical observation and as shown in Figure 3.9, large particles of size
exceeding 1mm unburned wood were observed in WBA which might not be detected

by laser diffraction as the detecting diffraction of the device only covers a size range
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from 40nm to 2000um. Therefore, the particle size distribution of WBA was also

determined by manual sieving and is presented in Figure 3.10.

Figure 3.9 Manual sieve analyses of WBA
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Figure 3.10 Particle size distribution of WBA by manual sieving
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After sieving, the materiaktained on 500um sieve was rejected and the patrticle size
distribution for the finer WBA which passed through 500 um sieve was determined
by laser diffraction. Table 3.2 and Figure 3.8 show the differences between un
sieved and sieved samples. The medi@ameter (g, reduced from 516 pm to 308

um after sieving. However, WBA particles are still the coarser between all ashes
(CFA and EBA).

3.3.3.2. SpecificSurface Area (SSA)

Table 3.3 shows the specific surface areas of all ashes as determined by nitrogen
adsorption using BET method. The WBA has higher surface area than both EBA and
CFA. This can be due tthe irregular and porous nature of the biomass fly ash
particles whichcontribute to the overall higher specific surface afg4, 15]
especially when the quantity of unburnt material is relatividyh as in the case of
WBA. The fineness of the ash particles and their irregular shapes play a significant

role in the surface area.

Table 3.3 Specificsurface area of fly ashes

Sample Specific surface arear?/g)
CFA 3.06 £ 0.02
EBA 6.38 £ 0.05
WBA (Sieved) 61.7 + 0.04
WBA (Un-sieved) 77.9 £ 0.07

3.3.3.3.  Morphology

Figure 3.11 shows that the colour of both biomass ashes is significantly different
from coal fly ash. WBA is black and EBA is dark grey while C&gh is medium

grey. It has been reported that the fly ash colour depends on the content of unburnt
carbon and some chemical elements such as lime and[l&)n However, the

difference in colour of the investigated biomass and coal fly ashesltearetively
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be attributed to thecontent of unburnt carbon as the burning technology and
temperature used for the three ashes d#fferdnt. The lime (CaO) content which
provides a lighter colour is much greater in the biomass ashes but their colour is
dominated by the unburnt carboanent as the LOI in both biomass ashes is higher
than CFA especially in WBA (LOt 42.48%).

WBA EBA CFA

Figure 3.11 The appearance of EBA, WBA and CFA

Figures 3.12 to 3.14 show SEM imagaisdifferent magnificationsor CFA, EBA

and WBA respectively. Figures 3.12 and 3.13 reveal that the particles of both CFA
and EBA are mainly spherical which is the typical morphology of coal fly ash.
However, a small portion of unburnt or partially buwdod was observed in EBA
sample. Long, fibroydgrregular in shape and size and agglomerated fused woody
particles were observed in WBA (Figure 3.14). This indicates that the raw biomass
used to produce WBA was not fully combust&tese agglomerates are the result of

the askHorming process in the boilelue tothe presencef potassium
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Figure 3.12 SEM images of CFA
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Figure 3.13 SEM images of EBA
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Figure 3.14 SEM images of WBA
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3.3.3.4. PozzolanicActivity Index

The compressive strength and pozzolaaitivity index (PAI) of all blended ash
cement mortars are presented in Table 3.4. CFA shows considerably highbaRAI
EBA and WBA. At 28 days, th@Al for CFA, EBA and WBA is 9%, 83% and
67% of the control OPC mortar respectively whereas it i94,086.30 and 76.% at
90 days.

The superior strength of CFA compared to EBA and WBA could be attributed to the
combined effect of its finer particle size, higher amorphous content and higher
content of silica and alumina which are the important compgeném the
cementitious and pozzolanic reactions. Analyses of literature data indicate that the
pozzolanic activity of fly ash is influenced by factors such as chemical,
mineralogical compositions, particle size distribution and specific surface area,
howe\er, the strength development is strongly affected by the fineness of fly ash
[16, 17] Tkaczewsk4l18] investigded the effect of fly ash fineness on the hydration
and properties of cement. The results confirmed that finer fly ash fractions have

higher pozzolanic activity

Table 3.4 Compressive strength and pozzolaniactivity in dex

Sample 28-days Activity Index 90-days Activity Index
compressive at 28-days % compressive at 90-days %
strength (MPa) strength (MPa)

OPC 37.18 100% 40.64 100 %
25% EBA 31.67 85% 38.75 95.3 %
20% WBA 24.83 67% 31.2 76.7%
25% CFA 36.9 99% 44.7 109 %

According to BS EN 45Q standard, both CFA and EBA satisfied the strength
activity requirements since their activity index at 28 and 90 days is greater than 75%
and 85% respectively while WBA failed to meet the required limit. Therefore, EBA

can be suitde as supplementary cementitious material as its activity index is within
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the required limits whereas WBA might be used either at lower level of cement
replacement or in applications where high strength is not requifedever,
research on the durabilifyroperties of EBA and WBA based concrete is needed to

determine their suitability for use in concrete.

3.4. Conclusions

The chemical and mineralogical characteristics of both biomass fly ashes (EBA and
WBA) were investigated.The physical properties of particleize distribution,
specific surface area, morphology and strength activity index were also investigated
relative to coal fly ds (CFA). The analyses and experimental results give the

following conclusions

1. The enhanced biomass ash (EBA) has a compogsitame similar to coal fly
ash (CFA) than wood biomass ash (WBA). Both EBA and CFA are mainly
composed of Si@and Al,O; and the content of the total oxide &iQ,+
Al,Os+ Fe0s;) is more than 7Ab. This value is suitable for pozzolanic
materials which are used in cement production. In contrast, the chemical
composition of WBA indicates very high LOI, high alkali content and low
SiO, and Al ;O3 content resulting in oxide content of 16%6Gvhich is below
the acceptable limits for pozzolarash.

2. Both EBA and CFA are a low calcium fly ashes class F according to ASTM
C61812. In addition, both ashes satisfy the BS EN-45@quirements for
the main oxides and other chemical components gkSSP, MgO <4%
and BOs< 5%.

3. The virgin wood bimass ash (WBA) has high alkali content, LOI and low
calcium and alumina content, thus it does not satisfy the ASTM-C8Xkhd
BS EN 4501 requirements.

4. The mineralogical structure of the three ashes is mainly amorphous with the
presence of quartz, céle and hematite as crystalline phases in EBA. The
main crystalline phases in CFA are quartz andllite whereas they are

Quartz, Arcanite and dialcium silicate in WBA.
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. CFA has finer particles wita median diameter of 17.3 um compared to 49.7
um and 864 um in EBA and WBA respectively.

. WBA has a higher surface area than both EBA and CFA. This is correlated to
higher carbon contents due to the high internal porosity of unburned carbon.

. Both CFA and EBA particles are mainly spherical which is the typical
morphology of coal fly ash whereas the morphology of WBA particles is
different as evidenced by the presence of Long, fibrous irregular in shape and
size which indicates that the raw wood biomass was not fully combusted.

. Both EBA and CFA ashes satisfy tsigength activity requirements of ASTM
C61812 and BS EN 45Q since their pozzolanic activity index (PAI) at 28
and 90 days is greater than %band 85% respectively whereas WBA failed

to meet the requirements of these standards.
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CHAPTER 4 PROPERTIES OF BIOMASS FLY ASH
PASTES AND MORTARS

4.1. Introduction

This chapter evaluates the properties of the biomass fly ashes as supplementary
cementitious materials (SCMs) in cement pastes and mortars. The effect of partial
substitution of Portland cementith enhanced biomass (EBA), wood biomass
(WBA) and coal (CFA) fly ash was investigated and compared for their impact on
the fresh and hardened properties. The ashes were used at replacement level of 10,
20 and 30% by weight of the total binder excepttfe WBA which was used as

10% and 20% replacement only due to the difficulty of producing a workable mix at
30% replacement with WBA. The properties of fresh material investigated include
workability (flow), consistency, initial and final setting timedaheat of hydration.

The compressive and flexural strength of the hardened material was determined. In
addition, the microstructure and hydrated phase development of blended fly ash
mixes were studied using Mercury porosimetry (MIP) and Quantitativeax
diffraction (QXRD).

4.2. Test Programme

The overall investigated properties along with the test methods used to assess each

property are summarised in Table 4.1.

Table 4.1 Test programme

Test Property Test method Standard
Fresh Setting time Vicat needle BS EN 1963
properties Consistency Mortar flow EN 10153
Heat of hydration Isothermal calorimetry ASTM C1702
Mechanical Compressive & Mortar strength BS EN 1961
properties flexural strength
Microstrucure Porosity & pore size Mercury intrusion na
distribution porosimetry
Phase analysis Hydrated phases X- ray diffraction na
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4.2.1. Materials

42.1.1. Cement

Ordinary Portland cement (CEM I: 52.5 N) conforming to EN-193upplied by
Rugby cement was used in this intigation. The chemical composition of the

cement was determined by XRF analysis. It is shown in Table 4.2.

Table4.2 Chemical composition of CEM 1 52.5 N

Element SiO,  Al,O4 Fe, 03 CaO MgO SO K20 P05

Content(%) 15.9 4.73 2.73 69.8 0.57 3.54 1.45 0.78

4.2.1.2. Fly Ash

Enhanced biomass fly ash (EBA) generated in Drax power station, virgin wood
biomass ash (WBA) produced in Lynemouth power station and commercial coal fly
ash (CFA) were used as supplementary cementitimisrials to prepare pastes and
mortars. CFA and EBA were supplied by Power Minerals Ltd. WBA was sieved
through 500pum sieve, the retained material was rejected and the finer WBA was
used. The chemical composition of all ashes, determined by XRF anay&iswn

in Table 4.3. Further information on the chemical and physical properties of the
materials is given in chapter 3.

4.2.1.3. Aggregates

The fine aggregate used for maxing mortara lscal sharp medium grade siliceous
sand supplied by Frank Key Ltd. Teand was sieved through a 2 mm sieve before
using in the mixtureso be within the same range of standard sand grddinghe
grading of the sand particles was determined by manuaingielt is shown in
Figure 4.1.The coarse aggregate used for making concrete is 10 racrusined
gravel. It was supplied by Frank Key Ltd, Sheffialal itsgrading curve is shown in
Figure 4.2.
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Table 4.3 The chemical analyses of fly ashes

Element EBA (wt. %) WBA (wt. %) CFA (wt. %)
SiO, 41.46 125 47.64
Al,O; 23.49 2.55 25.32
Fe0s 8.10 1.71 8.39
MgO 2.27 2.66 211
SG; 0.17 0.12 -
TiO, 1.48 - 0.57
Cao 8.10 25.4 3.10
K,0 5.57 8.81 3.16
P,Os 0.75 1.52 0.22
Na,O 0.56 0.68 0.16
MnO 0.46 1.25 -
ZnO 0.12 0.098 -
SrO 0.25 0.067 0.11
BaO 0.21 - 0.36
LOI 8.91 42.48 7.0
100 — =
80
o 60
£
(%]
0
@
o Ve
¥ 40 7
Ve
, —— Sharp sang
20 Pad / — — lower limit
P 7 = = Upper limit
Ve - -
0 =====
0.063 0.126 0.252 0.504 1.008 2.016 4.032

Sieve sizes (mm)

Figure 4.1 Grading curve of sand by manual sieving
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Figure 4.2 Grading curve for 10 mm gravel

4.2.1.4. Superplasticizer

Oscreed superplasticizer was used in the paste and mortar formulations. It is
manufactured by OSCERET UK Ltd amdnforms to the requirements of BS EN
934-2. It is a multifunctional high molecular weight polym®ased admixture which

can reduce the water by up to 25% without affecting the mix integrity. It was only
used with wood biomass ash (WBA) mixes to provide wadligaltlue to their high

water demand.
42.15. Water

Tap water was used in mortar and concrete mixtures while distilled (ionized) water
was used for paste mixtures, preparatioNasSQ, andNaOH solutiors (chapter6),

NaCl solution and dissolvingthe concrete powdeinto a solution for chloride
analysig(chapter 7).

4.2.2. Mix Proportion

Cement pastes and mortars were prepared by replacing ordinary Portland cement
with different amounts of biomass and coal fly ashe&0at20 and 30%n a dry

condition. These percentagegere chosen based on previous research which
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suggested that the optimum limit to monitor the behaviour of blended cementitious

material is up to 3092].

Table 4.4 shows the mix proportions of the pastes and mortars. Mix 1 represents the
reference mix of 100% cement and mixes 2 w#Atain different blends of cement

and fly ash. The mix ID (column 2) of mixes 2 to 9 represents the replacement
percentage of each fly ash. For example, 10EBA contains 10% enhanced biomass
ash and 90% ceme by weight of the binder. Mortar mixes corresgmg to the

paste mixes 1 to 9 were also prepared using the same proportion given in Table4.4.
The cement to aggregate to water ratio was 1:3:0.5 for all mortar mixes whereas the

cementitious pastes were prepared with a w/c of 0.4.

Table 4.4 Details of paste and mortar mixes

Mix no Mix ID Cement Fly ash
(% weight of binder) (% weight of binder)
1 OPC 100 0
2 10EBA 90 10
3 20EBA 80 20
4 30EBA 70 30
5 10WBA 90 10
6 20WBA 80 20
7 10CFA 90 10
8 20CFA 80 20
9 30CFA 70 30

4.3. Experimental Methods
4.3.1. FreshProperties
4.3.1.1. Water Demandand Setting Times

Vicat apparatus was used to measure the initial and final setting time of control

cement and blended fly ash pastes of standard consistency according to BSEN 196

[3]. The water required tombtain a paste with an appropriate consistenas

determined first by trighenetrations of pastes with different water contents until one
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was found suitable for the plunger to penetrate to the depth of (5£1) mm from the
base of the mould. Once the water required for standard consistency was determined,
the initial and final settig time was measured following the procedure provided in
BS EN 1963. The initial setting time is the elapsed time (in minutes) from zero time
(start of mixing) until the moment when the penetration depth of the needle is 5+1
mm from the mould base. Thaél setting time was determined from zero time until

the Vicat needle penetrates only 0.5 mfe initial setting time refers to the
beginning of hardening while the final setting time refers to the sufficient hardening

of the mixture. Figure 8.shows thenitial and final setting time measurement stages.

Figure 4.3 Initial and final setting time measurements

4.3.1.2. Consistency flow /workability) of CementMortars

Consistency is defineals a measure of the fluidity of fresh mortar or measurement of
its deformability when subjected to a certain type of stress. The flow tests were
conducted omortars of control cement and blended fly ash moeecsrding to EN
10153 standard4]. Material propotions given inBS EN 4501 [5] were used; one

part d cement to 3 parts of fine aggregate &hé water tobinder ratio (w/b).

Control mortar was prepared by mixing 13%8and, 45@ Portland cement CEM |
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and 225 g water. Other mortars were prepared in the same manner except that the
Portland cement was pé&aced with 186, 20% and 30% of fly astSuperplasticizer

was only used with wood biomass ash (WBA) mixes to control the water
requirementand keep constant w/b ratio for all mixes. However, it was not possible
to produce a workable mix at 30% replacembgt WBA even by using the
maximum dosage limit of the superplasticizer (1.5% by weight of binder). Thus,
only 10 and 20% replacement of WBA was used. The mixing was conducted as
described in chapter 3 (section 3.1.3.4). After mixing, the fresh mortarlaesipn

two layers on a flow table disc; each layer was compacted by 10 short strokes of a
tamper. The excess mortar was skimmed off by a palette knife and the free area
around the disk was wiped to remove any water. Then, the mould was slowly raised
vertically and the mortar was spread out by 15 jolts of the flow table (approximately
one jolt per second). The diameter of the mortar was measured at a right angle in
four directions and the mean value was taken as the flow in mm. The mixing and

flow measurerants are shown in Figure44.

Figure 4.4 Mixing and flow measurements
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4.3.1.3. Heat of Hydration

The heat of hydration of plain cement and fly ash blended cement pastes at 10%,
20% and 30%of cement replaceent was measured by isothermal calorimetry
according to ASTM C170f6] using TAM air calorimeter set at Z5 The water to

the binder ratio (w/b) was 0.4 for all mixes. The dry components (cement + fly ash)
were combined before adding the dersu water, and the paste was mixed by hand

for 2 minutes to esure homogeneity. Then, about @0f the paste was inserted into

the small HDPE bottle, capped and placed into the calorimeter channels and the heat
flow was recorded for 72 hours. Figure54shows the TAM AIR calorimeter

measurements.

Figure 4.5 Heat of hydration measurements

A. HDPE bottle, B. 203 of the paste was inserted into the bottle,T@e bottle placed inside the
calorimeter banneland D. TAM air calorimeter connected to computer for data collection.
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4.3.2. Hardened Properties

Mortars of plain cement and blended with fly ash were used to assess mortar flexure
and compressive strength development using the same mixes that wererubed f
mortar flow tests (Table 4.4) in section 4.3.1A%er conducting the flow test, the
mortar was placed into prism steel moulds of dimensions 4@x 160 mm in two
layers; each layer was compacted on a vibrating table for 5 seconds. The moulds
were lubricated with mould oil prior to casting. All moulds were then placed in a
mist curing room for 24 hours. All samples were then removed from their moulds
and cured in water at 2D until the age of testing. The prisms were first tested in
threepoint bending mode to measure flexural strength then each part was tested
under compression (equivalent cube test) according to BS EN 196.1 standard. Three
samples were tested for each age and the average was deteffhesttength was
recorded at 7, 28, 90 dri80 days for all mixes.

The flexural strength was calculateg using equation 4.1 as follows
. UR
(OL Sy 4.1

Where Fs is the flexural strength in (Fh); f is the fracture load in (N); | is the
length between the supports of the mortar sample in (mm); b is the width of the

sample inhm) and h is the height of sample in (mm).

The compressive strength was calculate@dpyation 4.2 as follows

% Q<° 4.2
Where Csis the compressive stigth in (MPa); Fcis the maximum load &tacture
in (N) andA is the area ofhecrosssection in (mrf).

4.3.3. Microstructure Analyses

Mercury intrusion porosimetry (MIP) technique was used to measure the porosity
and pore size distributionf plain cement andlended fly ash paste$ ASCAL
140/240 Porosimeter shown in Figuré was used in this study. The control cement
and fly ash blended cement pastes were prepared with (w/b) = 0.4 at 10%, 20% and

30% percentage of cement replacement. The paste mixes epagaut by placing
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the binder in the mixer bowl which was then placed into the Hobart mixer and mixed
until homogeneity was achieved. The water was added carefully within 10 seconds
while mixing continued at low speed for about 3 minutes. The paste wasl pfac

two layers in cubic steel moulds of size B0®n on a vibrating tableThe moulds

were lubricated with mould oil prido casting. The fresh samples were covered with

a plastic sheet to prevent evaporation and stored in a mist curing room. After 24
hous, all samples were removed from their moulds and cured in watefCatia6l

the age of testing.

At the desired test age, the cubes were crushed in the compression machine and
samples weighing between 1 and 2 g were taken from the middle of the atubked

The samples were dried in an oven aiC7fbr about 48 hours to remove moisture.
Then, they were placed in an airtight bottle and stored in a desiccator containing
silica gel to prevent moisture migration from the air. The samples were kept in the

desiccator until MIP analyses were conducted.

Figure 4.6 Pascal140/240 mercury intrusion porosimetry device used for analyses

MIP testing was performed using a Pascal 140/240 Porosimeter which esetmur
pore sizes within the range of 0.08D0 mm. It was connected to an external

computer for data analysis. The apparatus is in two parts, Pascal 140 and Pascal 240
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both of which apply pressure to a sample confined in mercury. The mercury under
pressue intrudes into the pores of the samplascal 14@pplies pressure of up to

100 MPa which allow mercury to intrude into the large pore of the paste matrix.
Pascal 24@pplies pressure of up to 200 MPa to aid intrusion of mercury through the
pore size dow to 0.0073um. The device records the intrusion pressure and the
amount of mercury intruded into the sample. The computer microprocessor then
translates the collected data on applied pressures to pore radius based on Washburn
equation as given below:

?8"amT
T

"L 4.3

Where 3 LV WKH DSSOLHG SUHVVXUH 3D ULV WKH UDG
tension of mercury (0.48 N/m) and h is the contact angle betwesnoury and

cement paste (assumed as 140

The total porosity and the graph of pore size distribution were obtained at the end of

MIP analysis.
4.3.4. Phase Analyses

The influence of biomass ashes on the phase formation of blended fly ash cement
pastes was irestigated. Xray diffraction (XRD) technique was used to identify the
crystalline phases in blended fly ash cement pastes. The pastes were prepared by
replacing ordinary Portland cement with biomass and coal fly ashes at the rate of 10,
20 and 3 by weght. The samples used for XRD analyses were taken from the
middle of the same cubes which were crushed and dried for MIP testing. The dried
samples were ground to a powder before placing in airtight bags as shown in Figure
4.7 until testing. XRD analysedollowed by quantitative Xray diffraction using
Rietveld method were conducted the samplesStandard silicon was introduced in

each tessample to enable the measurement of amorphous content.
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Figure 4.7 XRD samples stored in selsealing bags

4.4, Results andDiscussion

4.4.1. FreshProperties

4.4.1.1. Water Demand andSetting Time

The water required for the consistency of the fly ash cement pasmessed as a
percentage of total binder weight, is shown in Figu& #he figure shows that the
water demand for both CFA and EBA blended cement pastes is lower than that of
the control OPC paste. Increasing the content of fly ash leads to a decrease in water
demand in both cases. This can be attributed to the sphglasal structure of fly

ash which has low water absorpti¢n, 8]. The decrease in water demand in
comparison tacontrol OPC paste for 10%, 20% and 30% CFA i94.8L.7% and

14.7% respectively. The corresponding values for 10%, 20% &%dERA is 2.96,

5.8% and 8.8% respectively.

In the case of WBA, the water demand is higher than OPC mix. The increase in
water demand compared @PC mix is 2.9 for 10%WBA and 11.5% for 20%
WBA. These results on virgin wood biomass ash are in agreement with the findings
of some researchers who used sawdust and waste (recycled) woof? a8hes

It was observed that the WBA requires more water compared to CFA and EBA. The

fineness and the higher surface amghich were reported in chapter 3, of WBA are
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the most likely factors responsible for its higher water demand compared to CFA and
EBA. WBA has the highest surface area (6/gncompared to 6.38 7ty and 3.06

m?/g for EBA and CFA respectively. It has beeported that the physical properties

of fly ash such as fineness and surface area have the main influence on the
consistency8, 10].
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Figure 4.8 water demand for normal consistency for OPC, CFA, EBA and WBA pastes

Vicat apparatus was also used to determine the effect of fly ash on initial and final
setting times and the ressilare presented in Figureé94A delay in setting time was
observed for both CFA and EBA blended mixes. The addition of CFA and EBA fly
ashes causes an increase of setting time due to the dilution effect of fly ash on the
initial hydration reaction. CFA ires delayed the initial setting by26 minutes and

final setting by 41 minutes. On the other hand, EBA delayed the initial setting by
6-22 minutes and final setting by -P4 minutes compared to the plain cement paste.
The delay in setting time increasevith increasing the content of both EBA and
CFA fly ashes, however, the setting time was not significantly affected I 10
substitution.

The behaviour of WBA is different from both EBA and CFA, the setting tieiag
acceleratedby the inclusion of WBA The high surface area of WBA arigh

alkalinity contributed to accelerated initial setting timié&e chemical composition of
99



WBA reveals that it is less reactive than OB the setting should be delayed
because of reduced initial hydratidfiowever the accelerated setting times obtained
for 10 and 20%WBA mortarare due to thdrying of the mortacaused byhe water
adsorption of thevood biomass fly ash ands high carbon content, expressed as
LOI, which absorb the mixing water leading to fast dng. The setting time of
WBA, therefore, is more a reflection of its stiffening caused by drying rather than

chemical reactiomas will be shown in sectioh4.13.

The results show that the minimum initial setting time obtained for all mixes was
greater lhan 30 minutes and the maximum final setting time was less than 600

minutes which argvithin the specified limitsetby BS EN 1963 standard3].

Mix Initial set (min) Final set (min)
OPC 194 396
10EBA 200 411
20EBA 216 385
30EBA 204 420
10CFA 198 401
20CFA 215 413
30CFA 219 437
10WBA 190 375
20WBA 178 334
20WBA m [nitial setting time
10EBA
® Final setting time

30EBA
20EBA
10EBA
30CFA
20CFA
10CFA

OPC

6 160 260 360 460 560

Setting time (minutes)

Figure 4.9 Initial and final setting times for EBA, CFA, WBA and OPC pastes
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4.4.1.2. Consistency (flow) ofCementMortars

Mortar flow results of OPC and blended fly ash mortars at different levels of
replacement are shown in Figurd@.It shows thaboth CFA and EBA increase the
workability of mortar whereas the addition of WBA reduces the workability. CFA
mixes improved the workability by up to 13.8% with 20% replacement, henvev
when the replacement was%®0the increase in workability reduced10%. Similar
trend was observed with EBA mixes but to es@r extent, the increase in
workability was only up to 5.5% at 20% replacement. On the other haed, th
workability was reduced by 17% at2(eplacemenby WBA.

It is generally accepted that theedtogical behaviour (workability) in blended fly

ash cement mixtures is highly influenced by the physical properties of fly ash such as
the patrticle size distribution, morphology (shape and texture of fly ash particles) and
LOI. The fine and spherical partes of CFA increased the workability of the mortar
whereas the high LOI, irregularly shaped, coarse and porous particles of WBA tend
to absorb more water, reducing its availability in the mix and decrease the
workability of the mortaf11]. Biomass as#s producedrom waste (recycledyvood
biomass sourcesnd sawdust ashes alsluce the workability of mortar compared

to OPC control mortgd2, 12].
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OPC 10CFA 20CFA 30CFA 10EBA 20EBA 30EBA 10WBA 20WBA
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1

Figure 4.10 Mortar flow for EBA, CFA, WBA and OPC mixes
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The mortar flow increases with increasing fly ash content as evidenced by the
subsequent decrease in water demand of EBA and CFA mixes whereas the opposite

is true in the case of WBA.
4.4.1.3. Heat of Hydration

Calorimetric curves otontrol OPCand fly ashblendedmixtures measured at Z5
for 72 h are presented in Figure 4.IThe graphs showhe rate of heat evolution
(Figure 4.11A) and the total (cumulative) heat evolyégdgure 4.11B) for all mixes.
The cumulative heat flow was obtainedibtegration of heat flowersus time data

over the time interval of the tesg {b t, in units of seconds) as shown in Eq B}
QLi; 28@P 4.4

Where:tpis the time the cement and water are mixed, taken as zerqg,iatitetend
of the test.

All values are normalized per gram of the total binder (i.e., thesmf cement fty
ash). Overall, the measured values of heat released tiadall blended fly ash
cement pastegenerated less heiow than OPC control adifferent percentage of

cementreplacementAll samples reached a steastateheat flowaftertwo days.

Generally, two peaks appear in all heat evolution curves, thepéiast is related to

CsS hydration, which appears right after the addition of water, and the second is
related to the hydration ofs& [8]. The highest heat flow isbgerved in OPC cement
paste after a period of approximatelizi®. Thepeak heat decreases as the content of
fly ash increases indicating a reduction in the hydrating phases of the fly ash cement
pastes. The sl@pof the acceleration periodurvein all blended fly ashes pastes is

reduced due to lesss€ being hydrated.

The early age hydration behaviour of EBA is quite similar to CFA. This is
particularly clear in Figure 4.1B where the curves of both ashes almost coincide at
10% and 20% replacemetit.is noticeable that the heat released by CFA and EBA
mixes was considerably higher than tkegin wood biomass mixes (WBA)
indicating a higher rate of hydratiaf CFA and EBA compared to WBA\ccording
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to Sheare(8, 13], the height of the peak correlates to particle size, the smallest
median particle size exhibiting the highest peak. This observation is in agreement
with the resubk in Figure 4.13A, as the median particle size of CFA and EBA is
smaller than WBA (chapter 3, section 3.3.3.1).

0.0025 ~ A
0.002 -
5 ——OPC
= _
< 0.0015 10%CFA
S —— 10%EBA
5 ——10%WBA
T 0.001
20% CFA
‘ —20% EBA
0.0005 | ———20% WBA
0 T T T T T T T T
0 10 20 30 40 50 60 70
Time (hrs)
200 ~ B
180 -
160 -
\a 140 -
2
-Esa 120 7
[}
< 100 -
g
2 80 -
60 -
40 _
20 . . /
5, g= "..:'
0 1 - - T T T T T T T
0 10 20 30 40 50 60 70
Time (hrs)

Figure 4.11 Calorimetric curves of OPC and fly ash mixtures measured at 2&
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The WBA pastes showa quite different trend compared to CFA and EBA. With the
addition of WBA, the hydration peak is accelerated compared to CFA and EBA
pasts as shown blight shift to the left of 20% WBA paste in Figure 4A1The
cumulative heataleased after 78rs by this mix is the highest (164.3 J/g) compared
to 20% EBA (158.4 J/g) and 20% CFA (149.9 J/g) mixes. However, it is less than
the total heat produced by the control OPC past (181.7 J/g). The shift in hydration
peak could be influencday the high amount of alkalis present in WBA.

Interestingly, both 1% and 206 WBA mixes produced higher cumulatiotal)

heat than OPC during the firstiss as shown inFigure 4.11B. The high surface
area along with the high water demathge to absorptiorof WBA are the main
reasons fothe acceleratiorof the earlyage heat flow as they reduce the effective
w/b ratio available for hydration and produce more hdahas been reported that
high calcium fly ash do not always reduce the heat evolution because of its

cementitiougproperty[14].

The values of heat evolved after 24 and 72 hours of hydration are given in Fable 4.
The heat evolved decreases with the addition of fly ashes. The reduction of hydration
heat is due to the dilution effect (less ceneardilable compared to the control OPC
mix) [10, 15}

Table 4.5 Total heat evolved during hydration of OPC and fly ash mixtures

Sample Total (cumulative) heat (J/g)

24h 72h
OPC 153 181.7
10%EBA 116.8 170.4
20%EBA 1055 150
10%CFA 1141 165.8
20%CFA 109.5 158.4
10%WBA 118 171.6
20% WBA 107.7 164.3
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4.4.2. Mechanical Properties
4.4.2.1. CompressiveStrength

The results of equivalent cube tests at different periods of water curing are shown in
Figure 4.2. The compressive stretig at all ages decreases gradually as the
percentage of fly ash in the mix increases. At early age, the pozzolanic reaction of
fly ash is slower than the cement hydration. Therefore, all blended fly ash mixes
have less strength compared to control OPC. é¥@n the reduction in early
strength is often compensated by an increase in long term strength and as the curing
age increases the differences in strength get smaller. -Tdheey Btrengths for 10, 20

and 306 replacement by coal fly ash are about 87, ™. %8% of the control mix
respectively while they are 98, 89 and 74% compared to control OPC at 28 days. The
high strength gain at 28 days can be mainly attributed to continuous cement
hydration and additionally to the pozzolanic reaction. However, fromd2g
onwards, the relative compressive strength increased due to the acceleration of
pozzolanic reaction, which consumes the Ca(Optpduced by cement hydration to

form additional cementitious-S-H gels. Thus, the long term strength increases due

to thehigher pozzolanic reaction. The rate of strength gain depends on the level of

cement replacement.

At 90 days age, the compressive strength of mortar with 10% and 20% CFA
exceeded the compressive strength of OPC mortar. The 30% CFA mortars
maintained a mainal difference in compressive strength relative to the OPC mortar.
This can be due to insufficient amount of Ca(@phesent in the system to activate

the high level of fly ash.

Similar trends of strength gain are observed for EBA mixes but at a laweeas
shown in Figure 42 At 90 days age, the compressive strength of mortar with 10%
EBA exceeded the compressive strength of control mortar by 11.4% while at 20%
and 30% replacement EBA mortars maintained a marginal difference in compressive

strengthrelative to the OPC mortar.
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Figure 4.12 Compressive strength development in OPC, EBA and WBA blended mortars
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In the case ofirgin wood biomass ash, the strength of OPC mortar was higher than
10% WBA and 20% WBA mixes at all ages. The compressive strength of CFA
mixes is higher than EBA mixes while WBA strength was the lowest at all ages. The
superior strength of CFA mortars compared to EBA and WBA can be attributed to
its higher finenesshigher silicaand alumina conterand a relatively higher amount

of amorphous content. The results reported in chapter 3 revealed that the median
diameter (gp) was 17.3 pm, 49.1um and 86.4 um for CFA, EBA and WBA
respectively whe the amorphous content was%8884% ad 80% respectivelyin
addition,QXRD results of all blended fly ash mortars, which are presented in section
4.3.5 (Table 4.8), show that 10% and 20% WBA mixes had a lower amorphous
content compared to all other mixes indicating less hydration productstion,

including GS-H formation which is responsible for strength gain.

Results reported in literature reveal that the use of waste wood (recycled) ash as a
partial replacement of cement ranging betweeB0% reduces the compressive
strength comparedotcontrol OPC concretf, 12, 16, 17] Table 4.6 shows a
comparison between the strength of both EBA and WBA fly ashes and the results
reported by Rajammg.0, 16]on two types of waste wood ash FA1 and FA2 from
two distinct wood biomass power plants and at the same levels of cement

replacement used in this investigation.

Table 4.6 Comparison of compressive strength at various curingges

Age Rajammas results[10, 16] Current results
days Compressive strength (MPa) Compressive strength (MPa)
OPC WA 10% 20% 30% OPC WA 10% 20% 30%
7 283 FAl1 311 272 213 27.8 EBA 252 191 15.2
FA2 308 25 221 WBA 228 184
28 41.4 FAl 413 325 225 37.2 EBA 365 30 254
FA2 35.7 30.1 26.7 WBA 315 248
90 494 FAl1 437 412 373 41 EBA 457 40.6 39.7
FA2 386 345 341 WBA 39.7 31.2
180 55 FA1 517 444 426 48.7 EBA 50.6 44.1 41.2
FA2 50.2 42.1 438 WBA
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The strength decreased by thecremse in wood ash content and only 10%
replacement level gave similar strength to control OPC aftela8 ageThe OPC
used inRajammé& mixes was CEM-142.5 R which is different from the OPC used
in this investigation so the differences are due tohhbibie OPC and fly ash

differenceqchemical and physical).
4.4.2.2. Flexural Strength

The results of threpoint bending tests for flexural strength of mortars with various
levels of cement replacement by all ashes are presented in Figgire 4.1

Generally, the effet of fly ash incorporation on flexural strength is similar to its
effect on compressive strength, with increasing cement replacement reducing the
flexural strength. At 7 day age, the flexural strength of control OPC mortar was the
highest compared to afilended fly ash mixes. From 28 days onwards, both CFA
and EBA mortars exhibited higher flexural strength than the control G#eC.
example, the control OPC mortar achiewestrength of 6.3 MPA at 7 days and 8
MPA at 90 days whereas the flexural strengtiEBA mixes varied between 4.5 to

5.8 MPA at 7 days and between 9 to 9.6 MPA at 90 days. Thedtidlexural
strength of CFA mortars is greater than EBA mortars while WBA mortars had the
lowest strength at all ageResults reported in literature revehht the use of waste
wood (recycled)ashas a partial replacement of cement reduces the flexural strength
compared to control OPC concrdg® 17]. Udoeyoet al.[17] studied the flexural
strength behaviour ofvaste wood biomass ash concrete as a partial cement
replacement at 5 to 3% compared to control OPC concrete. They found that the
strength decreased lblye inclusionof wastewood ash at alieplacement levels. For
example, at 28 days, the flexural strength for OPC concrete is 5.57 MPa compared to

5.20 and 3.74 MPa for% and 30% wood waste ash respectively.

The flexural strength development is also attributed to the hydration sgraxfe
cement matrix and the pozzolanic reactivity of fly ashes as discussed in section
4.33.1.
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Figure 4.13 Flexural strength development in OPC, EBA and WBA blended mortars
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Figure 4.14 shows the relanship between the flexural strength and compressive
strength for OPC and all blended fly ashes modaig 28 and 90 dayé nonlinear
relationship is evident with a correlation factor of @88At 28 days, the flexural
strength is 20% of the compress strength for OPC mortar compared to 23.7%,
24% and 21.8% for 10EBA, 10WBA and 10CFA respectively. The
flexural/compressive ratio increases as the replacement level (fly ash content)

increases.
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=
o
2

A g

y =-0.0026% + 0.3224x

Flexural strength (Mpa)
(3]

R2 =0.8827
4 -
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0 T T T T T 1
0 10 20 30 40 50 60

Compressive strength (Mpa)

Figure 4.14 Flexural-compressive strength relationshigor OPC, EBA, WBA and CFA mortars

4.4.3. Microstructure development

Mercury intrusion porosimetry (MIP) technique was used to investitfjgteffect of
biomass fly ash on the microstructure of blended cementspabhe results are
compared with pastes containing coal fly ash at the same percentage of replacement
and control OPC paste. The porosity, pore size distribution and critical pore diameter
are the main parameters characterizing the pore structure of éd/dexhent paste.

The porosity is obtained from the cumulative particle size distribution (PSD) curve
whereas the development of pore structure (pore type and size) is identified from the

logarithmic differential pore volume curve.
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4.4.3.1. Total intruded porosity

The totalintrudedporosity of controDPCcement paste and blended fly ash pastes
at 28 and 90 days of curing was determinedigsptbtted in Figure 4 4. The effect
of curing age and fly ash content on the total porosity is discussed

25 - m 28 Days m90 Days

20 -

15 -

Total porosity (%)

OPC 10EBA 20EBA 30EBA 10CFA 20CFA 30CFA 10EBA 20WBA

Figure 4.15 The total porosity of control OPC paste and blended fly ash pastes at 28 and 90 days

age

4.4.3.1.1. Effect of curing age

Figure 4.5 shows the effect of curing age on total porosity of all mixes. The general
trend is of otal porosity decreasing with increasing curing age. As the hydration
proceeds, solid hydration products (i.e<SE gel) are produced which result in
lower porosity and denser microstructure. The total porosity of OPC paste decreased
with time from 11.61%to 10.34% between 28 and 90 days. Similar trend was
observed in all blended pastes as sedrigure 4.5. When fly ash is blended into
cement and with the progress of cement hydration, additioad8H€ and GA-H
hydration products will be formed due thet pozolanic reaction. The hydration
products fill the open capillary pores which inevitably results in improved pore

structureand lower total porosity.
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4.4.3.1.2. Effect of fly ash content

Figure 4.5 shows that the reference OPC sample has the lowest totaltp@bs

both ages and the incorporation of fly ash increases the total porosity. This is
consistent with other studies which indicated that the incorporation of pozzolanic
materials such as fly ash in blended cement paste results in higher total ga&sity

19]. Fly ash generates less hydratmoducts in blended cement pastes especially at
early age when the degree of pozzolanic reaction is much less than in the cement
paste. High dosage of fly ash leads to higher total porosity. For instance, after 90
days of curing the total porosity for 30EBA is 13.56% while at 10% EBA it is
12.08%.The corresponding values for 30% CFA and 10% CFA are 11.71% and
10.78% respectively.

The total porosity of all CFA pastes was less than EBA and WBA pastes suggesting
that the degree of pozzolanic reactiorboth biomass ashes is less than coal fly ash.
However, it is still greater than the PC paste at all replacements levels and both ages.
This is due tdhegreater fineness of CFA ¢(p=17.3 um) than EBA and WBA (£3

= 49.7um, 68.9 um) respectively whicls ireported in chapter 3 (section 3.3.3.1).
Similar result was reported yhindaprasirt eal. [20] who investigated the effect

of fly ash fineness on compressive strength, porosity, and pore size distribution of
cement pastes. They used Class F fly ash with two finengss (3.1 and 6.4 )

at 200, and 400 replacementevel by weight and 0.35 W/ratio. They found that

the total porosity of the blended cement paste containing finer fly ash was

significantly lower than that with coarser fly ash.

Rajamna [2] investigated the impact of two types whstewood biomass ashes

from different sources (BFAland BFA2) on the total pityo he ash replaced 10%,

20 and 3% of the cement by weight to prepare blended fly ash cement pastes. He
found that the porosity of 10% and 20% BFAL is 15.10% and 16.69% respectively
whereas it is 16.77% and 18.71% for BFA2 compared to 15.66% for OBC. H
concluded that the addition of both biomass fly ashes increases the total porosity and
the variation in the porosity between both ashes is due to the differences in their

pozzolanic reactivity.
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4.4.3.2. Pore Structure of Fly AshBlended CementPaste

The diffelential and cmulative pore volume curves of reference OPC and blended
fly ash cement pastes at 28 and 90 days of curing are shown in Figués 421.

The pore size distribution of the control OPC atidblended fly ash pastes shaw
similar single rage (unimodal) of pore volume with most of the ponethin the
range of 0.040.1 um pore diameter. Similar values are reported in the literature for
OPC pasteR?1, 22]

Generally, pores in cemehtised materials are classified into capillary pores which
have diameter > 0.01m (10nm) while te pores that lie below 0.01 um are defined

as gel pores. Another classificatidivides the porainto range®f large pores (8.1

pm) and small pores(8.1 pm)[23]. However, the most common classification is by
dividing the pores into ranges that affect specific properties such as strength and
permeability. Mehtd24] reported that strength and permeability characteristics are
more affected by larggyore sizes 50 nm, which refer tascapillary pores, due to

the difficulty of water movement across small porésOsam. It wasfound that when

the pores exceed a diameter of 0.1, filme permeability is highly affectef5].

In order to determine the influence of biomass fly ash on the pore structure of
cement paste, the pores are divided srt@ll pores 0.1 um and large pores 6.1

pm.
44.3.2.1. Volume of small pores <0.1um

The volume of small pores is determined and presented in Table 4.7. It is noticeable
that the mixtures with fly ash have higher volume of small ptiras control OPC

cement pae at 28 and 90 days. Ake content of fly ash increasdghe volume of

small pores increases. Between 28 and 90 days, the volume of small pores decreased
for the control cement paste and all fly ash blended paghesqgin Yu et al. [25]
investigated the influence of low calcium coal fly ash on pore structure in blended
cement paste at lortgrm curing age up to 2 years. He reported that the volume of
small pores in cement and fly ash blended cement pastes irscsbasply during

early age up to 28 days and then decrease from 28 days to 3years. However, the EBA

and WBA are different from thcoalfly ashused by Zhuigin Yu et al25, 26]
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4.4.3.2.2. Volume of large pores > 0.1 um

Table 4.7 shows the volume of large pores of control OPC and fly ash blended
cement pastesA reduction in the proportion of large pore accompanied by an
increase of the small pores gpected as a result of the progress of cement hydration
and pozzolanic reaction. At 2fays, the pastes blended with 1@%d 20%EBA and

CFA have less pores larger than the diameter ofuthlcompared to OPC paste. In
contrast, the pore structuat 30% replacement by both ashes was coarser than the
reference OPC mix. This indicates that replacing cement with both ashes improves
the pore structure by reducing the volume of pores lying above 0.1um. However,
when the replacement level exceeds 30%, the paretsreis affected in a negative
way. At 90 days, coal fly ash was more effective in refining the pore structure
whereas only 20% replacement of EBA mix has less proportion of large pores

compared to OPC mortar.

The behaviour of WBA is different from bo EBA and CFA. Its porosity and
volume of large pores were the highest between all mixes. This can be attributed to
its coarse particles and lower pozzolanic activity. The influence of pore structure on

the durability properties will be discussed in latkapters.

Table 4.7 The influence of CFA EBA and WBA fly ashes on the pore structure of blended
cement pastes.

Mix ID 28 days of curing 90-days of curing
Total Small pores Large pores| Total Smallpores  Largepores
porosity <0.1pm >0.1um porosity <0.1pm >0.1um
(%) (%)
OPC 11.61 10.42 1.19 10.34 8.78 1.56
10EBA 13.3 12.19 1.11 12.08 9.61 2.47
20EBA 14.23 13.50 0.73 12.18 10.7 1.48
30EBA 13.81 11.99 1.82 13.56 11.64 1.92
10CFA 134 12.67 0.73 10.78 10.26 0.52
20CFA 12.65 11.43 1.22 11.02 10.37 0.65
30CFA 13.23 11.50 1.73 11.71 11.21 0.5
10WBA 21.37 12.83 8.54 15.94 13.54 24
20WBA 22.55 16 6.55 17.60 15.32 2.28
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Figure 4.16 The differential and cumulative pore volume curves of OPC and EBA cement pastes

at 28 days of curing
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Figure 4.17 The differential and cumulative pore volume curves of OPC and EBA cement pastes

at 90 days ofcuring

116



(B/sww) swnjoA aiod [enualayig

o o o o o
o [Te] o n o o
™ N N — — o o
2
@
o
[e¢]
N
IS} 5
o
O
(o
-.bonoi--o-.-o B
288 e
\-l
k)
.
o
.n.oo.
.-o-on
ego°]
no-oo

r T T T T T T T T
o O O O O O o o O o
®» 00 N~ © IO < MO N o

(6/swiw) awnjoA aiod aAnenwnd

100

10

1

0.1

0.01

0.001

Pore Diameter (um)

(B/cwiw) awn|joA a10d [enuaiayig

o o o o o
S m S 1 O o
® N N «H +«9 O o
2
@
o
[e0]
o
<
LL
©)
o
—
1
b
b
4
TYEES 4y
.....b.wwu..r.wr.rr...

r T T T T T T T T
O O O O O O O O O o
» 0 N~ O I < M N -

(B/cwiw) awnjoA 8104 aAneInwnDd

1 10 100

0.1
Pore Diameter (um)

0.01

0.001

(B/sww) awnjop aiod renuaiapgid
o o o o o
S m & v & o
[32] N N - — o o

20CFA-28days

O O O O O O O O O o
O O~ © I < M N -
(B/swiw) awnjoA 8104 aAnenwind

100

10

0.1
Pore Diameter (um)

0.01

0.001

(B/cWw) awn|oA a10d [enualapgla
o o o o
[Te) o Ln o o
N N — - wn o

o

o

™
L

30CFA-28-days
e e e

r T T T T T T T T
o O O O O O o O O o
O 0~ © O < MO N o

(B/sww) awnjo aiod aanenwnd

100

10

0.1

0.01

0.001

Pore Diameter (um)

Figure 4.18 The differential and cumulative pore volume curves of OPC and CFA cement pastes

at 28 days of curing
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Figure 4.19 The differential and cumulative pore volume curves of OPC and CFA cement pastes

at 90 days of curing
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Figure 4.20 The differential and cumulative pore volume curves of OPC and WBA cement

pastes at 28 days of curing
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Figure 4.21 The differential and cumulative pore volume curves of OPC and WBA cement
pastes at 90days of curing

It is clear that theshape of the differential pore volume curfee OPC paste at 90
days lools a bit odd at the end which suggests Hraexperimental errawith the
test in the highpressure stage (Pascal 24The curve flattened in the region of 0.01
umwhereit is expected to have a shape similar to the 28 days sample.
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4.4.4. Hydrated Phases

The mneralogical composition of control OPC and blended fly ash cement pastes at
28 and 90 days of curing was analysed by means-ofa)X Diffraction (XRD)
analysis followed by quantitative-Xay diffraction (QXRD) using Rietveld method.
The XRD patterns on lakamples had relatively weak peaks and high backgrounds;
this suggests a high "amorphous” (horystalline) component in the samples. This

iIs confirmed by the quantitative phase analyses usingRiké/eld method to
determine the percentage of amorphoastents in these sampleshélamorphous
contents of all samples at @ays are presented in Table 4.8. It shows that the
control OPCpastehasthe highest amorphous content with 91.3% while the 20%
WBA substitution has the lowest content at 79.72%.

Table 4.8 The amorphous and CH contents of all paste samples at 90 days

Mix ID Amorphous content (%) Ca(OH), (%)
OPC 91.3 19.76
10BFA 85.28 16.87
20BFA 86.28 14.60
30BFA 82.16 15.85
10CFA 87.4 15.72
20CFA 8752 13.58
30CFA 85.48 12.85
10WBA 82.31 19.6
20WBA 79.72 18.2

Diffraction patterns of all blended fly ash pastes show the presence of the same
phases that are found in control OPC paste. Table 4.9 shows the main crystalline
phases of the pastes, the mpment peaks are quartz, portlandite, and calcite. Peaks

from Gypsum, Haturite were also found.
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Generally, CH or calcium hydroxide Ca(QH$ the main hydration product formed
during the hydration reaction. Therefore, the amount and intensity of Ca ¢®el)

an indication of the degree of hydration. The pozzolanic reaction of fly ash can be
monitored by the decrease of the amount of Cag@He mix. Table 4.8 shows the
decreasén the quantity of Ca(OH)n all blended fly ash mixes compared to control
OPC. The percentage of portlandite decreased with increasing content of ftyissh.
clear that the pozzolanic reactivity of WBA is the lowest compared to EBA and CFA
as the quantity of Ca(OHljs higher indicating less pozzolarreaction.

The intensity peaks of Ca(OHpppeared at 18!128.8, 34.14, 47.8 and 50.9 of
LQ WKH ;5" SDWWHUQV RI FRQWURO 23& DQG DOO EC
be seen in Figures2R to 4.5.

Table 4.9 Main crystalline phases of the pastes

Crystalline phase Chemical formula
Quartz(Q) SiO,
Portlandite(CH) Ca(OH)
Calcite CaCQg
Haturite(CS) CaSiOs
Gypsum CaSQ.2H,0

Figure 4.2 shows the XRD patterns of control OPC paste at 28 and 90 days. It
shows an incr&se in thepeakintensities of Ca(OH) with curing time due to the
continuous hydration of §S and @S [27]. At 28 days, the Ca(OHRl)intensity peaks

of all blended fly ash pastes weremalst similar to that of OPC and are not
significantly affected by the incorporation of fly ash. This is because the hydration
reaction was dominant at early age while the pozzolanic reaction was mjaghal

At 90 days, the intensity peaks of Ca(QHecreased by the inclusioof fly ash
compared to control OPC peaks as shown in Figurestd 2.25. As the content of

fly ash increases, the Ca(QHgontent decreases gradually. This is due to the
decreasen OPC which is the main source of Ca(@QHand the enhanced rate of

pozalanic reaction with increasing age of hydratj@r, 28] In addition, the results
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indicate that CFA was more effective in reducing the intensity peaks of Ca¢Deél)

to greater consumption of Ca (Qid¢aused byigher pozzolanic reactivity of the fly

ash with greatest finenesBhis can explain why CFA, which had a smaller particle
size and higher amorphous content, was more reactive than EBA and WBA. Studies
on the effect of coal fly ash fineness on microstiectaf hardened blended cement

pastes have also shown that high fineness accelerates the pozzolanic reaction leading
to high Ca (OH) consumption[28].
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Figure 4.22 XRD of OPC paste at 28, 90 days of curing
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Figure 4.23 XRD of OPC, 10, 20, 30 CFA at 90 days of curing
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4.5. Conclusiorns

The partial replacement of Portland cement by enhanced biomass (EBA), wood
biomass (WBA) and coal (CFA) fly ash was investigated and compared in terms of
their impact on thdresh and hardened properties. The main conclusions derived

from the results can be summarized as follows:

x Water demand, setting time and flow(workability)

1. The water demanddecreasewith increasing content of EBA and
CFA in the mix while the initial andral setting time increases.

2. The coarse and high surface area of Wigkticles contribute to its
higher water requirement and accelerdtte initial and final setting
time.

3. The mortar workability (flow) increases with increasing fly ash
contentdue todeaease in water demand of EBA and CFA mixes.
This can be attributed to the spherical glass structure of both ashes.

4. High LOI, high water demand and nenspherical morphology of
WBA reduces the workability.

X Heat of hydration

1. The early age hydration behauroof EBA is quite similar to CFA.
Both delay cement hydration and generate less heat than OPC.

2. The peak heat decreases as the content of fly ash increases indicating
a reduction in the hydrating phases of the fly ash cement pastes.

3. The CFA and EBA mixeseleaseconsiderably higheheatthan
WBA mixesover the first 72hndicatinga higher rate of hydration
of CFA and EBA compared to WBA.

4. 10% and 200 WBA mixes produce higher cumulative (total) heat
than OPC during the first 5hrs due to the high water denadong

with the high surface area.

x Strength development

1. The compressive and flexural strength decreases gradually as the

percentage of fly ash in the mix increases.
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2. The long term strength increases due to the accele@tipozzolanic
reaction the rae of strength gain depeman the level of cement
replacement.

3. The compressive strength of CFA mixes is higher than EBA mixes
while WBA mixes givethe lowesstrength

4. The superior strength of CFA mortars compared to EBA and WBA
can be attributed to its der fineness and a relatively higher

amorphous content.

X Microstructure development

1. The incorporation of CFA, EBA and WBAdreasdhe total porosity
of cement pasted he total porosity of OP@asteis the lowesbf all
blended fly asipastes.

2. The porody of CFA pastes is less than EBA and WBA pastes due to
the higher degree of pozzolanic reaction of CFA compared to both
biomass ashes (EBA and WBA).

3. The additional (€S-H) hydrations products, resimg from the
pozzolanic reaction of fly ashes, fill thepen capillary pores and
improvethe pore structureCFA is more effective than both EBA and

WBA in refining the pore structure.

X Hydrated phases

1. Diffraction patterns of all blended fly ash pastes show the presence of
the same phases that are found int@nOPC pasteThe main
crystalline phases of all pastes are quartz, portlandaéOH), and
calcite.

2. The intensities of Ca(OH) peaks decrease with the partial
substitution of OPC by EBA, CFA and WBA due to the decrease of
OPCcontentwhich is the mai source of Ca(OH)

3. CFAis more effective in reducing the intensity peaks of Ca(Qide
to greater consumption of Ca(QHgaused by higher pozzolanic

reactivity of the fly ash.
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4. The pozzolanic reaction of fly ashesimglicatal by the decrease of
Ca(OH}in the mix.The pozzolanic reactivity of WBA is the lowest
compared to EBA and CFA as the quantity of Ca(Osihigher.
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CHAPTER 5 CARBONATION OF ENHANCED
BIOMASS FLY ASH CONCRETE

5.1. Introduction

Carbonation has been recognized as one of the main causes of concrete deterioration
and reinforcement corrosio@enerally, all cemerbased materials undergo a certain
level of carbonation during the -service life which affects the durability of the
concrete structureCarbonation takes place in the surface layers of concrete and
proceeds inwards at a slow rateedo the diffusion of atmospheric carbon dioxide,
CO,, into concrete and its reaction with the main hydration products of cement paste,
Ca(OH) and GS-H, to form insoluble calcium carbonate, Ca@his reaction
results ininduced stresses in cement paatela reduction in the pH (alkalinity) of
concrete which is essential to protect the steel reinforcement from corfbsi®h

The steel reinforcement will be prone to corrosion when the carbonation front
progresses up to it and lowers the fH 3]. In addition, the iduced stresses in
cement pastean cause shrinkage and cracking of the cementitious matixever,

the magnitude of carbonation shrinkage in concrete is small compared to #s long
term drying shrinkage.

Carbonation has a positive impact on some of the engineering properties of concrete.
It reduces the total porosity as the volume of calcium carbdocatieonation reaction
product) is greater than the original hydration product (calcium hydroxide).
addition, CQ accelerates the hydration reaction gfSCand GS which results in

rapid strengtlgain,therefore carbonation curing of OPC concrete is stimes used

to improve some properties suchpid strengthgain [3, 4]. The concrete density,
quality, age and the surrounding environmental conditions (temperature and
humidity) have the main influece on the rate ofarbonation[5, 6]. The rate of
carbonation is very slow since the @@ncentration in the atmosphere is very low
(approximately 0.04%). Therefore,an accelerated carbonation test used to
simulate the carbonation in service life, then, the actual rate of carbonation can be
calculated by knowing the ratio between the accelerategc@@entration and the

atmospheric C@concentration (0.0%) [7].
133



This chapteraims to investigatéhe influence of enhanced biomass ash (EBA) on the
resistance of concrete to carbonation. A parallel investigation on control samples of
commercial coal fly ash (CFAand normal OPC concrete designed for similar
strength was also conducted for comparison.

5.2. Experimental Programme

The aim of the experimental programme is to investigate the effect of enhanced
biomass fly ash(EBA) on the carbonation resistance of concreteterms of
carbonation depth and carbonation shrinka@e.accelerated carbonation process of
the samples is used since, in practice, the process is too slow under ambient
conditions due to the low GQroncentration in the atmosphere (approximately
(0.04 %). The samples were exposed3to4% CO,in a carbonation chambethe
temperature and relative humidity in the chamber were controlled At22TC and
50-70%, respectivelyThe 4 % CG, concentration is 100 times higher than the
atmospheric concentratiaf 0.04 %.BS 1881210[8] ted procedures were used in

this investigation. The depth of carbonation was determined at regular intervals of
exposure by using 0.1% alcoholic solution of phenolphthalein indicatostasdard
method used to locate the carbonation front. The standargochér measuring
drying shrinkage BS ISO 1928[9] of concrete was used to measure carbonation
shrinkage since there is no specific method to measure the carbostaiickage of

concrete.
5.2.1. Materials

Ordinary Portland cement (CEM I: 52.5 N) conforming to EN-198upplied by
Rugby cement, was used as the main binder. Enhanced bidipnaash (EBA)
JHQHUDWHG IURP 'UD[ SRZHU VWDWLRQ Z2nheigfgK LV
producers and commercial coal fly ash (CFA) supplied by Power Minerals Ltd were
used as supplementary cementitious materials. Locally supplied sharp medium grade
siliceous sand and I@m nominal size gravel aggregate supplied by Frank Key were
usedas fine and coarse aggregatéurther information on the materials is given in

chapters 3 and 4.
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5.2.2. Mix Design and Proportions

The DOE (Department of Environmenjf)0] method for concrete mix design was
used to design a grade 40 MPa mix of nain@PC concrete and fly ash concrete
with 20% cement replacement. This method gives mix design procedures for normal
concrete and modification for mixes with fly ash. A part of cement was replaced by
fly ash along with an adjustment in the amount of faggregate and water.
Therefore, the flyash concrete mix had a total binder weight (cemenfly+ash)
higher than the weight of cement in the control OPC mix to overcome the reduction
in early age strengtfill, 12] Trial mixes were performed to achieve practical
workability with the required strength prior to selection of the mix proportions used
for the experimental investigation. The mix proportions used in one cubic meter of

the control OPG@nd fly ash concrete are presented in Table 5.1.

Table 5.1 Mix proportions
MIX Cement Fly ash Fine Coarse Water Effective
(kg/m?®) (kg/m?) aggregate aggregate (kg/m?) water to
(kg/m?) (kg/m?®) binder ratio
WI/(C+kF)*
OPC 368 0 732 1100 180 0.49
20EBA 323 81 680 1136 170 0.49
20FCA 323 81 680 1136 170 0.49

* The k value is given in the design guide for adjusting the amount of fljKasB.3).

5.2.3. Mixing

All aggregates were in a saturated surface dry state before mixing. Half of the
aggregate content was first poured insmtetangleconcrete mixer of 150 Kg
capacityfollowed by the binder composition. The binder (fly ash + cement) were
first mixedtogether by hand until homogeneity was achieved. The remaining half of
the aggregate content was then added to cover the binder before the start of mixing
for one minute. The water was added carefully while mixing continued for an extra

two minutes. To ense homogeneity, the mix was briefly mixed by handemove
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accumulated materials sticking around the edge and corner of the mixer. The mixture

was then mixed for a further two minutes before casting.
5.2.4. Sample Preparation

Nine concrete prismatic specimarfssize 75x 75x 300 mm were cast for each mix.
Three samples were for carbonation depth measurements, three for carbonation
shrinkage measurements and the last three for drying shrinkage measurements.
Prior to casting, all moulds were slightly lubriedtwith mould oil. The mix was
placed in two layers; each layer was compacted using a vibrating table for 5 seconds.
Then, all specimens were covered with a plastic sheet to prevent drying and stored in
the laboratory environment at 20 £+ 2°C and%6®RH. Al samples were demoulded

after 24h and cured in water at 20°C. After 7 days of water curing, the specimens
were put into two groups. The first group of six specimens were removed from water
and allowed to dry in the laboratory air for carbonation andndryshrinkage
measurements. The second group of three specimens was cured in water for 28 days,
then removed and allowed to cure for 14 days in the laboratory air (20 £ 2°C and
65% RH) for carbonation depth measurements.

5.2.4.1. Carbonation Depth Specimens

After removing and dryingthe prism samples (group ,2)he top and bottom
longitudinal faces and the two end faces of the samples were sealed with two coats
of bitumen paint. The remaining two side faces were left uncoated as shown in
Figure 51 to be exposetb CO,. The samples were left in the laboratory to dry the
bitumen coating for two days followed by 14 days air curing as suggested in the
standard BS 188210 [8] beforethe exposure to accelerated carbonation inside a
carbonation chamber (Figure2p.for one year. e accelerated daonation tests
were startedat 45 days age of the specimens. The concentration of iC@e
chamber was maintained at 8%, the temperature and humidity were kept at 20 +
2°C and 50%£70% respectively. The carbonation depth was determined by using
phenolphthalein indicator method at 90, 240,300 and 360 days of accelerated

carbonatiorexposure
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Coated
faces

Uncoated

 > faces

Figure 5.1 Four faces coated with bitumen paint and the remaimig two side longitudinal faces
left uncoated.

Figure 5.2 The samples exposed to-38 % CO, inside the carbonation chamber

5.2.4.2. Carbonation and Drying Shrinkage Specimens

After 7 days of water curing, theamples were removed from water and dried.
Mechanical stainless steel studs (demec points) were attached along the two parallel
longitudinal (300 x 75mm) faces of each prism specimen at a gauge length of
200mm as shown in Figure 3.No bitumen paint waspplied to the faces of
samplesThe carbonation shrinkage samples wereiftethe laboratory air at 20 +

2°C and 65% RH to stabilze the moisture condition within the concrete matrix
before exposing to COThen, they were put insidae carbonation chaberat 45

days age together with carbonation test samples described in seétibi.The

readings of carbonation shrinkage were taken at regular intervals up to 300 days with
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a demec extensometer. The test procedure for carbonation shrinkage is detailed
section 22.5.2.

The drying shrinkage samples were curethe laboratory air at 20 + 2°C and%5
RH after the initial 7 days of water curin@he initial (datum) reading was recorded
on day 7 after removing the sampksm waterand then, theeadings of drying

shrinkage were taken at regular interugtsto 200 days.

raSteeI

Q 7 demec
points

Figure 5.3 Steel demec points attachedlong the two parallel longitudinal faces

5.2.5. Experimental Procedures
5.2.5.1. Carbonation Depth Measurement

The carbonation depth was determined by the phenolphthalein indicator method at
90, 180,240, 300 and 360 days of accelerated carbonation cuxftey.the process

of accelerated carbonatioa,50 mm thick slice fronone end of the prism length
(300 mm) was split by applying a tensile split compression load across the cross
section of the prism. The split slice had a cresstion of 75« 75 mm of the split

face and length of 50 mm\ solution of 1g phenolphthalein indicator dissolved in
70ml ethyl alcohol and diluted with distilled water to 100 ml was sprayed on the
freshly broken surfaces as shown in Figuré. Jhe phenolphthalein solution is
colourless and used as an aloabe indicator. Theolour of the solution changes into
purple when the pH is higher than 9. Therefore, when the solution is sprayed on a

broken concrete surface, the rnoarbonated area turns purple whereas the
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carbonated area does not change colour (Figdje Bhe carboation depth from the

split faces was measured at different locations (eight points each sidebaiter5
minutes of spraying the solution as shown in Figuée Bhe average depth was
calculated by taking the mean depth of carbonation for each faoge@entlythe
remaining whole prism (minus the split slice) was transferred back to the carbonation
chamber for future carbonation measurements after resealing the split surface with

bitumen paints shown in Figure 5.6
5.2.5.2. Carbonation Shrinkage M easurement

The existing method for drying shrinkage measurement was used for measuring the
carbonation shrinkage since there is no standard method to measure the carbonation
shrinkage of concrete. After 7 days of water curing followed by 38 days of
laborabry air curing, the datum reading was taken before exposing the specimens to
COyin the accelerated carbonation chamigasurements were recorded at regular
intervals using a demec extensometer. The carbonation shrinkage strain was
determined by takinght difference between the datum reading and the periodical
readings using the following equation:

tL::rF:g0) Usr 5.1

Where tis the shrinkage strain in microstrain;, is the initial (datum) gauge
reading; : gs the gauge reading at time t andis the gauge factor of the

extensometer.

The mean value of measurements taken on two opposite faces of three specimens is

considereds carbonation shrinkage.
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Figure 5.4 Phenolphthalein indicator applied to the freshly cut faces
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Figure 5.5 Carbonation depth measurements at different locations

Figure 5.6 The split surface of the samplesesealedwith bitumen paint

5.3. Results and Discussion
5.3.1. Carbonation Depth

The depth of carbonation for EBA, CFA and OPC miaeglifferent times of %

CO, exposurds presented in Figure 5.The presented values are the average of 16

depths of carbonation readings from two cut faces of the spedieaerally,the

depth of cdoonation for all mixes has increased wiitie duration of carbonatiorA

lower depth of carbonation was observed in OPC concrete mix compared to EBA
141



and CFA concrete mes which is consistent with the trend observed in concrete for
various pozzolanienaterials due to the reduction of Ca(Q@ldhd PH[3]. After 90

days ofCO, exposure, the depth of carbonation is 4 mm for OPC concrete while it is
7.2 mm and 9.6 mm for EBA and CFA resfively. The corresponding values of the
carbonation depth after oryear exposure are 11/8m,15.2 mm and 19.75 mm
respectively.The increase in carbonation depth in both EBA and CFA is due to a
decrease in Ca(Okigaused by the pozzolanic reactidn 13, 14] This dissipation

of Ca(OH) decreases the alkalinity of concrete, thus resulting in higher carbonation
[1]. The reactionin blended binderbetween the aorphous minerals (silica and
alumina) present in both fly ashes and Ca(©Optpduced from the hydration of
cement, forms calciursilicate hydrate(C-S-H) gel, thereby leaving less free lime
Ca(OH). As a result, less CUs required to react with the remaining Ca(Q@td)

form calcium carbonateC@CQ) [1, 15, 16] Thus, the carbonation depth in both
EBA and CFA is higher than OPC concrete. The increase in carbonation rate when
replacing the cement with fly ash is not only because the calciumoigid is
carbonated, but also the calcium silicate hydraie{d), which is the main product

of the pozzolanic reaction, is also carbondt&d4, 17] In addition, fly ash delays

the hydration and increases the porosity of concrete which allows faster diffusion for
CO; in the pore system. Therefore, the higher porosity of fly ash concretes ( EBA
andCFA) as determined by MIP test and reported in chapter 4 also contributed to the

increase in the depth of carbonation zone compared to OPC concrete.

Figure 57 shows that the highest average carbonation depth at all ages is exhibited
by the CFA mix.The @nsumption of free lime Ca(Okis highly influenced by the
pozzolanic activity of the fly asiThe XRF results, given in chapter 3 (section 3.3.1),
show that EBA has a lower sii content of 41.46% than 47%4of CFA. In
addition, the amorphous contewf mineral, as determined by the Rietveld
refinement method and presented in chapter 3 (se8thf), is lower in EBA (84

%) than in CFA (88%)Therefore, the lower carbonation depth of the EBA concrete
compared to CFA concrete is because of the comleffedt of its relatively lower
pozzolanic activity due to its low silica content and lower chemical reaction caused
by lower amorphous conterithe carlonation depth is greater when the amount of
Ca(OH) present in the mix is lowgi6]. Although the porosity of EBA12.18%) is
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higher than CFA (11.0%), it shows better resistance againstbcaration. This could
be because the effect of Ca(QHhy more dominant which indicates that the chemical

processes mainly control carbonation resistance rather than physical processes.
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Figure 5.7 Carbonation depth of control OPC, CFA and EBA

5.3.2. Rate of Carbonation

It is generally established that the carbonation depth increases with the duration of
exposure to C@however the rate of carbonation decreases with time. According to
Fick's law and assning steadystate diffusion of C@ the carbonation depth is

considered proportional to the square root of time as shown in equation 5.

This formula has been adopted by many researchers and generally used to compare
the carbonation resistance of concrate also to predict the rate of carbonafibd,
15, 18]

@L G¥P 52

Where d is the depth of carbonation in (mm); t is the period of exposure in (years)

and k represents the coefficient of carbonation in (mmJygar
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7KH PHDVXUHG FDUERQDWLRQ GHSWK IRU (%% &)$ DQC
(years) in Figure B. A linear relationship with a strong correlation factor ranging
from 0.94 to 0.99 is evident. The carbonation coefficient k (mmlyeas

determined by regression analyses.

25 -
&)$ ¥ 08484, R2 = 0.9792
a 20 (%$ ¥A751, R2 = 0.9401
£ 23& -YW325, R2 = 0.9955
e
B 15 -
()
o
[
o
= 10 -
c
o
2
S 5
*EBA ECFA OPC
0 T T T T T T 1
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
¥7LPH \HDU

Figure 5.8 Rate of carbonation for EBA, CFA and OPC concrete

Figure 59 shows the carbonation coefficient k for CFA and EBA compared to OPC
concrete. The high value of carbonation coefficient k indicates a higlerof
carbonation. The OPC concrete has the lowest carbonation coefficient8df 15.
mm/yeaf->followed by EBA concrete by 17.11 mm/y&awhereas the coefficient of
CFAis the highest at 20.16 mm/y&ar
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Figure 5.9 The coefficient of carbonation for CFA, EBA and OPC concrete

5.3.3. Shrinkage of EBA, CFA and OPC Concrete
5.3.3.1. Carbonation Shrinkage

The carbonation shrinkage of EBA, CFA and OPC concrete cured in accelerated
carbonation chamber for 300 days was calculated and plotted in FigOré\bage

of 45 days, he samples were exposed3d % CO,in a carbonation chambehe
temperature and relative humidity were controlled at £2@°C and 5670%
respectively.During the first two months, the carbonation shrinkage of all samples
was almost similar and seemshtie not highly affected by both ashédterward,

low carbonation shrinkage is observed in CFA compared to EBA and OPC
concretes. After 300 days of expoq@rb days agelthe carbonation shrinkage of
CFA was the lowest at 312 microstrains compared to 3288337.7 microstrains

for EBA and OPC respectivel{DPC mix has lower porosity but higher volume of
large pores than CFA and EBA concrete as reported in chapter 4 (section 4.3.4.2.2).
The high volume of large pores facilitates the diffusion of moisttom fthe mix.
Therefore, the shrinkage in OPC concrete is higher. In addition, the carbonated zone
in hardened cement paste is becoming denser due to the precipitation of a large
amount of CaC@ which fills the large pores and reducing the induced stresses
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during carbonatiorj19]. Therefore, the shrinkage in CFA concrete is lower than

OPC and EBA as its carbonated zone is wider.

Age (days)
45 95 145 195 245 295 345
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-350 -

-400 -

Figure 5.10 Carbonation shrinkage of CFA, EBA and OPC concrete

5.3.3.2. Drying Shrinkage

The drying shrinkage of both EBA and CFA compared to OPC concrete is shown in
Figure 5.1. All samples were cured in the laboratory environment at 28C+afd

65% RH for 200 days subgaent to 7 days of water curing. Generally, shrinkage of
all samplegEBA, CFA and OPC)vas observed to occur at a higher rate during the
first two monthsthrough which no significant impact of the inclusionbofth ashes

on drying shrinkage was notedfter that and up to 90 days, the samples undergo
further shrinkage but at a lower rate as can be clearly seen from the figure.
Afterward, the change in drying shrinkage for all mixes was similar, all of which
continue to exhibit a very low rate of shrade up to 20days. At 20 daysage the
reference OPC mix exhibited® higher shrinkage than EBA and %3higher than

CFA. The inclusion of both EBA and CFA ashes as a partial replacement of cement
resulted in a reduction dlrying shrinkage.Drying shrnkage occurs due to the
removal of intercrystalline water from €5-H gel [20]. Thus, a decreasin the
formed GS-H gel as a consequence of the retardation effect of fly ash will reduce
the drying shrinkage. In addition, the reduction of the rate and degree of hydration

reaction due to the presence of fly ash decsghgeadsorbed water on the faue of

146



C-S-H gel particles. As a result, fly ash concrete exhibits lower drying shrinkage
compared to OPC concrefzl 23]. The high shrinkage strain for OPC concrete is
attributed to the higholume of large pores compared to CFA and EBA. Moreover,
the shrinkage restraining effect of coarse aggre@®ecould be another reason for
higher shrinkage as the aggregate content in OPC concrete, 1107 isglower
than the 1136kg/m®in CFA and EBA concrete.
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Figure 5.11 Drying shrinkage of EBA, CFA and OPC concrete

Drying shrinkage reduction of fly ash concrete has been reported in the lit¢2dture
25]. Naik et.al[24] investigated the drying shrinkage of wood waste ash as a partial
cement replacement at B, and 12 up to 232 days. They found that drying
shrinkage of control OPC concrete at 232 days is m#fostrainswhereas the
shrinkage values of corete with 86, 8% and 1% wood ash are 270,130 and 440
microstrains respectivehSimilar trend was observed by using class F fly ash, the
shrinkage at 180 days reduced from 43#crostrains (OPC concrete)fo 362

microstraingor concrete with 4% cement replacement by fly a&b].

Figure 5.1 also shows that CFA is more ettive in reducing longerm shrinkage

compared to EBAlue to its lower porosity and lower volume of the large gore
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5.3.3.3. Carbonation and Drying Shrinkage

The carbonation and drying shrinkage graphs for EBA, CFA and OPC cancrete
from 45up to 40 days arellustrated in Figure 5A.The two graphs are identical
from 7 to 45 days as all samples were in the same conditions (anyipgand the
carbonations process was started on day #Be solid lines represetie best fit

lines of thecombination ofcarbonationand dryingshrinkagevalueswhereas the
dashed lines represetiie best fit lines ofdrying shrinkagevaluesalone. Therefore,

the carbonation shrinkade considered athe difference between both as shown in

the figure.
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Figure 5.12 Carbonation and drying shrinkage of CFA, EBA and OPC concrete
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It is clearly seen that the magnitude of drying shrinkage is greater than the
carbonationshrinkage. The higher drying shrinkage can be attributed to the higher
water loss compared to carbonation shrinkage as the curing conditions are different.
The drying shrinkage samples were cured in the laboratory environment af@0 + 2
and 65% R.H wheresathe carbonation shrinkage samples were cured in abelnam
where 4% C@ were continuously introduced. The carbonation process releases
water in addition to calciuncarborate which fills the pores and eliminates the
induced stresses in cement paste by mates during shrinkagevhereas the pore

spaces in drying conditions are usually filled with air

5.4. Conclusions

The influence of enhanced biomass ash (EBA) on carbonation resisfacmecrete
was investigated and compared wattal fly ash (CFA) andiormal OPC concretes
The samples were exposed304% CO,in a carbonation chambehe temperature
and relative humidity in the chamber were controlled att2® °C and 5070%,
respectivelyThe depth of carbonation and carbonation shrinkage wererdetasl at
different times of exposuré&.he following conclusions can be drawn based on the
reported results.

1. A higher carbonation depth was observed in both EBA and CFA concretes
compared to control OPC concrete. For instance, at 360 days, the carbonation
depth is 15.2 mm for EBA and 19.75 mm for CFA. The corresponding depth
for OPC is 11.8 mm. This is due #odecrease in Ca(OFgaused by the
pozzolanic reactionvhich makes the concrete sensitive to,@@d reduces
its resistance against the carbonation.

2. EBA is more effectivahan CFA in resistinghe carbonation because of its
lower pozzolanic reactivity due to its lower silica and amorphous content

compared to CFA.

3. The rate of carbonation is higher in fly ash concrete than OPC concrete. It is
17.11 mmyeaf® and 20.16 mm/yedr in EBA and CFA concretes

respectively whereas it is 15.84 mm/yedor OPC concrete.
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4. The carbonation shrinkage is lower in both fly ashes (CFA and EBA)
compared to OPC concrete. For exampliter 300 days of exposure, the
carbonation shrinkage is 312 microstrain for CFA, 329.8 for EBA compared
to 337.7 microstrain for OPC concrete.

5. The drying shrinkage of both ashes (CFA and EBA) concrete is lower than
OPC concretelue to the high volume of large pores in OPC concrete, which
controls the diffusion of moisture from the mix.

6. Drying shrinkage values are greater than carbonation shrinkage for both fly
ash and OPC concretas shown in figure 5.1ZThis is because the drying
process causes high water loss while in the carbongirocess, the

precipitation of CaCelfills the pores and restrefurther shrinkage.
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CHAPTER 6 SULPHATE ATTACK AND ALKALI -
SILICA REACTION OF BIOMASS FLY ASH MORTARS

6.1. Sulphate Attack

Concrete structures are subjected to deterioration caused by external factors which
affect its service life. Sulphate attack is one of the most common deterioration
processes which occur when concrete is exposed to sulphate rich environments such
as soils, groundwater and seawater. Sulphate attack causes a chemical breakdown by
sulphate ions attacking compounds of cement hydration products and causing
excessive expansiontacking and strength loss due to the formation of ettringite and
gypsum [1, 2]. Generally, two main factors control the sulphate resistance of
concrete, which are the chemistry of cement and concrete permeability. The content
of C3A in cement makes an important contribution to the sulphate reactions,
therefore, the sulphate resistance improves by reducing its af@pubbwer water
/cement ratio results in reducing permeability which in turn reduces sulphate attack
by hindering the movement of sulphate ions throughout the concrete matrix.
However, the rate of sulphate attack also depends upon the concentration and type of

sulphate solution (i.e. sodium, magnesium) to which the concrete is eXfphsed

In this chapter, sulphate resistance of mortars containing cement and biomass fly ash
with different levels of replacement is investigated. The aim of Kperenental
programme was to evaluate the influence of biomass fly ash on the sulphate
resistance of cement mortars containing 10, 20 and 30% replacement of cement by
enhanced biomass fly ash (EBA). In order to understand and evaluate the effect of
biomassfly ash against sulphate attack, a parallel investigation was also conducted
on coal fly ash (CFA) blended cement mortars by using the same cement
replacement levels together with control specimens of mortar made with 100% OPC
cement for compariso’ brief literature review on the important aspesftsulphate

attackwhich are relevant to this studs/given in chapteR.
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6.1.1. Experimental Programme

Different test methods have been developed to study the sulphate resistance of
cementitious materials, howev&STM C 1012[5] is considered the most corom
approach and much data are available in the literature based on this test method. The

current investigation was conducted according to this test method.
6.1.1.1. Materials

Ordinary Portland cement (Cem I: 52.5 N) conforming to EN-1%upplied by

Rugby cementEnhanced biomass ash (EBA) and commercial coal fly ash (CFA)

were used as cementitious materials to prepare the mortars. The enhanced biomass
ash was generated from Drax power statbK LFK LV RQH RI WKH 8.9V OD
producers The class F commeatdicoal fly ash (CFA) conforming to EN450 was

supplied by Power Minerals Ltd. Locally produced sharp medium grade sand
supplied by Frank Key Sheffield was sieved through a 2 mm mesh before using it in

the mortar mixeskurther information on the chemicalgphysical properties of the

materials is given in chapter 3.
6.1.1.2. Mix Proportions for Sulphate Attack Test

Sulphate resistance tests were conducted on seven mortar mixes prepared according
to ASTM C1012M standard procedurgg. The proportions of binder to sand by
mass were kept constant at 175 for all mixes. One minor modification was
performed when following the ASTM C1012M procedure to minimize the
parameters. The water to binder ratio was kept constant at 0.485 for the control
(OPC) mix with 100% cement and all fly ash blended cement mixestead of
adjusting the quantity of water for fly ash blended cement mixes to give a flow
within £10mm of the control mortar as specified in the standard. However, the flow

of all blended fly ash mortars was almost within this limit. Table 6.1 shows the

proportions of evaluated mixes.

Mix 1 represents a reference mix of 100% OPC cement and mixes 2 to 7 contain
different blends of cement and fly ash. The mix ID (column 2) for mixes 2 to 7
represents the replacement percentage of cement by flyrestexample, 10EBA

contains 106 enhanced biomass fly ash and 90% cement by weight of the binder.
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Table 6.1 The proportion of evaluated mixesfor sulphate attack test

Mixno Mix ID Cement (g) Flyash(g) Sand(g) Water(g) Flow(mm)
1 OPC 491 0 1350 238.1 195
2 10EBA 441.9 49.1 1350 238.1 187
3 20EBA 392.8 98.2 1350 238.1 185
4 30EBA 343.7 147.3 1350 238.1 183
5 10CFA 441.9 49.1 1350 238.1 188
6 20CFA 392.8 98.2 1350 238.1 193
7 30CFA 343.7 147.3 1350 238.1 197

6.1.1.3. Mixing

The mixing procedure was as follows:

. The binder (Cement and fly ash) were placed into the bowl and mixed by

hand until homogeneity was achieved.

The bowl was placed into the Hobart mixer and water was added carefully
within 10 seconds.

The mixing wa started immediately at low speed for 30 seconds. Then, the
sand was added steadily during the next 30 seconds while mixing continued.

The mixer was switched to high speed for an additional 60 seconds.

5. After about 2 minutes from the start, the mixing waspped and the mix was

briefly mixed by hand to remove accumulated materials from the paddle and
the base of the bowl.

The mixture was then mixed at high speed for a further 60 seconds. The total
period of mixing was about 5 minutes and the mortar wadagy mixed by

hand during sample preparation to avoid bleeding.

6.1.1.4. Casting

Three prisms of dimensions 40mm x 40mm x160mm were cast for each mix in steel

moulds. The moulds were lubricated with mould oil prior to casting. Then, the fresh

mortar was plaakin the prism moulds in two layers; each layer was compacted on a

vibrating table for five seconds.
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6.1.1.5. Curing

After casting, all the moulds were placed in a mist curing room & &6 24 hours.
Then, all samples were demoulded and cured in water '& B@til 28 days to

develop sufficient strength for the sulphate resistance test.
6.1.1.6. Testing

The specimens were removed from the water after 28 days of water curing and dried.
Stainles steel demec points were fixed along two parallel longitudinal faces of each
specimen at a gauge length of I@éh. An epoxy resin was used to glue the demec
points on thespecimens as shown in Figure 6.1.A. Extensometer measurements
were taken for eachample across the demec points on the two faces. These initial
readings provided the datum values for the test. The weight of each specimen was
also recorded prior to placing the samples in a plastic tank containirgp&im
sulphatesolution. The solutiorwas prepared a day befoas specified by ASTM
C1012M[5] by dissolving 50g of sodium sulphate (MN&80O,) in 900 ml of water

and further diluted with distilled water to obtain 1L of solution. The Solution pH was
maintained in the range of 6 to 8 (Figure 6.1.B). The volume of the solution in the
plastic container was # 0.5 times the volume of mortar bars to ensure complete
immersion of the samples (Figure 6.1.C). The plastic container was kept covered to
prevent solution evaporation and it was stored in the laboratory'@; 5% RH
(Figure 6.1.D. The solution was replaced every 2 months during the whole

immersion periodo maintain the sulphate concentratasmuch as possible.

The expansion of the prisms was measured at regular intervals using demec
extensometefonce a week in the first montaAnd then once a month up to 420 days)
Expansion strain was determined by taking the mean value of measurements from
the two opposite faces of three test specimenseXpansiorstrainat any age due to

sulphate attack was calculated as follows:
tL ::PF:E H)( Hsr 6.1

- KH U Hs thé¥xpansiornin microstrain;Xt is the gauge reading at timeXi is the

initial (datum) gauge readirandGF is the gauge factor of the extensometer.
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A.Samples with demec points B. Solution preparation in plastic tank and
measurement

C. Samples submerged in 5% JS@), D. Samples stored in the laboratory

solution 20'C, 65% RH in a plastic tank with led.

Figure 6.1 Samples preparation for sulphate resistace test

All samples were examined visually after measuring the expansion to identify any
visual changes such as discolouration, cracking and disintegration. At the end of the
test, the average weight for all samples was recorded and expressed as a percentage
of weight change with respect to the initial weight which was recorded after 28 days
curing in water before immersion in the sulphate solution. The weight change was

calculated as follows:

e PDU?D4;
9: ,LT.SFF 6.2

Where: 9 is theweight chagein %; 9 ris the initialweight after 28 days of water

curing and9 Bis the finalweight after 420 days of immersion in J$&, solution.
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Finally, the samples were crushed in the compression machine for strength
measurements. Then, a few pieces offtaetured surface of some mortar samples
were taken for SEM analyses in order to determine any variation in their morphology.
The microstructures were investigated using SEM analyses equipped with EDX
spectrums for element identification. The mortar sampées first attached to
aluminium stubs and a layer of carbon was applied by sputtering using SPI coater
equipment. The sample was then transferred to the QUANTA 650 SEM device and
exposed to an electron beam inside. The electrons generate signals wkalh rev
information about the morphology of the sample. Figure 6.2 shows QUANTA 650
SEMwhich was useth this study.

Figure 6.2 QUANTA 650 SEM equipped with EDX spectrums

6.1.2. Results

The expansion rates of ORADd fly ash blended cement mortars stored in the 5%
sodium sulphate, Ne&5O,, solution have been monitored and illustrated in Figures
6.3 and 6.6. It is clearly seen that OPC control mortars showed the highest expansion
between all mixes by the end oftkesting period of 420 days. The replacement of
cement with fly ash has a significant effect on the sulphate resistance. Incorporation
of fly ash reduces the expansions, however, the reduction was dependant on the level
of replacement and the type of figh. The effect of both ashes against the sulphate

attack will be discussed in the following sections.
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6.1.2.1. Effect of Coal Fly Ash (CFA)

The expansion of control OPC mortars and the samples containing 10, 20%nd 30
coal fly ash by weight are presentedFigure 6.3. The samples expanded in the
solution with the increase of immersion time and only control OPC samples showed
significant expansion during 420 days of immersion in9@ solution. During the

first 120 days, all samples including the control OPGrtars showed a gradual
increase in expansion but there was no visible destruction, scaling or spalling in all
samples. However, white watsoluble substances were formed only on the surface

of the reference OPC samples after about 90 days.
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Figure 6.3 The effect of coal fly ash on sulphate resistance of mortars

An accelerating expansion rate of OPC mortars started to be obvious from 150 days
onward whereas no obvious acceleration in expansion rate was/exbsa all
blended coal fly ash mortars. After 150 days storage of OPC mortars,8ONa
solution, slight cracking was observed which was more prominent around the edges
and on the surface indicating significant sodium sulphate attack. Between 300 and
420 days, the expansion of OPC samples increased significantly, almost three times,
exceeding 981 microstramt the end of the test. This increase in the expansion was
accompanied by increased cracking and loss of material. On the contrary, the
blended colafly ash mortars showed almost a linear pattern of expansion after about
150 days however, 30% of cement replacement exhibited the lowest expansion
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during the whole immersion period. It is clearly evident that the replacement of
cement with coal fly aslkt these levels (10, 28nd 30%) reduced the expansion
which indicated improved resistance to sulphate attack. This improvement in

sulphate resistance was also reflected in the physical deterioration.

Physical observation showed that the deterioration BCQOmortars was more
obvious compared to coal fly ash blended samples which showed less deterioration
(hair-line cracks) especially at 20% and 30% substitutions of fly ash. Figure 6.4
shows the appearance of OPC and blended coal fly ash mortars aftery$56f da

storage in 5% N&O, solution. No visible cracks appear on the top face of samples.

OPC 10CFA 20CFA 30CFA

Figure 6.4 The appearance of OPC and blended coal fly ash mortar samples after 150 days of

immersion in 5% Na,SO, solution.

Figure 6.5 shows the appearance of OPC and blended coal fly ash mortars at the end
of the test (after 420 days of storage in 83, solution). It shows significant
continuous, deep cracks and loss of material around the edges of OPC mortar
sampes while minimal cracking around the edges and corners appeared on coal fly

ash samples especially at 20 and 30 % replacement of cement.
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30CFA 20CFA 10CFA OPC 30CFA 20CFA

30CFA 20CFA 10CFA OPC ORC

Figure 6.5 The appearance of OPC and blended coal fly ashartars after 420 days of

immersion in 5% Na,SO, solution.

6.1.2.2. Effect of EnhancedBiomassAsh (EBA)

Figure 6.6 shows the expansion rate of mortar samples containing 10, 20 and 30%
EBA by weight immersed in 5% N&O, solution for 420 days. Generally, the
sampls expanded in theolution with time and only the control OPC mortars and
the mix containing 10% EBA exhibited significant expansion after 420 days of
immersion. During the first 150 days, all samples including the control OPC mortars
showed a gradual inease in expansion but there is no visible destruction or cracks
appearing on the surface. An accelerating expansion rate of OPC @6dEBA
mortars started to be obvious from 150 days onward, however, the expansion rate
was lower for 10% EBA mortars th&@PC. At 420 days, the expansion of 10% EBA
mortars was 775.86 microstrain compared to 981.3 microstrains for OPC mortars.
The mortars with 20% and 30% EBA showed low expansion which indicated
improvement in sulphate resistance. A few cracks appearedecsutface of the

control OPC and 10% EBA samples after about 150 days of immersion. The visual
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observations agreed with expansion results. Figure 6.7 shows that the OPC and 10%
EBA mortars underwent significant deterioration and cracks around the ends and

corners whereas 20% and 30% EBA show lower signs of deterioration.

1200 -

—%—OPC —a—10EBA 20EBA  —e—30EBA

1000 -

800 -

600 -

400 -

Expansion (microstrain)

200 -

O T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450
Immersion period (days)

Figure 6.6 The effect of enhanced biomass ash on sulphate resistance of mortars

163



30EBA 20EBA 10EBA OPC 30EBA 20EBA

30EBA 20EBA 10EBA OPC 10EBA OPC

Figure 6.7 The appearance of OPC and enhanced biomass ash blended mortar samples after

420 days of immersion in 3 Na,SO, solution.

6.1.2.3. Weight Change

The average weight of all samples was recorded at the end of the test and expressed
as a percentage of weigkthange with respect to the initial weight which was
recorded after 28 days curing in water and before the immersion in the sulphate
solution. The average weight change of control OPC and blended fly ash mortar
samples which were exposed to 5%,813, soluion up to 420 days is presented in
figure 6.8. All samples showed a weight gain after 420 days immersion period. The
weight changes of the samples were in the range of-01773% at the end of the

test. The least mass increase was found in control @iRGollowed by 10% EBA

while the weight gain increased by increasing the replacement level of both ashes.

These results are discussed in sectidr8.
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Figure 6.8 The weight change of the mortars after420 days of immersion in 5% NgSO,
solution.

6.1.2.4. SEM/EDX Examination

Some mortar samples at a depth of aboutrd from the surface were investigated

by SEM/EDX analyses after immersion in 5% sodium sulphate solution for 420 days.
SEM images and EDX spectraaintrol OPC, 100 EBA and 30 CFA specimens

are presented in Figures 6.9, 6.10 and 6.11 respectively. Ettringite was very
prominent as long needles in OPC and 10% EBA mortar samples. It was identified
by EDX where the S, Al, Ca and O peaks are the ctersiic of this mineral as
shown in Figures 6.€ and 6.10C. In 30% CFA mortar sample, ettringite was also
detected as short needles but in much less quantity than in OPC and 10% EBA
mortar samples. As the content of fly ash increases, the quantitytrioigies
decreases. Massive precipitation of gypsum crystatseasily observed in OPC and

10% EBA samples while no gypsum was detected in 30% CFA mortar sample.
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Z1 72

Figure 6.9 SEM micrograph on OPC mortar after 420 days of immersion in NgSO, solution.

A. General view, B. The appearance of ettringite needles and gypsum crystals, C. Long ettringite
needles & EDX spectrum of Z1 indicating mainly ettringite, D.Gypsum crystals & EDX spectrum of
Z?2 indicating mainly Gypsum.
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Figure 6.10 SEM micrograph on 10% EBA mortar after 450 days of immersion in NaSO,
solution.

A. General view, B. The appearance of ettringite needles andimypsystals, C. Long ettringite
needles & EDX spectrum of Z1 indicating ettringite, D.Gypsum crystals & EDX spectrum of Z2
indicating mainly gypsum.
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Z1 72

Figure 6.11 SEM micrograph on 30% EBA mortar after 450 days of immersion in NaSO,

solution.
A. General view, B& C. The appearance of short ettringite needles, D.EDX spectrum of Z1 & Z2

indicating just ettringite.
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6.1.3. Discussion

In order to compare the effect of both asiEBA and CFA)on the sulphate
resistancef mortars the expansion results of all samples are plotted in Figure 6.12.

The results of the experimental programme show that the performance of the control
OPC mortar samples is different frothe blended fly ash mortar samples. The
replacement of OPC cement wittboth EBA and CFA improved the sulphate
resistance which is reflected by the reduction in expansion, cracks and disintegration.
The control OPC mortar samples underwent an attack process when exptheed to
sodium sulphatesdution, which caused rapid expansiooracks and spalling of
material aroundthe edges. Themortar samples containing EBA performed better
than OPC mortar specimensafd expansiorand crackingwere not observed
except in 10% EBAsamples The severity ohttack decreased as the fly ash content

increased.
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Figure 6.12 Comparison of sulphate resistance of OPC, CFA and EBA mortar samples

It is clearly seen that although bdtli ashes decreased the expansute, mortars
containing coal fly ash showed less expansion and, therefore, better sulphate
resistance compared to enhanced biomass ash mortars. For example, at 420 days of

immersion, the expansion GPC mortars, 10%, 20% and%QCcoal fly ashmortars
169



is 981.32, 278.72, 308.2 and 255.12 microssamspectively. The corresponding
values for mortars with 10%, 20% and 30% enhanced biofhasshare 775.8,
359.12 and 357.78 microstraimespectively. This indicates that the degree of
sulphate resistance dapded on the type of fly ashkaczewska and Maloleps#§]
investigated the sulphate resistance of mixtures incorporating fly ash produced from
the cacombustion of coal and wood biomass compared to mixtures incorporating
coalfly ash alone. The wood biomass accounts 10% of the total mass of fuel. The
ash replacement was 40% by mass of cement. They found that the mortars made
with fly ash produced by the emmbustion of coal and biomass exhibited lower
resistance to sulphatattack than the mortars made with coal fly ash offlye
inferior resistance to sulphate attack of the mortar incorporatingprdustion of

coal and biomass is attributed to its lower pozzolanic activity waliebresulted in
increased permeability andduced volume stability of mortarBhis cacombustion
biomass ash is clearly different from the EBA investigated in this thesis since it uses

coal as the combustion fuel instead of fly ash in the case of EBA.

The variation in sulphate resistance betwientwo asheéEBA and CFA)could be
attributed to several factors such as the variation in their chemical and mineralogical
composition, porosity and pore structure as will be discussed in the following

sections.
6.1.3.1. Effect of Chemical andMineralogical Compasitions

Coal fly ash has been known to be effective in improving sulphate resistance due to
its chemical and mineralogical compositipr]. Table 6.2 shows the chemical
composition of OPC cement and both ashes used in this investigation. The CFA
contains higher amounts of silicon dioxide (9i@luminium oxde (ALOs) and iron

oxide (FeOs) compared to EBA which result in better pozzolanic properties whereas
EBA is much richer in calcium oxide CaO which does not contributeh&o
pozzolanic activity. The results reported in chaptésetion 3.3) on the checal

and physical properties of both ashes revealed that the pozzolanic activity and the
amorphous silica and alumina content of EBA are less than CFA. Although EBA
was less effective in resisting the sulphate attack than CFA, the principle behind their

improvement in sulphate resistance relative to OPC mortar is similar. The
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replacement of cement with fly ash reduces the contentsAfadd CaO which
contribute to sulphate reactions (dilution effect less cemeit In addition, the
amorphous minerals (silh and alumina) present in fly ash undergo {tergn
pozzolanic reaction which consumes the calcium hydroxide that is released by the
hydration process, leaving lepsrtlandite Ca(OH)availableto react with sulphates.
Consequently, the formulatiasf gypsumwill be minimized[8]. The higher rate of
expansion observed in EBA mixes dsie to its lower pozzolanicity compared to
CFA. Thereforethe quantity of free Ca(OkRl)available to react with sulphate ions is
higher in EBA blended mortaMoreover, the higher content of CaO in EBA
(8.10%)is another reason for its higher expansion rate as it is more than twice the
CaO content in CFA3.10%) These results agree with previous research on different
types of coal fly asks[9, 10] when compared with OPC which has CaO content of
69.8% (Table 6.2)

Table 6.2 The chemical composition of cement, CFA and EBA

Material Sio, Al,O3 Fe,0O3 CaO MgO SO, K,O P,Os5

OPC 159 473 2.73 69.8 0.57 3.54 1.45 0.78
CFA 47.64 25.32 8.39 3.10 2.66 - 3.16 0.22
EBA 41.46 23.49 8.10 8.10 2.27 0.17 5.57 0.75

Dunstan[9] correlated the ability of fly ash to resist sulphate attack with its
chemistry by introducing the sinmlfactor 'R' in equation 8. which is mainly
dependent on the content of calcium and iron oxi@e© and F€s) in the fly ash.
Y2 O E9
¢ BEZ

4 L 6.3

Based on this factor, decreasing the calcium oxide content and/or increasing iron
oxide content would improve the sulphate resistance. Limits have been established
for R values to increase sulphate resistance as shown in Table 6.3. According to
these limits, the sulphate resistance increases if R values are less than 1.5 whereas,

values greater than 3 reduce the sulphate resistance.

Dunstars equation with the R factor was developed for 25% volumetric replacement
of Type Il cement with fly ashta water to cement plus flysh ratio, W /(C+P)of
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0.45. He stated that the R factor may change for different replacements, other types
of cement and probably the equation is not valid for W/(C+P) ratios exceeding 0.5.
However, this expression has beeatteasively used to predict the sulphate attack of

fly ash concrete despite thather studies have found that R factor is not sufficient to
determine the resistance of the fly ash condgtd1]. Khatib [11] found that 10%

fly ash replacement performed worse than control OPC despite the R factor of the
used fly ash being 2.75(< 3), vehi according to Dunstan's equation worddresent

highly improvel resistance to sulphate attack.

Table 6.3 R-Factor limits as proposed by Dunstari9]

R Sulphate resistance
<0.75 Highly improved
0.75t0 1.5 Moderatdy improved
15t03 No significant effect

>3 Reduced

In the current investigation, the R factor-i9.22 and 0.38 for CFA and EBA
respectively which correspond to the value of < n7bable 6.3 epresenting highly
improved sulphate resistance of both ashes compared to control OPC misw€&he |
value of- 0.22 for CFA than 0.38 for EBA explains the superior resistance of CFA
compared to EBA (Figure 6.12). Howeveement replacement with0% EBA
performed similarly to the control ORf&spite the R factor of EBA being 0.3&his
supports theclaim that only the right proportion of fly ash, which generally lies
between 20 30%, would improve the sulphate resistance and the R factor is only

valid for these percentage (280%)[2].

An attempt is made to calculate the R factor for different types of fly ashes which
have ben investigated for their resistance to sulphate attack from selected papers
including current resultéo compare their practical behaviour with the expected
behaviour according to-Ralues. Table 6.4 shows this comparison. It is clear that not
all resultscorrelated well with the expected results based amlRe. For example,

in Sudheen's investigation in the case of class F fly ash, the actual behaviour for all
fly ash replacement levels (:310%) was improvement in sulphate resistance. The

expected bedviour according to Ralue (0.23), is highly improvedesistance
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corresponuhg to the value of < 0.7%6Table 6.3). The actual and expected behaviour

is the same even when the fly astused asow as10 % cement replacemerithe

trendis similar to the glphate resistance &@FA used in this investigatioffFigure

6.12) which is also a class F fly ash the case of class C fly ash and according to

its R-value (1.68), the sulphate resistance should not be affeetedi6similar to

OPC) correspondg to the values of 1.5 to @able 6.3). In practice, the substitution

of 20 to 40% fly ashresults inimproved sulphate resistance compared to OPC
whereas 10% cement replacement reduced the sulphate resistance. This indicates that
the Rfactoris not valid forclass C fly ash as the actual and expected behaareur

opposite.

Another example of the variation between the actua awpected results is
Rajamma’s study. In the case of biomass B1, 10% cement replacement moderately
improved the sulphate resistancempared tahe OPC mix whereas 20 and 30%
cement replacement reduced the sulphate resistance. The expected behaviour based
on its Rvalue, 2.46, is no significant effect. The addition of biomass B2 at 10 and
20% cement replacement moderately improvedstiliphate resistance compared to

OPC mix whereas 30% cement replacement reduced the sulphate resistance. The
expected behaviour based on itsv&ue of 9.27 is reducing the sulphate attack
resistance. Again, the actual and expected behaviour are diff@fieatauthor
attributed the lower resistance of both biomass ashes to their higher porosity

compared to OPC.

This variation reveals that relying dhe R-value topredct the sulphateesistance
produced by fly asls not valid for all types and at all repment levels and in
some cases the physical properties (porosity and pore struttece)ne more

dominant than the chemical compositiortiod fly ash
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Table 6.4 Comparison betweenrthe practical and expectal behaviour according to R values

Author Sulphate w/b CaO % Fe,03% Type of ash R Porosity Replacement  Actual behaviour Expected behaviour
solution/durat  ratio (%) level (%) according to R
ion
Sudheernjl] 5% NaSO, 0.40.6 16.44 6.78 Class C 1.68 - 10 Reduced the resistance No significant effect
for 6 months
- 20-40 Improved the resistance
6.17 5.03 Class F 0.23 - 1040 Improved at alteplacement  Highly improved
Kaiwei et al 5% NaSO, for  0.55 4.48 5.24 Class F -0.01 10.8410.78 20, D Improved Highly improved
[12] 19 months
Sumefl3] 15%Mg SO, 0.76- 15.1 8.26 Class C 1.22 - 10,17 Improved Moderately improved
for 12 months 0.43
1.55 6.97 Class F -0.49 - 10,17 Improved Highly improved
Shearef14] NaSO,for 18 0.5 1.26-2.85 7.98-14.01 ClasF -0.46 t0-0.08 - 25 Improved Highly improved
months
2.53-0.77 13.18-6.67  Co-combustion -0.48 t0-0.07 - 25 Improved Highly improved
245 0.6 Biomass 325 - 25 Reduced reduced
Tkaczewska et NaSO, 0.5 3.7-33 7.1-6.8 Class F -0.24 t0-0.19 - 40 Improved Highly improved
a.[6] for 13 monhs
0.5 10.3-9.4 9-85 Co-combustion 0.491t00.62 - 40 Improved Highly improved
biomass
Rajammg15] 5% NaSO,+ 0.55 11.4 2.6 Wood waste 2.46 15.10 10 Moderately mproved No significant effect
5% MgSQ for biomass B1 16.69 20-30 Reduced the resistance
12 months 0.55 25.4 2.2 Wood waste 9.27 16.77 10-20 Moderately improved Reduced
biomass B2 18.71 30 Reduced the resistance
Current study 5% NaSO:for  0.485 3.10 8.39 CFA -0.22 10.7811.02 10-30 Highly improved
15 months Highly improved
8.10 8.10 EBA 0.38 12.08 10 Similar to OPC
12.1813.56 20-30 highly improved
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6.1.3.2. Effect of Pore Structure

The replacement of cement with fly ash improves the sulphate resistance not
only due to chemical factors but also physical properties. Fly ash improves the
sulphate resistance by changing the microstructure and reducing the
permeability by refining and blocking the porgd. The pozzolanic reaction
product (calciurrsilicate hydrate gel) fills the capillary pores and makes the
material denser. The sulphate ions, therefore, cannot easily penetrate the
concrete and conntee with thetri-calcium aluminate ¢\ to form ettringite[8,

16]. Table 65 shows the total porosity and pore size distribution as determined
by MIP measurements (chapter 4) conducted on pastesrongttie same level

of cement replacement by CFA and EBA as evaluated for the sulphate resistance

investigation.

The percentage of small pores < Qrh for the mixes containing both ashes is
higher compared to control OPC and CFA was more effective imimgfthe

pores. It also shows that the lowest percentage of small pores was found in OPC
and 10% EBA mixes respectively which may explain why they exhibited more
aggressivesulphateattack (higher rate of expansion and deterioration between
all mixes).

Table 6.5 Total porosity and pore size distribution of OPC and blended fly ash (CFA and
EBA) samples

Mix ID Total porosity Small pores Large pores
(%) <0.1um (%) >0.1pm (%)
OPC 10.34 8.78 1.56
10EBA 1208 9.61 2.47
20EBA 12.18 10.7 1.48
30EBA 13.56 11.64 1.92
10CFA 10.78 10.26 0.52
20CFA 11.02 10.37 0.65
30CFA 11.71 11.21 0.5
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Figure 6.13 Effect of small pores on the expansion caused by sulphate atta

Figure 6.13 showa linear relationship between the volume of small pores (%)
and the expansion caused by sulphate attatk a coeffcient of correlation
0.706.A decrease in the expansion is observed at higher percentage of small
pores.In addition the effect of small pore volume is more significant in EBA
than CFA which is more domated with the effect of chemical composition on

sulphate resistance.
6.1.3.3. Weight Change

All samples showed an increase in weight at the end of th@~igate 6.8) The
increase of weight was the result of continuous water absorption which indicates
the formation of additional hydration products. Additionally, the mass increase
is due to swelling caused by tHermation of expansive reaction products
(gypsum and/or ettringgt ) and filling up of pores, thereby densifying the
hardened concrete mixtures and increasing the wgight7]

Specimens typically gained masfter being exposed to the sulphate solution
until cracking occurredThe specimens generally began spallafter cracking,
thereby reslting in mass los§7]. The least mass increase wasrfd in control
OPC mortarfollowed by 10% EBA despite their expansibaingthe highest.
The deterioration of OPC and 10% EBw®ortarswas defined by widening of

cracks around the corners which cause a loss of material around the edges as
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shown in Figure @. This is the cause of a decrease in weight once the cracks

were formed.

The weight gain increases with increasing replacement level of both ashes while
the less expansion occurred in blended fly ash mixes compared to control OPC
mix. These observatiorare different from the result reported by SurfiE3]

who investigated the sulphate resistance of concrete containing Turkish class C
and class Rly ashesexposed to 15% magnesium sulphate solution. He found
that there was continuous mass increase throughout one year immersion period
in all samples,however, the weight increase decreases by increasing the
replacement level of both types of coal fly a6he variation in the solution type

and concentration could explain the contrary results since magnesium sulphate
solution causes more aggressive batp attack by reacting with the calcium

silicatehydrate products.

6.1.3.4. Correlation between SEM, Expansion and

Visual Observation Results

The results of SEM analyses shown in FFegu6.9 to 6.11 correlateell with the
expansion and visual observation fesuThe morphology of the examined
samples suggests that there is a close link between ettringite formation and
expansion. The high and acceleragegbansion pattern of OPC and%EBA
mortar samples is associated with the formation of ettringite whéeldiv
expansion rate of 30% CFA is due to the lack of ettringite. The high quantity of
identified gypsum crystalsn OPC and 10% EBAs the main cause of spalling
destruction (loss of material). It has been reported in the literature that the cracks
and exyansion result from ettringite formatiom hardened concretahile
gypsum is the main cause of surface spdlin@, 12] The role ofgypsum
precipitation in cement exposed tosalphatesolution is to open up cracks

which were already presefii3].
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6.2. Alkali -silica Reaction (ASR)

One of the important aspects of concrete durability is its resistance to alkal
silica reaction (ASR) which is an expansive reaction between reactive mineral
phases in aggregates and alkali hydroxide and/or calcium hydroxide in the pore
solution of cement paste. The major source of alkali in concrete are sodium (Na)
or potassium (K)ons from cement, however, alkalis can also penetrate concrete
from external sources such as groundwater andtidg salts[19 21]. The
concentration of alkali metal hydroxides in solution depends on a number of
factors such as thedkali content of the cement, the water/cement ratio (w/c) and
the degree of hydratiof22]. ASR reaction produceshydrophilic alkalisilica

gel whichby itself is not expansive but it has a very high capacity to absorb
water from the pore solution and expand causing cracking and failure of the
concrete[20, 22, 23] Thus, high alkali content in concrete, reactive aggregate

and sufficient moisture are essential for ASR to occur.

The use of SCMs such as fly ash, slags and silica fumenawenkto control the
expansion due to ASR mainly by their ability to reduce the alkalinity of the pore
solution and binding the alkalis in the hydration prod{@fs 2428]. The effect

of fly ash on thealkalis available in solution depends on the composition of the
ash, level of replacement and alkali content of the cef2ft In this section,

the efficiency of biomass fly ashes in mitigating ASR was investigated. The aim
of the experimental progmme was to evaluate the influence of biomass fly ash
on the expansion due to ASR of blended cement mortars containing 20%
replacement of cement by enhanced biomass fly ash (EBA) and wood biomass
ash (EBA). A parallel investigation was also conducted ai fip ash (CFA)
blended cement mortar by usingetBame cement replacement letadether

with control specimens of mortar made with 100% OPC cement for comparison.
A brief literature review on alkabilica reaction in concrete which is relevant to

this study is given in chapter 2.
6.2.1. Experimental Programme

Accelerated mortar bar test (AMBT) is widely used to assess the potential risk

of alkali-silica reaction (ASR) in concretdue to its simplicity and time
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effectiveness. ASR investigation was carried omt accordance with the
accelerated mortar bar tests ASTM C 1260/1567 standa@ds31] ASTM C

1567 is a modified version of ASTM C 1260, used to assess the pbtentia
reactivity of the combination of SCMs and aggregaiéss test method can be
used to evaluate the effectiveness of supplementary cdéimentmaterials
(SCMs)in reducing the expansion due to ASRgh temperature of 80°C and
high concentration of hydrade (1 N NaOH) is used in this method to accelerate
the reaction.

6.2.1.1. Materials

Ordinary Portland cement (CEM I: 52.5 N) conforming to EN-1%Upplied by
Rugby was used in this investigatiorEnhanced biomass fly ash (EBA)
generated in Drax power stationrgin wood biomass ash (WBA) produced in
Lynemouth power station and commercial coal fly ash (CFA) were used as
supplementary cementitious materials to prepare morfdrs. fine aggregate
used for maxing mortars andardCEN sandgivenin BS EN 1961 standard

[32], this sand was found to be potentially reactive.

6.2.1.2. Mix proportions For ASR Test

ASR tests were conducted on four rtar mixes prepared according to ASTMM

1567 standard. The proportions of binder to sand to water by mass were kept
constant at 12.25:0.47 for all mixes (OPC mix with 100% cement and all fly
ash blended cement mixes). The control OPC mortar was prejpanexing
1125 g sand, 500y Portland cement and 235 g water. The blended fly ash
mortars were prepared in the same manner except that 20% by weight of the
Portland cement was replaced with fly ash. T&b&shows the proportions of

evaluated mixes.

One minor modification was performed when following the procedure in
ASTM C 1567 Instead ofusing thespecific particle size distribution dhe
(reactive) aggregatésand) given in theASTM C 1567 standardthe particle
size distribution used was the dioe standardCEN sandjivenin BS EN 1961
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standard[32]. Table 6.7gives the grading of the tow sands, which quéte

similar.

Table 6.6 The proportion of evaluated mixesfor ASR test

Mix no Mix 1D Cement (Q) Fly ash(g) Sand(g) Water(g)
1 OPC 500 0 1125 235
2 20 EBA 400 100 1125 235
3 20 WBA 400 100 1125 235
4 20 CFA 400 100 1125 235

Table 6.7 Grading requirements in ASTM C 1567 and grading forCEN sand

ASTM C 1567 grading requirements CEN sandgrading

Retained on sieve size (mm Mass (%) | Retained on sieve size (mm Mass (%)

2.3 10 2.0 0
1.18 25 1.60 7
0.60 25 1.00 26
0.30 25 0.50 34
0.15 15 0.16 20

6.2.1.3. Sample Preparation and Testing

Cement and fly ash binders were mixed by hand until homogeneity was
achieved. The binder was then placed into the bowl of a Hobart mixer agd wat
was added carefully within 10 seconds. The mixing was started immediately at
low speed for 30 seconds. Then, the sand was added gradually during the
following 30 seconds while mixing continued. The mixer was switched to high
speed for an additional 6(esonds. After about 2 minutes, the mixing was
stopped and the mix was briefly mixed by hand to remove accumulated
materials from the paddle and the base of the bowl. This was followed by
mixing at high speed for 60 secondéree specimen®r each mortamix were

cast in25 x 25 x 250 mm prism moulds (Figurel4A) with embedded gauge
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studs at the end to facilitate length measurements. Immediately after casting, the
moulds were covered by a plastic sheet, stored in the laboratory environment
(20C, 60% RH and demoulded after 24tFigure 614.B). Then they were
preconditioned for a further 24 h in water maintained at 80 °C inside an oven.
The lengths of these mortar bars, after 24 h immersion in hot water, were
measured using the length comparator as shawrFigure 614.C. This
measurement provided the initial readingg)(L The mortar bars were
subsequently transferred to agticcontainer filled with £46 sodium hydroxide
solution (NaOH), cosred with a id to prevent evaporation of the solution and
maintained at 80 °C inside the oven (Figur&4D). The plastic container could
withstand the high temperature of 80°C and was resistant to the sodium
hydroxide solution. The solution was prepared a day before by dissolvigg 40

of sodium hydroxide (NaOH in 900ml of water and further diluted with
distilled water to obtain 1L of solution. The volume of the soak solution in the
plastic container was 4 * 0.5 times the volume of mortar bars to ensure complete
immersion of the samples. The length of mortar bas periodically measured

over 28 days of exposurghe expansion was determined by taking the mean

value of measurements from three test specimens.

The expansion of each specimen at day x was calculated as follows:

' L%Hsrr" 6.4

Where: Eis the expansionin %; Ly is the gaugecomparator reading of
specimen at day xlo is the initial (datum) gauge comparator reading of
specimen and 250 is the gauge kang

According to ASTM C 1567, any expansion value less than 0.1% at 14 days
indicatesa low risk of deleterious expansiamd will qualify the combination of
materials for use in concrete. Any value greater than 0.2% at 14 days indicates
high risk of dekterious expansion and will not qualify the combination of
materials for use in concrete. Any value between @2% indicates potentially

deleterious expansion and should be subjected to further testing.
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A. Casting B. Demoulding C. Length measurements

D E

D. Samples exposed to NaOH solution E. The specimens at the end of ASR te:

maintained at 80°C inside the over

Figure 6.14 ASR test procedures
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6.2.2. Results andDiscussion

The AMBT expansion results of control OPC, CFA, EBA and WBA are shown
in Figure6.15 The standard *4day AMBT period is indicted by the vertical
dotted line and the ASTM C1268(:76limits of the expansion at #hageof 14
daysare shown as horizontal dotted linébese results provide a comparison of
the effect of biomass fly ashes in resisting ASR compared to OPC and CFA. The
figure clearly shows that all fly ash blended mixes showed less expansion than
control OPC mixthroughout the exposure time. OPC mortar has the highest
expansion whereas CFAortar has the lowest expansion d&8A and WBA

have expansion between both. Hoee\EBAshows a much better resistanice

ASR than WBA. After two weeks exposure time, both OPC and WBA
specimens showed greater expansions than the specified ASTM C 1260/1576
limit of 0.1% for 14days exposure time. The expansion of EBA and CFA are
0.095%and 0.054% respectively which are lower than the limit of 0.Ih&
corresponding expansions values after 4 weeks exposure time for OPC and
WBA were also higher than limit of 0.2 specified by ASTM C1586th EBA

and CFA reduced the expansion to the l@fdbw deleteriougisk according to
ASTM C1260/1576. Although WBA reduced the expansion compared to control
OPC, the reduction was not sufficient to reduce the expansion from the level of
potentiallydeleterious to low riskleleterious.

The results cleaylindicate that high calcium and alkali content in the fly ash
provides the least mitigation of ASR expansion. This agrees with the existing
literature[21, 22, 29, 33, 34pn mitigation of ASR by fly ashThe chemical
compositionof the fly ashes (based aralcium, silica and alkali content) in
addition to theimphysical properties such #se finenes can be used texplain

thar performancen the AMBT test.

The most important chemical elements leading to ASR expansion are calcium
Ca,and leachable sodium and potassiiNga, K). The advantages of coal fly ash

in mitigating ASR correlated to the ammdwof alkali (Na, K), CaO, Sigand the

ratio of CaO/ SiQ[25, 35, 36] The mechanisms of mitigating the ARy the
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biomass fly ashes are likelg besimilar to coal fly ash and depend on the same

factors.
1
- 1
0.3 ——EBA | —<—WBA —®—CFA —4—OPC
1
1
1
|
1
High deleterious expansion !
1
1
- - 1
Q\O/ 0.2 e Toom el T
c 1
S |
% Potentialy deleterious expansion
o
I3
L
01 F--mmmmmmmmm e T - T e R - - -
Low riskof deleterious
expansion

Time (days)

m14-days ®28-days

Expansion (%)

OPC CFA EBA WBA

Figure 6.15 The expansion of OPC, CFA, EBA and WBA due to ASR

Fly ashes with higher alkali or calcium contents are less effective in controlling
expansion due to ASR and have to be used at highels of cement
replacemento prevent damaging expansi¢id, 25, 33] Lower CaO/ SiQ
ratios areless susceptible to deterioratiothan higher CaO/SiQ ratios and
higher silica content binders irease the resistance to ASR deteriorafibn
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The reduction of pH of the pore solution is attributed to the incorporation of
alkalis by low CaO/ Si@in the presence dly ash[20].

With respect to the role of alkali in tHly ashes on ASRWBA has the highest
equivalent alkali conterfollowed by EBA while CFA has the lowest content
(Table 68), therefore, the expansion is higher in WBA compared to EBA and
CFA. It has been reported thflyy ashes that do not reduce pordusion
alkalinity areless effective in controlling ASR expansi¢a5].

Table 6.8 The important chemical elements leading to ASR expansion

Element (%) CFA EBA WBA
CaO 3.10 8.10 25.4
SiO, 47.64 41.46 125
CaO/ Sio, 0.065 0.19 2.03
Na,O (equivalent) = (Na,O +0.668K ,0) 2.24 4.23 6.49

Figure 6.16 showsrlear relationship between tleguivalentalkali content of
the fly ashes and the expansion of the mortars. It shows that as the alkali content

of the fly ash increases the expansion also increases.

7 -
]

6 - y = 62.832% 1.314
—~ 5 . R2 = 0.9694
S y = 39.711x 2.0205
T 4 R2 =0.9982
93
©
£ 2

* 28-days
1- ® 14-days
O T T T T 1
0 0.05 0.1 0.15 0.2 0.25
Expansion (%)

Figure 6.16 The effect of alkali (equivalent) content of fly ash on the expansion of mortar
bars.
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The expansion is also higher in the fly ashes with higher calcium content. It is
generally agreed that high calcium fly ash (Class C) is not very effective in
redueng ASR expansion. Although EBA is classified as Class F anadlhasst

the same amount of silias CFA, it exhibited higher expansion than CFA due

to its higher calcium and alkali contents.

On the basis of the amount of CaO, S#nd the ratio of CaCsiO,, the ashes
fall into three groups. CFA with a low ratio of CaO/ ${0.065) and the least
amount ofCaO (.10 %), EBA with a medium ratio of CaO/ S$3(0.19) and
CaO content8.10%) and WBA with the highest ratio of CaO/ Si@.03)and
CaO conten{25.4 %). Therefore, CFAs the most efficient in depressing ASR
expansionEBA is the second and/BA is the least

In addition, the greater pozzolanic reactivity of the finer particle size of CFA
(dso = 17.3um), compared to EBAdspo = 49.7um) and WBA (dsp = 68.9um),

could have contributed to the reductioh expansionby the consumption of
portlandite, Ca(OH) during the pozzolanic reaction ahdhiting transportof

ions especially in the presence of external source of alkali such as NaOH in the
case ofAMBT.

As the pozzolanic reaction of the fly ash is very slow at early age, the influence
of pore refinement of fly asimortarand permeability (limiting ions transport)

on the mortar expansion for these mixes is unclear and may not be captured by
the useof the AMBT due to the short curing time in this test. However, curing
the mortars in water at 80 for 24h and the alkalinity of the system promote the
pozzolanic reaction at early age leading to lower ion transport which is one of
the mechanisms by whidly ash suppreesASR [21].

It is difficult to conclusively determe from the AMBT testwhich ash
characteristic (i.e., particle sizalkali or calcium contenjshas the greater
influence on ASR expansioRurther experimentation using the concrete prism
testfor long term ASR asssment according to ASTM C 12%8andad and

pore solution studynay clarify these issues and provide a better understanding

of the effect of these ashes on mitigation ASR expansion.
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6.3. Conclusions

The influence of biomass fly ash on the sulphate resistance of cement mortars
containing 10, 20 an80% replacement of cement by enhanced biomass fly ash
(EBA) was investigatedThe degree of sulphate attack was evaluated by
measuring the expansion of the mortars, the final weight change, visual
observation and the morpholog¥he influence of biomasslyf ash on the
expansion due to ASBf blendedcement mortars containirg % replacement

of cement by enhanced biomass fly ash (EBA)l wood biomass ash (EBA)
was alscstudied A parallel investigation on coal flgsh (CFA) blended cement
mortar by usingthe same cement replacement levels together with control
specimens of mortar made with 100% OPC cemenat conductedfor

comparison.

The following conclusions can be drawn based on the results presented above:
6.3.1. Sulphate Attack

1. The expansion of the contr@PC mortars caused by sulphate attack is
much higher than those made with coal and enhanced biomass ashes.
The control OPC mortar samples underwent an attack process which
caused rapid expansion, cracks and spalling of material around the edges.

2. The incoporation of both ashes improves the sulphate resistance which
reflects in a reduction in expansion and physical deterioration. This
improvement is dependent on the level of replacement and the type of fly
ash. Higher fly ash contents provide higher sulphagsistanceFor
example, Between 300 and 420 days, the expansion of OPC samples
increased significantly, almost three times, exceeding 981 microstrains at
the end of the test. On the contrary, the blended coal fly ash mortars

showedittle expansion afteabout 150 days.

3. At the same level of replacement, CFA is more effective than EBA in
resisting sulphate attack. For example, at 420 days of immersion, the
expansion of 10%, 20% and @0CFA is 278.72, 308.2 and 255.12

microstrain respectively. The corresmling values for mortars with 10%,
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20% and 30% EBA are 775.8, 359.12 and 357.78 microstrain

respectively.

. The lower resistance of EBA to sulphate attack compared to CFA is due
to its lower pozzolanic activity and higher content of Ca@e content

of CaD in EBA is 8.10% which accounts more than twice the CaO
content in CFA (3.10%)

. The rate of weight gain under sulphate exposure increases by increasing
the replacement level of both ashes (CFA and EBAY). example, the
increase in weight change is 0.87%10% EBAwhereas it is 1.13% in

30% EBA.

. The SEM micrographs show the massive morphology of ettringite
needles and gypsum crystals formed in control OPC mortar compared to
10% EBA and 30% CFA mortars. Gypsum is also formed in fly ash

blended cement @ms but in much smaller quantities.

. R-value alone is not an indication of the resistance of fly ash to sulphate
attackand cannot be used to distinguish between different types of fly
ashes. The physical properties (porosity and pore structure) became mo
dominant than the chemical composition of the fly ash as they have

direct influence on the permeability.

6.3.2. Alkali-silica Reaction

. Replacing cement with 20% fly ashes reduces the ASR expansion,
however, CFA is more effective in limiting the expamsithan both
biomass ashes (EBA and WBAJhe expansion of 20% EBA and 20%
CFA at 14 days ofexposure are 0.095 % and 0.054% respectively
compared to 0.2% of OPC.
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2. The effectiveness of CFA is due to smaller particle size, higher
pozzolanic reactivity athchemicalcompositiongless alkali and calcium

contents)

3. WBA is less effective than EBA and CFA in controlling expansion

caused by ASR due to its higher alkali and calcium contents.

4. The study shows linear relationship between the equivalent atkgkent
of the fly ashes and the expansion of the mortdise expansion

increasess the alkali content of the fly ash increases

5. The influence of pore refinement of fly ashes and permeability (limiting

ions transport) may play a role in mitigatin@R.
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CHAPTER 7 CHLORIDE DIFFUSION IN ENHANCED
BIOMASS FLY ASH CONCRETE

7.1. Introduction

Chloride attack is the main cause of deterioration in reinforced concrete structures
exposed to marine environment orideg salts. The ingress of chloride in concrete

is a major durabty problem when its concentration exceeds threshold limits at the
surface of the embedded steel. This problem has received great attention because of
its frequent occurrence and the associated high cost of repairs. Therefore, the ability
of concrete toresist the penetration of chloride ions is a critical parameter in

determining the service life of reinforced concrete structures.

Chloride ions in concrete can exist either in the pore solution as free chloride,
physically attached to the surface ofS3H gel or chemically bound to the hydration
productg1 8]. Among these chloride forms, free chloride imgelly considered to

be responsible for reinforcement corrosi@mloride binding plays an important role

in the service life of concrete structures as it reduces the free chloride concentration,
thus, lowering the chance of reinforcement corrosibime ngress of chloride in
concrete is a complex interaction of both physical and chemical processes which are
predominantly affected by the physical and chemical composition of the cement gel

structure and the environment to which the concrete is expdlsed

Replacement of cement by supplementary cementitious materials (SCMs) such as fly
ash and ground granulated blast furnace slag increases the chloride binding due t
the formation of additional calcium silicate hydrates®) by their pozzolanic
reaction [3, 5]. Numerous data are available the literature onthe dfect of
individual pozzolanic materialsuch as coal fly asbn chloridediffusion, however

very limited data are available on the influence of biomass fly ash on chloride

ingress.

In this chapter, the effect of replacing cement with enhanced bsoasiis(EBA) on
chloride diffusion has been investigated. A parallel investigation on two control
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samples, one replaced witthass Fcoal fly ash(CFA) and the other without any
cement replacement (180 OPC concrete) have been conducted for comparison. A
direct bulk diffusion test under exposure to 4% sodium chloride solution was
conducted to obtain long term data in accordance wittNthrel Test443 [6] and
CEN/TS 1239011 [7] standards test methods for accelerated chloride diffugion.
higher chloride concentration of 4% was used for the solution of exposuréhthan
chloride concentration ued normal marine exposu(ér example, seawater has
chloride concentration of 198) in order to accelerate chloride diffusion since the
penetration of chloride ions into the concrete is a slow pro€dsspter 2 gives

brief literature review on the iportant aspects which are relevant to this subject.

7.2. Experimental Programme

The experimental programme was conducted in order to study the chloride diffusion
parametes for three concrete mixtures (20% EBA%CFA and OPC) during long
term periods of expaogse to a chloride solution(up to 400 days). Accelerated
diffusion (bulk diffusion) tests according to Noficest 443[6] and CEN'TS 12390

11]7] procedures were used in this investigation which represents higher chloride
concentrations than the chloride concentration under normal marine exposure in
order to acceleratine chloride ingressBoth ests are similar in their procedures but
the chloride oncentration is different, Nordlest 443 specifies exposure 165 g

NaCl per dmi whereasCENTS 1239611 specifes 3% chloride solution by weight.

In the current investigation, the samples were esgpo® 4% sodium chloride
solutionand stored in the laboratory at 20 ¥2after 28 days of water curing at 20

C to attain full saturation of concrete poreerefore, the chloride ion transport is by

diffusion only.
7.2.1. Materials

Ordinary Portland cement (CEM I: 52.5 N) confirming to EN -197Enhanced
biomass ash (EBA) ancommercial coal fly ash (CFA) were used as cementitious
materials. Sharp, medium grade siliceous sand and gravel coarse aggregateof 10
nominal size were useas fine and coarse aggregatesll mixes. All the aggregates

were in a saturated surface andition. Further details of the materials are given in
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chapter3 (section 3.3) and chapter ($ection 4.2.1). No superplasticizer or-air

entraining agent was used.
7.2.2. Mix Proportions

DOE (Department of Environment)ethod[8] for concrete mix design was used to
design a grade 40 MRuaix of normal OPC concrete and fly ash concrete with 20%
cement replacement. Trial mixes were performed to achieve practicable workability
with high strength prior to selection of the mix proportions. dane mix
proportions used for the carbonation investigation in chapter 5 were used in the
chloride ingress studyA Compressive strength of more than 52 MPa was achieved
at the age of 28 days of water curing; the slump was betweerl® mm. The
guantties in one cubic metre of the control OPC and fly ash concrete are presented
in Table 71.

Table 7.1 Mix proportions

MIX  Cement Fly ash Fine Coarse Water Effective 28 days
(kg/m® (kg/m® aggregate aggregate (kg/m®) water/ binder  strength
(kg/m?) (kg/m?) W/(C+kF)* (MPa)
OPC 368 0 732 1100 180 0.49 60.5
20EBA 323 81 680 1136 170 0.49 53.3
20FCA 323 81 680 1136 170 0.49 58.1

* The k value is given in the design guide for adjusting the amount of fljKa$h3).

7.2.3. Mixing, Casting and Curing

The binder (fly ash + cement) webended thoroughly. Half of the coarse and fine
aggregate was placed first inside the cretangle concrete mixer of 150 Kg capacity
followed by the binder composition. Then, the remaining bathe aggregate was
added to cover the binder and mixed for one minute. The water was added slowly
and mixing continued until the consistency of the mix was achieved. After about 2
minutes, mixing was stopped and the mix was briefly mixed by hand toveemo
accumulated materials from the paddle and the base of the mheematerial was

then mixed for a further two minutes before casting.
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All moulds were slightly oiled prior to casting, to prevent the hardened concrete
from sticking to the surface. A tdtaf 10 slabs for each mix were cast in 250 x 250 x
75 mm dimensiomolystyrene moulds for the chloride diffusion tésigure 71) and

75 x 75 x 75mm dimension steel moulds were used for casting 9 cube specimens for
compressive strength tests. The mowlese filled in three layers, each of which was
compacted on a vibrating table to minimize the presence of voids. After the concrete
surface was finished, all samples were covered with polythene sheets and stored in
the laboratory air at 20 +@ and 60%RH. The samples were demoulded after 24
hours and cured in water at ‘Z0) The cubes were stored in water until the age of
testing (3,7, 28 days) while the slabs were cured in water for 28 days &t t20

attain full saturation of the pores thensuring that the chloride ion transport
occurred by diffusion only.

250 mm

/
/
7/ gs
Q

250 mm

Figure 7.1 Sample dimensions

7.2.4. SamplePreparation and Powder Collection

After 28 days of water curing, all slab sales were removed from water and left for

3 hours in the laboratory air to dry. Then, two layers of bituminous paint were
applied to all samples on five faces except the 250 mm x 250 mm bottom face(in the
mould) to ensure that chlorides penetrated onlynftbis face ashown in Rgure

7.2a. The coated specimens were left in the laboratory air for 24 hours to allow the
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bituminous paint to dry before they were fully immersed in 4% by weight sodium
chloride solution as shown inigare 72b. The higher limit & 3-5% (4% in this
study) chloride concentration specified by tidord Test 443[6] and CEN/TS
1239011[7] was used to accelerate the chloride ingress through the uncoated face.
The solution was replaced every three months to maintaichtbedeconcentration.

After the period of 90210,300 and 400 days of immersion in the chloride solytion
two slab specimens for each mix were taken out of the solution. Each slab was wet
cut into two equal halves by a masonrysas shown in igures 72cd. Each
uncoated cut face was drilled at six locations at 535, 50 and 65 mm depth

from the uncated surface by means of a hammer drill using 4mm diameter SDS drill
bits. A minimum of six holes were drilled per depth at about 20 mm distance from
the corners to avoid any edge errors in gderconcentration, as shown ingére

7.2e. The first 5mm deth of powder drilled from each hole was discarded to
minimize the effect of wet cutting on the chloride measurements. The powder
samples from each hole at a given depth from the uncoated face were combined to
provide a sufficient quantity (approximately 2j) for chemical analyses-igure

7.2f).
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a. Bituminous paint applied on five faces except the 2230 b. Samples fully immersed
mm bottom face. in 4 % NaCl by weight

¢. Sampleswet-cut into two equal halves by a masonry saw. d. Six depth locations markec
before drilling powder

e. Sample drilled at 8, 125, 35,50 and 65 mm deptiom
the uncoated surface

f. The fine powder stored in self
sealing bags for chemical

analyses

Figure 7.2 Sample preparation for chemical analyses
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7.2.5. Testing Procedures

The drilled powder was sievethrougha 150 um sieve, the fine powder was
collectedard stored in aelfsealing bags anldter subjected to chemical analyses to
determine the chemical bound chloride in the matrix ¢aoldble) and the physical

bound (watessoluble) chloride at each depth.
7.2.5.1. Acid-solubleChloride Analyses

Volhard's titration method was used to determine the emtuble chloride
concentration of concrete powder at each depth following the procedures described
in BS EN146299] standardFive grams of the concrete powdeasdissolved in 50

ml of distilled water then, 10 ml of 5 mol/l nitric acid was added followed by 50m|
of hot water. Tk mixture was heated on a hot plate for 3 minutes with continuous
stirring, and then the solution was filtered through a textured filter paper to be ready
for titration to determine the chloride concentration in the solution. 5 ml of silver
nitrate (AgNQ) solution was used to precipitate the mixture and ammonium
thiocyanate solution was used as titrant while continually agitating the solution until
the faint reddistbrown coloration no longer disappears. The voluref solution

used in the titration wagcorded. To obtaiN2, a further 5 ml of AgN@was added

and the titration continued until the endpoint is reached a second time. Thet percen
chloride, by weight of concrete powder, was calculated using the following equation:

~ €67 é5;
a

Cas(%) L udvvwB 7.1

where vi andvz2 are the volumes of the ammonium thiocyanate solution used in the
first and second titration (mlj,is the molarity of silver nitrate solutionpd m is the

mass of the concrete powder sample{9d)

The obained value was then converted to percent chloride by weight of the binder
(cement + fly ash) using equation27after calculating the percentage of binder

content in the concrete mix from the mix proportions information.

j":"wk_qgqnamlapcgcknijc

. Gj
0
Cl % (by mass of theibder) L —glbopmircl: 7.2
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7.2.5.2. Water-soluble Chloride Analyses

A chloride ionselective electrode (ISE) was used to measure the -saltgrle
chloride concentrations of concrete powderathedepth. The electrode is designed
for the detection of chloride ions (Lin aqueous solutions. To achieve accuracy, the
ISE was calibrated by using ppeepared 1000ng/l and 10mg/lI standard NaCl
solution before and after each measurentére gramsof the concrete powder was
dissolved in 50 ml of distilled water and stirred manually. The ISE was soaked in the
solution and held until the reading stabilized then; tredirey was recorded as
shown in kgure 7.3a. The ISE was rinsed by deionized watkied by a laboratory
tissue and recalibrated for the next measurement. The measurement for each powder
sample was repeated twice for accuracy. The pH of the powder solution was
recorded by using a digital pH meter as showfigure 73b.

The obtained vale was then converted to percent chloride by weight of the binder

using the same equation used in the last section (equakjon 7.

a.Electrode reading of powder b. pH reading of powder solution

Figure 7.3 Water-soluble chloride analyses
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7.3. Results andDiscussion

7.3.1. Introduction

A wide range bresultsis presented in this section for the two fly ask€sA and
EBA) and OPC concret® determine the chloride diffusion characteristics including
the chloride diffusion profiles, the equilibrium surface chloride concentratigh (C
and diffusion cefficient (Dc). The chloride diffusion equation derived frdanck's
second law of diffusion was applied tioe chloride experimental data at different
depths from the concrete surfate determine the bedit curves at different
exposure periodsThe diffusion equation is given ighapter 2and rewrittenin
equation 7.3.

Cw=Co 5 F A N%A’? 73

Where: C(x,t) is the chloride concentration (% by weight of binder) at distance x and
exposure time t; x is the distance from the concrete surface (m); t is the time
(seconds) Dc is the chloride diffusion coefficient @fs); G is the chloride

concentration (% by weight of binder) on the concrete surface and erf is the error

function.

The experimental data of acid and weateluble chloride contents were plotted
against eachapth, a nonlinear regression analysis of the experimental data was
carried out by a computer programrtidicrosoft Excel) to determine the beft
curvetogether withthe chloride diffusionparameters Dc andy@t each test ag&he
experimental resultshow a good correlatiofranging from 0.90 to 0.99)ith the
chloride profilesprovided by theregression analysassing Fick's second law of

diffusion equatior(equation?.3).

Long term values of chloride diffusion coefficientDc were calculated after
determining the age factor (m) which represents the change in diffusion coefficient
(Dc) with time.
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7.3.2. Chloride Diffusion Profiles

Profiles of acidsoluble chloride concentrations with depth in the EBA, CFA, and
OPC concretespecimenswvhich were immersed in 4%aCl solution for 90, 210,
300 and 400 days are presshtin Fgures 7.4 to 7.6. The corresponding water
soluble chloride profiles for EBA and CFA concrete are showhignres 78 and

7.9. The acidsoluble chloride profiles for OPC concrete were obtaate®?D and 300
days whereas the wateoluble profiles wereobtained only at 210 daydue to
insufficient powder samples.h& symbols in the figures represent the experimental
data while the accompanying curves are the-fiestgression lines obtained by
applying Fick's second law of diffusion (equatioB)7The chloride concentrations

are expressed as a percentage weight of the binder.
7.3.2.1. Acid-soluble Chloride

The acidsoluble chlorides which are chemically bound to the EBA, CFA, and OPC
concrete matrixor the ages 90, 210, 300 and 400 days are presenkeguires 74

to 76. The experimentatiataand regressioprofiles show high correlation factors
ranging between 0%and 0.99.

5 -
1 = .90 days exposure
S = . =210 days exposure
2 4 300 days exposure
g 1~ e 400 days exposure
\0\_/ 4
— ~N .
o, 1. .
021 "N
g T : \ %
3 N o,
_‘9 l : ¢ . . 1.'.
< | N
0 I S I :‘!:.L"—,:"""—“—“H‘"- e cem— .—r.-—:—-—:—-....’
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Depth (mm)

Figure 7.4 Acid-soluble chloride profiles of EBA concrete exposed to4% NacCl solution at 90,
210, 300 and 400 days
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Figure 7.5 Acid-soluble chloride curves of CFA concreteexpo®d to 4% NacCl solution at 90,
210, 300 and 400 days
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Figure 7.6 Acid-soluble chloride curves of OPC, EBA and CFA concreteexposd to 4% NaCl
solution at 90 and 300 days
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The acidsoluble chloride concentration increases with the exposure period at the
concrete surface and all depths. A lower amtuble chloride concentration is
shown by EBA ad CFA concrete compared to OPC concrete at all &gsré 74

to 76) indicating higher chemical binding of chloride in OPC concrei@wever,

CFA concrete shows the lowest chloride content at each depth for all exposure
periods. For instance, after 3@ays of exposure, the chloride concentration of OPC
concrete at the depth 25mm is 0.44% by weight of the binder while the chloride
concentration of EBA and CFA at the same age is 0.29% and 0.1% respectively. The
chloride concentration value of OPC coneretxceeds the corrosion thnegd
concentration value of %4, which given in BS EN 206 standddd®] for reinforced
concrete, whereas the values of EBA and CFA are lower than this However,

the accelerated diffusion tesinder 4% chloride concentration exposure is
recommended for comparative purp@aed determining the parameters &d G.

It does not represent the time of corrosion initiation undsemice conditions, such

as mame conditions, where the chloride concentration of expasioever than 4%

The increase in acidoluble chloride concentration with age is due to the formation

of Friedel's salt and calcium chloroferrite produced by the reaction of chloride ion in
the lution with unhydrated GA and GAF of the binder{11]. Similar results

have been reported by several researchers which confirms that the pozzolanic
reaction of fly ash leads to lower chiite ingress than norm&@PCconcretg12 A4].

For instance, Chalee ak [12] have investigated the performance efearsold coal

fly ash concrete exposed to hot and high humidity climate in marine corsdition
compared to control OPC concrete. The specimens were tested for chloride
penetration profiles and chloride concentration at different depths. After 7 years of
exposure, the chloride concentration at depth of 25 mm from the surface was 4% for

OPC concreteompared to 2.2% for 25% fly ash concrete.

Figure 77 shows the relationship between aswmluble chloride and the exposure
periodsat depths 8, 15, 2%nm for EBA and CFA concrete It shows alinear
relationship witha strong correlation factor rangirmgetween 0.91 0.99.At depth 25
mm for EBA concrete, the chloride concentrations are 0.017, 0.195, ar&zB89

0.36% by weight of binder a0, 210,300 and 400 days of exposure respectively.
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The corresponding values for CFA concrete are 0.017, 0.078, 10417

respectively.

o5 ¥=0004Bx+02519 R 0.9708 8mm depth (EBA)
' y =0.0028x + 0.0414, Rz = 0.913 ¢15mm depth (EBA)

= y =0.0011x 0.0627, R2 = 0.9712 ®25mm depth (EBA)
Q
S, | y=0.0035x+0.1883, R? = 0.9925x 8mm depth (CFA)
2 y = 0.0014% 0.0524, R2 = 0.9347 4 15mm depth (CFA)
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Figure 7.7 Acid-soluble chloride concentration for EBA and CFA concrete at the depths 8, 15,
25mm

The chemical composition and physical properties of the two ashes are different,
which results in a different ef€t on the chloride ingres&enerally, the amount of
binding increases with the available alumina content of the pozzolanic materials to
form Friedel's salf2]. XRF results which were reported in chapter 3 reveal that both
CFA and EBA have similar values of total alumina content,3) 25.3% and
23.4% respectively which indicatineir reaction with chloride ion should give
similar quantity of Friedel's salt. However, the total alumina content determined by
XRF does not give aefiable indication of how the fly ash will behave regarding
chloride binding because some of the alumina in fly ash is present in a crystalline
form such as mullite, which would not react with the chloride ion to form Friedel's
salt. XRD resultsvhich arealso reported in chaptershow the presence of mullite

as a crystalline phase in CFA while it is not present in EBA. Therefore, the chemical
binding in CFA is lower compared to EBA.
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7.3.2.2. Water-solubleChloride

Figures 78 and 79 show the watesoluble chloide profiles for the EBA and CFA
concretes under the chloride exposure conditions used for theaalde chloride

tests. The watesoluble chloride refers to the chloride which is physically absorbed

by the walls of the binder gel. The experimental itssshow good correlation with

the profiles determined by regression analyses of the experimentalitfataick's

second law of diffusion. The analysis also provides the constant values of parameters,
Dc and G at each test age.
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Figure 7.8 Water-soluble chloride curves of EBA concrete at 90, 210, 300 and 400 days of

exposure to 4% NacCl solution

The watersoluble chloride concentration for EBA and CFA concrete shows an
increase of chloride content with the exposure period. A higher \saldble
chloride concentration is observed by EBA compared to CFA concrete at all ages
(Figure 78 and 79). For example, afte210 days of exposure, the chloride
concentration of EBA concrete at the depths 15 anchi25are 1.19% and 0.99 by
weight of the binder respectively. The corresponding values for CFA concrete at the
same ageare 0.68% and 0.3% respectivelyHowever, thewatersoluble chloride
concentratiorfor OPC concrete was the highest at 210 days of exposgledFH9).
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Figure 7.9 Water-soluble chloride of EBA CFA and OPC concretes at 210 and 400 days of
exposure to 4% NacCl solution.

The microstructure of EBA and CFA concrete investigated in chapter 4 (section
4.3.4) reveals differences in the porosity and pore streidtetween these two mixes,
therefore,its effect on thechloride diffusion isconsidered The porosity and the
volume of large pores of EBA mix are 12.18% and 1.48% respectively at 90 days
while the CFA mix had porosity and volume of large pores of 24.@hd 0.65%
respectively which resulted in lower wataluble chloride concentration at all ages.
Therefore, the higher rate of watluble chloride for EBA compared to CFA is
attributed to its higher porosity artigher percentage of large pores. Thatso
indicates that porositgnd pore structurbave a greater influence on watsoluble
chloride than acigoluble chloride because the latter is dominated by chemical

binding reactions.

Tina et al [14] have conducted a comparative study of chloride penetration into fly
ash concrete and OPC concrete under wettiyghg cycles. Two types oftoal fly
ashes (FAland FA2) with different chemical compositions (mainly the CaO content)
were used at 20% and 50% cement replacement. They found thabbbily ashes
concrete exhibited lower watepluble chloride concentration thamaditional OPC.

They attributed the higher resistance of fly ash concrete to chloride penetration to its
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lower porosity and the high percentage of srpalles (i.e. lowePbt of large pores).

However,no results are available in the literature on biomasadies.

7.3.3. Chloride Diffusion Parameters (G, Dc)

The constant values of the parametegar@el Dc were determined from the chloride

profiles at each exposure periods for both -@ctlible and watesoluble chlorides

by applying Fick's secona@w of diffusionto the experimental data and carrying out

a regression analyses. Both, surface chloride concentrafignand chloride

diffusion coefficient Dc, for EBA, CFA and OPC concrete are presentedable

7.2 and discussed in the following sections.

Table 7.2 Acid and water -soluble chloride concentration parameters (g Dc)

Chloride
exposure
(days) Acid-soluble chloride Water-soluble chloride MIX
Co(%) Dc x10%* R’ Co(%) Dc x107™% R?
(m?%s) (m?/s)

90 1.4 7 0.98 1.1 13 0.93
210 2.40 6.2 0.98 2.0 9.7 0.97
300 3.1 4 0.98 2.5 5 0.97 EBA
400 4 3 0.95 3.3 3 0.96
90 1.2 5 0.96 - - -
210 1.8 4 0.96 1.5 8.5 0.90
300 25 2.5 0.96 - - - CFA
400 3.4 1.5 0.96 2.8 2.2 0.99
90 1.8 9.5 0.99 - - -
210 - - - 2.16 11.2 0.95 OPC
300 3.4 45 0.97 - - -

209



7.3.3.1. SurfaceChloride Concentration (Co)

The surface chloride concentrationsg)@or both acidsoluble and watesoluble
chlorides presented ifable 72 show an increase of chloride concentration at the
surface with the increasing chloride exposure period for all mixes. OPC concrete has
the highest surface aegblubleconcentratior{Co)asvalues among all mixex 1.8 %

and 3.46 by weight of binder at 90 and 300 dagsposure The corresponding
values for BA and CFAat the same ages are 1.4%,98.and 1.2% and 2.5%
respectively. This indicates a lower ingress of awtlible chloride in both EBA and

CFA concrete compared to OPC mix.

The (G)asvalues of OPC, EBA and CFA concrete are in a similar rangelef.2%

by weightof the binder (OPC and fly asgjven in literature from other researchers
[12, 1549]. The significantly higher surface chloride concentration &7 by
weight of the bindehas been reported by Chalee efHrI] for concrete exposed to
7-years to hot and high humidity marine conditions. However, existing literature
lacks data for biomass fly ash andammbustion fly ash concrete; only limited data
are available whit are based on rapid chloride permeability (RCPT) {@€ts21]

which do not determine chloride diffusion parametegsad Dc.
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Figure 7.10 Relationship between the aciesoluble surface chloride concentration, (g),s, and
chloride exposure period.
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Figure 710 shows the relationship between the esmiuble surface chloride
concentration, (6)as, and he exposure period for both EBA and CFA concretes. A
nonlinear relationship is evidemtith a strong correlation factor ranging between
0.97-0.99.

The surface watesoluble concentration, (s, values for EBA concrete are plotted
against their exposer periods inFigure 7.1. It shows similar trend in its
relationship with exposure period to that of asaduble surface chloride
concentration (gas A nonlinear relationship with a correlation factor of 0.969 is
evident. The surface watspluble concetration, (G)ws , for CFA was also plotted

in the figure at two ages (210 and 400 days).

Thechloride concentration at the surface increases with the exposure period for both
EBA and CFA. CFA concrete has lowerj§s values of 15% and 2.% by weight
of binder at 210 and 400 days resjpeely compared to 2% and 33for EBA at the

same ages respectively.
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Figure 7.11 Relationship between the watessoluble surface chloride concentration, (§).s and

expaosure period.

The acidsoluble chloride concentration at the surface){ds greater than the

corresponding watesoluble chloride concentration at the surface){Cfor all
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mixes. For example, ({JasVvalues at 400 days of exposure afé 4nd 3.0 by
weight of binder for EBA and CFA concrete respectively whereas thgs(@lues

at the same age are 3.3% and2@spectively. This shows that a higher proportion
of chloride is chemically rather than physically bound to the walls of binder gel.
Similar resilts have been reported for OPC concrete which simgher chemically
bound chloride (acidoluble chloride) than physically bound chloride (wateiuble
chloride). Figure 7.2 shows a comparison between the results of EBA, CFA
concrete and the resultsported in literaturgl9] for OPC concrete at a similar w/c
ratio d 0.486 exposed to 5% NaCl solution up to 180 days.

m (CO)as
= (CO)ws

6 - 210 days 400 days 180 days

C, (% weight of binder)

CFA g n |
EBA -
OPC

Figure 7.12 Acid-soluble and watersoluble surface chloride concentration of EBA and CFA
concrete at 210 and 400 days of exposaiand 180 days for OPCconcrete[19].

7.3.3.2. Chloride Diffusion Coefficient (Dc)

The chloride diffsion coefficient(Dc) is an indicator of the rate of chloride
transport within the concrete matrilt.is used in durability analyses for design to
prevent reinforcement corrosion in concreténlike surface chloride concentration

(Co) which increases wht exposure period, the chloride diffusion coefficient Dc
values presented in Table2qsection 7.3.3show that thg decreaseavith time for

all mixes. This is due to the change in properties such as the porosity and pore
structure of concrete with tim&hich reduces the permeability of concrete with age
[12, 18] The decrease of Dc with tinles been showhy variousresearchergl?,

18, 22] The results in Table Z(section 7.3.3alsoshow that the higlst values of
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Dc were produced b@PC followed by EBA and the lowesalues wereobserved
for CFA concrete. For example, between 90 to 300 days chloride exptiseire,
diffusion coefficient for aciesoluble chloride(Dc),s for OPC concrete decreases
from 9.5x 10"m?s to 4.5 x 13°m?%s , for EBA decreases from 7 xfom?/s to

4 x 10%m?s and for CFA decreases from 5 x*1@n?/s to 2.5 x 13° m?/s.

Thechloride diffusion coefficient for watesoluble chloride (Dg) follows a similar
trend to aciesoluble chloride (Dg), For example, between 210 to 400 days chloride
exposure, (Dg)s, for EBA concrete decreases from 9.7 X3?/s to 3 x 10°m?%s

whereas in CFA concrete it decreases from 8.5% ni¥/s to 2.2 x 13°m?s.

The refined pore structure of CFand EBAconcrete as reded by MIP results
which are reported in chapter 4s the reason fortheir lower chloride ingress
compared to OPC carete and corresponding lower Dc valugise volume of large
pores in CFA concrete is 0.%bcompared to 1.48 in EBA and 1.56% in OPC
concrete. The porblocking effectcausé by pozzolanic reactiain EBA and CFA
concretaeduces the permeability of fgsh concrete and prevents chloride ifvom
diffusing into the concretd18]. There is no clearelationshipbetween thetotal
porosity (obtained in chapter 49nd the chloride diffusion parameters values,(C
Dc), howeverea linear relationship is observed between thesegarameteres and

the volume of large pores as shown in figufel8 and 7.4.

5 - ¢ 90 days m 210 days 300 days X400 days

4 1 X
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Figure 7.13 Relationship baween the surface chloride concentration and the volume of large
pores
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Figure 7.14 Relationship between the chloride diffusion coefficient and the volume of large

pores

The current practice fodeterminingchloride ingress in concrete w©sthe acid
soluble chloriddiffusion coefficient, (Dc)as ,values in longterm prediction models
[9, 17, 19,23]. Diffusion coefficients given in the literature are usually determined
from acidsoluble chloridediffusion data, which is assumed to represent the total
bound chloride, without taking the watsoluble chloride into account. Table27.
shows that thavatersoluble chloride (Dg) values of all mixes are ithe (109
order of magnitude compared to P in (Dcks This supports the assumption of
considering the acidoluble chloride as total chloride. Therefore, the diffusion
coefficients (Dc),s for EBA, CFA and OPCare considered as total diffusion

coefficients Dc.

Table 7.3 shows a wide range of Dc val(es 10*%to 52.3x 10'?m?s) determined

by various methods for several concrete mixes. The table covers a wide range of
mixes with w/c rab varying from 0.4 to 0.65 and differertoncentrations of salt
exposureFor example, th@igher chloride diffusion coefficient &2.3 x10*m?/s,

which isdetermined in fibre reinforced concrete afterd2§s of exposure to wet/dry
cyclesin the laboatory with high salt concentratipis due to the high w/c ratio of

0.58 which makes the concrete more permeatbsvever, the diffusion coefficient
decreased to ¥10*?m?/s after 270 days exposure peridd]. The experimental

realts of chloride diffusion coeffcient Dc foEBA, CFA and OPCconcrete
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presented inrable 72 are within most of the limits published in the literature and

summarised in Table J.
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Table 7.3 Chloride diffusion coefficient Dc values as Publishekin literature

Dc wi/C Curing age Author Concrete type & Environment
(102?m?s)  ratio

1.1-4 0.4-0.54 1-14 weeks R.B.Poldef24] Fly ash concrete exposed to salt/dry cycle

25 0.43 1.5 year

15.30.42 0.44-0.68 2-10years Thomas &Matthews[22] Fly ash concrete exposed to tidal zone of BRE marine site

3.651.19 0.5 2 Mornths Zhang &Gjorv [25] Theoretical analysis of concrete under RCPT test

52.3-10 0.58 28-270 days Mangat& Molloy[18] Steel fibre reinforced concrete exposed to wet/dry cycle

2.27-0.36 - 28-180 days Mangat & Limbachiyd26] Concrete repair materials immersed in ¢ %48 NaCl per 1L of water solution ii
laboratory

6.132.81 0.4 1541250 days Mangat& Gurusamy4] Steel fibre rei nforced concrete under marine exposure

7.1-:0.8 0.450.65 7 years W.Chalee et.ql12] Reinforced fly ash concrete exposed to hot and high humidity climate in m
condition

7.325 0.486 55-270 days Mangat &Ojedokun[19] Concrete under bulk diffusion test immersed in 5% NaCl solution in laboratory

17.320.3 0.45 28-365 days Mangat & Khatib[27] Concrete containing cement replacement materials undestédmgterature and low

humidity curing then immersed in 175 g/l NaCl solution in laboratory
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7.3.4. Long-term Prediction of Chloride Diffusion Coefficient

The Fick's second law of diffusion assumes constant values for the parameters C
and Dc. However, previous studies have indicated ttiege parameters are time
dependenfl7 19, 2880]. The decrease in diffusion factor with tinserepresented
by the age faadbr (m) [31]. Mangat & Molloy18] have proposed an empirical
relationship between the diffusion coefficient and time by a power funetson
follows:

Dc=D.t" 74

Where: Dc is the diffusion coefficient at time t; B diffusion coefficient at

reference time ¢1 secondand m is the age factor.

The experimental data of Dc for EBA and CREAncreteare plotted against the
exposure time up to 40fays inFigure 7.5. The age factor m and; Were derived

by regression analysis of the experimental data. The regression equations and their
correlation coefficient are presentedFigure 7.5. It is clear that the relationship is

a power function as pveusly proposed by Mangat & Molloy8]. The age factor,

m, is 0.596 for EBA and 0.751 for CFA. These values lie within the ranges of some
values published in the literatuE8, 19]and summarised in Table47.

10 - 420% EBA (DC)as = 120.56(135% :R2 = 0.8606
= 20% CFA (DC)as = 167.6(19751 - R2 = 0.8256
8 .
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o i ~.._. T, e——
e} ~. N
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Figure 7.15 Relationship of acidsoluble chloride diffusion coefficient with chloride exposure

period for EBA and CFA concrete.
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The higher pozzolanic reactivity of CFA leads to higher value of the age factor, m,

and lower diffusiorcoefficient(Dc).

Table 7.4 m values as Published in literature

Author m Curing Concrete type & Environment
time

Mangat & Molloy[18]

x OPC concrete 0.44-0.74 28 270 Steel fibre reinforced concrete
days exposed to wet/dry cycles
x Fly ash concrete 0.86-1.34
Mangat &Ojedokun[19] Concrete under bulk diffusion test
immersed in %6 NaCl solution in
x OPC concrete 0.588 55-270 laboratory
days

Longterm chloride diffusiorcoefficients for 10 and 20 yeao$ chloride exposure
periods were calculated after determining the age factor (m), which represents the
change in diffusion coefficient with time, and By usingregression equatiores
shown in &ble 75.

Table 7.5 Predicted chloride diffusion coefficient at 10 and 20 yearsf exposure

Mix Regression Equation R? Dc(10 years) Dc(20 years)
m%/s m%s

EBA Dc=120.56 (tf-*° 0.8606 0.9 x 10* 0.6 x 10*

CFA Dc=167.6 (1)>"™ 0.8256 0.35x 10" 0.21x 10*
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7.4. Conclusions

The influence oEBA and CFA fly ashes on the chloride diffusion characteristics in
terms of chloride diffusion profile, diffusion coefficient (Dc) and surface chloride
concentration (g) was investigatedEBA, CFA and OPC concrete mixes were
exposed to % NaCl solutionin laboratoryup to 400 days. The water and acid
soluble chlorides were determined at 200, 300 and 400 days exposure. The

following conclusions can be drawn based on the results dhthestigation.

1. The acid and watesoluble chloride profiles for OPC, EBA, and CFA
concrete shovagood correlation with Fick's second law of diffusion.

2. Both, the chloride diffusion coefficient and the surface chloride concentration
are timedependent.

3. Theacid and watesoluble chloride concentration at the concrete surface and
all depths increase with the exposure peridte trend of increasing the
surface chloride concentrationg (8 accompanying by a decrease in chloride
diffusion coefficient, DcFor example,the acidoluble chloride concentration
at the concrete surface ,C0,for EBA increased from 1.4% to 4% by weight of
the binder whereas the chloride diffusion coefficient, Dc, decreased from
7x10% to 3x10™ m?/s between 90 to 400 days of chloriglgposure.One the
other hand, the watersoluble chloride concentration at the concrete
surface ,G, for the same mix incresed from 1.1% to 3.3% by weight of the
binder while the chloride diffusion coefficient, Dc, decreased from 13%10

to 3x10™ m?/s duirg the same period (between 900 days).

4. The acid and water chloride concentration at the concrete surfakg (C
(Co)ws increase with exposure periods for OPC, EBA, and CFA concrete.
However, all mixes revealed more asidluble surface chloride
concentration (@)as compared with watesoluble surface chloride
concentration (6ws.

5. The chloride diffusion coefficient Dc decreases with exposure periods for
OPC, EBA, and CFA concrete; howevtite highestate of chloride ingress
is exhibited by OPC wéreas CFA concreteasthe lowest ratel-or example,
the chloride diffusion coefficient at 90 days exposure for OPC, EBA and
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CFA are9.5x 102 m%s ,7 x 102 m%s , 5 x 10> m%s respectively while it

is 4.5 x 10 m?/s , 4 x 10" m?¥s and 2.5 10 m%s at 300 days exposure.

. The Dc values for all mixes are in the range 13 %%1i® 1.5 x 10" m?s.
These values lie within the limits Dc values for marine concretes (2'% 10
to 22 x 10" m%s).

. The use of both CFA and EBA reduce thate of chloride ingress in
concrete however; CFA is more effective than EBA in resisting chloride
penetrationFor example, the chloride diffusion coefficient for EBA was 7 X
10* m?/s compared to 5 x 8 m?s for CFA at 90 days exposurBhis
redwtion can be attributed tive refined pore structure (discontinuous pore)

of fly ash concrete

. The chloride diffusion coefficient Dc for EBA and CFA decreassgth

longer exposure period following the relationship Dc=Di"{t)where Dc is
the diffusioncoefficient at time t; Di is diffusion coefficient at reference time
t and m is the age factorhe age factor, m, is 0.596 for EBA and 0.751 for
CFA.

. Long term chloride diffusion coefficient for EBA and CFA concrete can be
predictedafter determining theage factor (m) by regressionaysis of the
experimental data.The Longterm chloride diffusion coefficientis
0.596

determined by usindhe following equations respectivelyc=120.56(t)
for EBA and Dc=167.6 (tf">* for CFA.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

This research projedanvestigated the suitability of two types of biomass fly ashes
an enhanced biomass fly ash (EBA) and virgiood biomass asiiWBA), as
supplementary cementitious matesigsCMs) in concrete productiolhe ashes
werefirst characterized in terms of thethemical,mineralogical compositionand
physical propertiesThen, partial replacement of Portland cementldmth ashesvas
investigated and compared in terms of their impact on the fresh and hardened
properties.Finally, the durability properties of biomass fly astconcrete were
investigated by exposing to longerm sulphate, chloride and carbon dioxide
environments urel laboratory conditions over a period of one y@dre effect of
biomass fly ashes on the expansion caused by &ikakh reaction was also
examined by using the accelerated mortar bar téshtrolsamples of ordinary OPC
concrete andClass Fcoal fly ash concrete were produced for comparigarpose
Specific conclusionpettainingto each chapter are given at the end of that chapter.

The overallconclusions from this investigation agenin this chapter.

The enhanced biomass fly ash (EB&3ted in thisvork has a composition similar to
coal fly ash (CFA)The main componentre SiQ, Al,OsandFeOsandto a lower
extentMgO, NaO, P.Os and SQ in addition to the presence of trace elements such
as BaO, MnO and ZnOSome fibrous particleswere observed intermixed with
mostly spherical particlesvhich are the typical morphology of coal fly ash
According to ASTM C6182, EBA is classified asow calcium fly ashes class F
andsatisfythe strength activity requirements of ASTM C6é18 and BSEN 4501
standardsThe results demonstrated tHeBA had similar overall properties ©OFA
when itis used as SCMs in mortar or concrete productibhnis is due tothe
similarity in their chemical compositionespite their potential difference&or
exampe, the incorporation of EBA reduces the watéemand,improves the
workability andincreases the total porosity of cement pasteslar to the effect of
coal fly ash In addition,the use of EBAimproves the sulphate resistanoeduce

the expansiortausedoy ASR andreduces the rate of chloride ingress in concrete
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compared taontrol OPChutits efficiencyis still less than coal fly asfhereforejt
is suitable foruse as a pozzolanic material to partially replace centeptovide

long-termstrength and enhanced durability.

The composition and behaviour mortar andconcreteof the virgin wood biomass
ash(WBA) aredifferent from coal fly ashand enhanced biomaashused in this
investigation CaOis its main component whereas the main oxides,SKD,O3; and
Fe O3 are present in lower quantities than EBA and CRAailed to meestrength
activity requirements of ASTM C6182 and BSEN 4501 standardsnainly due to
its lower content of silica and aluminavhich are the important components in the
cementitious and pozzolanic reactiolmsaddition to its lower reactivitythis ashhas
high alkali and high carbon contentsvhich have impacted some propertie§or
example, this ash increased the walemandreducedthe workabilityand reduced
the strength compared to EBA, CFA and the control OPC ceffieatincorporation
of WBA doesnot control theexpansion caused by ASR dueithigher alkali and
calcium contentsTherefore, additionalechnologiesare required to remove excess
carbon and improve its pozzolanic reactibgforeit can be used asSCM

The composition of biomass ashes is highly variable. This study represents only two
sources however, their results are discussed in the contexhefstateof-the-art

which represents other types of biomass ashes.
8.2 Future Work

The following areas have been identified further researchased on theutcomes

of this research:

1. The present study investigated thge of each type obiomassfly ash n
concreteas a single supplementary cementitious material (SCM). The work
needs to be extended to the use of multf{&Ms in concretén order to
enhancets mechanical and durability properties

2. Further researchs required tostudy otherpropertiesnot addressed in this
study(e.g., mechanicagroperties durability and field testing).

3. The accelerated mortar bar teA6TM C1567,used forASR investigaton

may not be stablesinceit puts thetest samplesn aggressive condition®s
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acceeratethe rate ofchemicalreaction cenpared to the ratender ambient
conditions In addition, the effect of pozzolanic reaction on the time
depenént properties and all possible mechanisms of ASR mitigation such as
permeability and alkali binding capagcimay not beadequatelyconsidered

due to short curing time in this method. The ASTM C1293 can be used as it
is more realistic less aggressivéhan ASTM C1567 and it performsn
concrete specimens which are more representative of field conditions.

. The sutability of biomass fly asbsas precursafor forming alkali-activated
geopolymers is still relatively unknown and could be investigated.
Preliminary tests m using both EBA and WBA with alkakctivated
cementitious materials (AACMjre in progress

. The investigation indatesthat EBA performs similar to CFA in terms of
strength and durability propertieg concrete therefoe, ASTM C 618and

BS EN 450may need to be amended to inclutilitional limits for biomass

fly ash

. WBA used in this investigon needs additional processing to remove
unburned carboand improve its fineneds order to improve itpozzolanic

reactivity. Further research on this aspect is needed.
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