NOTE TO USERS

This reproduction is the best copy available.

®

UMI






Effect of Fly Ash Replacement on Alkali and Sulphate Resistance of Mortairs

" Tarek Salloum

A Thesis
in
The Department
of

Building, Civil, and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Master of Applied Science (Building Engineering) at
Concordia University '
Montreal, Quebec, Canada

July 2007

© Tarek Salloum, 2007



Bibliotheque et
Archives Canada

Library and
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-34773-7
Our file  Notre référence
ISBN: 978-0-494-34773-7
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



| ABSTRACT |
Effect of Fly Ash Replacement on Alkali and Sulphate Resistance of ‘Moftars

Tarek Salloum

~ The use of fly ash as a supplementary cementing material in concrete and mortar has'
dramatically increased in recent years due to its improvement of conéreté and mortar
properties and its environmentally friendly impact. In this thesis, the sulfate Iresistance
and alkali-silica reaction in mortars containing 0, 20, 40, 60, andb80% fly ash replacement
levels were investigated to determine the effect of fly ash content on dﬁrability‘. Four
types of cement and two types of fly ash were used in the tests, the cements used Weré; of
different alkali contents and with and without blended silica fume. The fly ashes
consisted of medium and high calcium contents. _ _ i. . ‘

The results showed that the expansion resulting from sulfate attack as well as the alkali-
silica reaction considerably decreased with the increase of ﬂy. ash cohtent, but the
strength of fhe mortar samples greatly decreased as well. The effectiveness of fly ash in
both tests was highly dependent on their CaO cobntent and on the chemistry of cements
utilized. 20% Sundance fly ash replacement was sufficient to maintain the sulfate
expansion after six months of exposure below CSA allowable expansi‘d_n‘ limit of 0.05%
for high sulfate resistance cement and also below the Canadian limit of O.l'%’in‘ the ASR _
test. For Rockport fly ash, replacement levels at 40% were needed to maintain the
expansion below the limit of 0.1% in ASR and sulfate test. The presence of siliéa fume
blends significantly reduced the expansion due to alkali- silica reaction and sulfate attack;
addition of fly ash to silica fume blended cements did not significantly ‘improve

performance.
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1. Introductioh

The dramatic increase for worldwide demand on cement is due to the unprecedentéd ratio
| “of growth of world population in the last 100 yearS and the accompanied needs of
infrastructure and buildings. The world wi de cement production is estimated at 1.6 billion
tons per year and it is expected to be 2 billion in the yeat 2010 [1].- This continuous
growth in cement industry has created an increasing concern on its impact on the
environment. However, kﬁowing that the production of each ton of Portland cement
clinker releases one ton of carbon dioxide, and that the world wide release of carbon
dioxide from all sources is estimated at 23 billion tons a year, it can be concluded that the
cement industry contributes almost 7% of world carbon dioxide emission [2]. Carbon
dioxide is a major component of the greenhouse gas responsible for global warming - |
which became recently on the top of the list of environmental problems. Moreover, the
cement industry is the most energy consﬁming process after aluminum and steel
rhanufacturing. The production of every ton of cément consumes 4GJ of energy [1,2,3].
Accordingly, the idea of using supplementary cementing materials gained a wide
acceptance as an attempt to embrace sustainability in cement and conérete industry, and

as a step toward making cement industry more environmentally friendly.

The most common supplementary cementing materials used in concrete are ﬂy ash, blast-
furnace slag, and silica fume. Fly ash results from the combustion of the pulverized coal
in electric power generating plants, whereas blast-furnace slag and silica fume are
byproducts of the steel and silicon industries respectively. These supplementary
cementing materials chemically react in the presence of moisture and with the calcium
hydroxide released by the hydration of Portland cement to form cementing compounds
[4]. The use of fly ash, slag, and silica fume as a partial replacement for cement has
proved to be effective in improving concrete and mortar properties. However, The use of
fly ash replacements reduce the early strength of concrete and mortars; nevertheless, fly
ash is considered the most common supplementary cementing material due to its low
price and wide availability. The yearly worldwide production of fly ash is currently about

500 million tons most of which is in Europe, China, India, and North America where the



consumption of cement is high [1]. Consequently, the concrete industry ean be the ideal
place for disposal of the large amounts of fly ash; thus, we can meet the cement deménd

in the future without increasing the production [1].

The effect of fly ash on durability of concrete and mortar has been the subjecf ‘of much of
research. Many deterioration mechanisms of concrete and mortar i_ncbrporatiﬁg_ fly ash
were investigated under different variables. However, the most commeﬁ causes of
concrete deterioration can be presented as physical processes, r.nainlyv freezing and
tﬁawing cycles, and chemical processes which are corrosion of vsteel rei_nfofcement_, |
alkali-aggregate reaction, delayed hydration of free CaO and MgO, and paste
deterioration by exposure to aggressive sulfates or acids [5,6].‘ Previous studies have
shown that the effect of fly ash on concrete durability varied widely and it was maihly'.
dependant on calcium content of fly ash [7]. In general, the use of fly ash in concrete and
mertar can be effective in increasing the resistance to chemical attack dﬁe’ to permeability
reduction and also to control the thermal cracking [1]. It was found that high calcium fly
ash can effectively control the expansion of mortars due to sulfate attack or alkali

reactivity of aggregates [7].

The aim of this study is to perform a systematic comprehensive investi gation of the effect
of wide fange of fly ash replacement on sulfate and alkali resistance of mortars in ordet to
determine the optimum replacement level. Moreover, since not many researchers have
studied high volume fly ash concretes and mortars which can be defined as those of
cement replacement levels beyond 50%, this study investigated high fly ash replacement
levels of up to 80% to determine the upper acceptable limits bof replacement. ASTM C
1012 and ASTM C 1260 standard test methods were used to evaluate the sulfate and
alkali resistance of specimens respectively. The effect of water to cement ratio w/c on
sulfate resistance of the mortars were investigated by casting two mixtures of 80% fly ash
replacement and lower w/c that result in the same flow as the plain mixture made of the
_same cement; the amount of w/c utilized was determined by trial and error. The time at

which specimens were immersed in sulfate solution is an important variable that may

2



affect sulfate resistance; accordingly, two sets of specimens were immersed after
demolding for comparison. Strength development was not one of the main objectives of
this project, but it was monitored by testing compresSive strength of mortar cubes to

determine the immersion time of the bars in sulfate in accordance with ASTM C1012.



2. Literature review

2.1. Sulfate Attack |
Sulfate attack is one of the major causes of concrete deterior’dtion and it pfesent_s a
considerable risk to the durability of structures. It occurs ih concrete structures fhat are
~ placed in soils containing sulfate as well as structures exposed ‘to | groundwater, -
wastewater, or seawater. A lot of research has been conducted to 'investigate concrete
damage due to sulfate attack, study the deterioration mechanisms, and to determine the

specification of high quality concrete in terms of resisting suifatc attack. However, the ‘
deterioration of concrete under sulfate attack occurs as a result of the reaction between
sulfates and hydrated cement paste forming ettringite and gypsum [5]. The sources of

sulfate, deterioration mechanism, classification of the attack, and methods of assessment

are discussed in the following sections.

2.1.1. Sources of Sulfate and Forms of Sulfate Attack »
There are various sources of sulfates that can cause sulfate attack on concrete. Based on -
the source of sulfate, sulfate attack can be divided into two groups; internal sulfate attack

and external sulfate attack [8].

2.1.1.1. Internal Sulfate Attack ’

Internal ._sulfate' attack occurs due to the presence of sulfate in the ‘cemeht itself since
calcium sulfate is an important component of Portland cement. Calcium sulfate is added
to clinker during cement grinding in order to regulate the settiﬁg time, control drying
'shn'nkage properties, and increase early strength of cement by accelerating the hydration
of calcium silicates present in Portland clinker. Sulfate is added to the clinker in the form
of gypsum (calcium sulfate dihydrate) and it can be natural or industrial; it also may be
added in the form of calcium sulfate anhydrate [9,10]. Moreover, the clinker itself‘
contains additional amount of sulfates present mainly in the form of alkali sulfates. They
are formed during manufacturing process from raw materials and fuel combustion

products. In addition, the sulfates or sulfides present in aggregate can be a minor source



of sulfate in concrete. The sulfate contents of ASTM and CSA cement types as well as

the fineness of those cements are shown in table 2.1 [6].

Table 2.1: Sulfate content and fineness cements as determined by ASTM and CSA 3000 [6]

Fineness Maximum _ Maximum
ASTM Type mzlkg allowable SO; | CSA Type . allowable SO,
content % | . content %
T 369 30 | GUQ0) 35
il 377 X [ MS (20) 3.0
i 548 35 MH (30) 35
v 340 22 HE (40) 25
v 373 23 HS (50) 25

Delayed ettringite formation (DEF) may be observed after heat curing of concrétes and
rhortars or with steam-cured concrete products, and it can be considered as the major
form of intemal sulfate attack [8]. It happens when C-S-H absorbs the sulfate ions
released by the decomposition of ettringite which are not stable above 65°C, then after
curing ettringite is re-formed by the desorbed sulfate ions causing expansion and cracking
[5]. Many studies investigating DEF at temperatures up to 100°C using different cements
and aggregates found that the expansion related to DEF starts after 14 days of exposuré
and it could reach up to 3% expansion. It was also observed that DEF is related to MgO
and alkali content of cement; higher content of those two components could accelerate -

expansion. [11,12]. Internal sulfate attack was not investigated in this thesis.

2.1.1.2. External Sulfate Attack

External sulfate attack takes place in the case of concrete or mortar exposure to external
sources of sulfates such as soils, ground water, or seawater. Even though sulfates present
in the form of gypsum are reported in most soils all around the world, the amount is not
considerably harmful to concrete in most cases. Ground water may contain magnesium,

sodium, and potassium sulfates at higher concentrations [5]. However, sodium sulfate is

5



the most common sulfate that can be found in ground water. In addition, industrial and
agricultural wastes may contain high sulfate concentration and can be considered as

| possible external sources of sulfates.

- 2.1.2, Deferioration Mechanism

The deterioration mechanism of concrete exposed to external sulfate attack and the
chemistry of the attack itself is significantly dependent of the source of sulfate and the )
cement composition, however, the manifestations of damages of sulfate attack on

| conCretc may vary according to the exposure conditions [6]. The deterioration of concrete
exposed to sulfate attack takes place due to the chemical reaction between sulfate with
calcium hydroxide and calcium aluminate hydrate forming gypsum, ettringite, thaumasite, -
or brucite depending on the type of the sulfate. It W,aé conﬁrme_d by most of the

_. researchers investigating sulfate attack that the sulfate-related expansion in concrete is a
fcsult of ettringite formation, but the mechanism by which ettringite leads to expansion is
not adequately understood. However, swelling due to poorly crystalline ‘ettringite
absorption of water, and pressure due to increasing ettringite volume aré the most
‘acceptable scenarios suggested by researchers [5,6,13]. The following equation explains
the deterioration due to sodium sulfate attack. The reaction occurs as the sulfate reacts

' cheinically with calcium hydroxide present in the concrete mass; both alumina-containing

hydrates are converted to ettringite as shown in Equation (1).

C:A.CHHI8+2CH+3S +12H — C3A.3CS.H32 )

It was found that ettringite crystals in concrete can be categorized based on differences in

size and behavior to two types, one of these types which is typically 1-2 pm long and 0.1-

0.2 pm wide is known to be expansive [14].

Sulfate-related expansion is also caused by gypsum formation which results from the
~reaction of both calcium hydroxide and C-S-H present in the hydrated cement paste with
sulfate. The formation of gypsum in concrete exposed to sodium sulfate attack occurs as
shown in Equation (2); the presence of sodium hydroxide as a by-product of the reaction
maintains the stability of the calcium silicate hydrate by maintaining high alkalinity of

the system.
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NaySOy4 + Ca(OH); + 2H,0 — CaSO4.2H20 +2NaOH (2) |

The ettringite and gypsum formed by the mentioned reaction result in concrete expansion
due to the increase in overall solid volume and they result in loss of cohesion and strength -
as well [5]. Moreover, the deterioration process is time dependent; therefore, its long term

effect on concrete durability is a major concern.

2.1.3. Classification of Sulfate Attack _

According to the Canadian Standards Association [15], external sulfate exposure. is
classified into three levels moderate, severe, and very severe. This classiﬁcation is based
on the concentration of sulfate in soil and underground water as shown in Table 2.2.
Recommended compressive strength and water to cement ratio (w/c) to beiis’ed for éaCh
class of exposure are also included. For sulfate concentrations less than mentioned in

CSA standard, under 0.1% in soil and under 150 mg/liter in water, sulfate attack is

negligible.

Table 2.2: Requirements for Concrete Subjected to Sulfate Attack [15]

Minlmum Maximom

Water-soluble Sulphate (SO, specified 56 d water-to- Cementing
Class of Degreeof  sulphate (809 in groundwater  compressive cementing Afrcontent  materials to be
exposure  exposure In sofi sample, %  samples, mg/l. . strength, MPat  matesials ratiod = cotegorydk  used**ff
51 Very severe - over 2.0 over 10 000 3s . 0.40 2 50
52 Severe ' 0.20-2.0 1500-10 000 32 : 0.45 o2 50
5-3 Moderate 0.10-0.20 150-1500 30 0.50 2 20€E13, 40, or SOE -
*Fov se0 water expose, see Clouse 15.4.
tWhere supplementory cementing malerials are used, the ovwner may olso spedily other test ages,
$5ee Clouse 13.1.4.

§ror stee! trowelled interior skalis on grode, subject to suiphote attack but not freeresthaw, air entrainment is not required,
**$oe Clouse 15.1.5.

1 Cementing muateriol combinations with equivalent pesformance. may be used (see Clowses 3.2, 3.3, and 3.4).

$3Type 20F cement with mod Iph itance (see Clouse 3.1.2), j

Note: Type SOF cement sholl rot be used in reinforced concrete exposed io both chiorides and sulphates. Refer to Clouse 15.4,

The American Concrete Institute has also developed a classification of sulfate attack on
concrete; the limits defined by ACI classification are similar to the Canadian standards
defined by CSA. It also includes similar recommendations for cements and water to

cement ratio to be used based on the severity of the potential exposure [16].



2.1.4. Methods of Assessment

Sulfate attack in concrete is usually associated with expansion, cracking, reduction in

| cohesion, and softening. Accordingly; the effects of sulfate attack on concrete can be
evaluated either by measurement of strength reduction or the usual accompahyin,g change
of length due to expansion. The reduction in concrete and mortar compressive strength
due to sulfate attack has been proved to be the most sensitive indicator in terms of
damage assessment [17]. .Nevertheless, change of length measurement is the most |
commonly used as the same specimens can be measured over time. Moreover, the visual
inspection of superficial damage of specimens can be a valuable early indicator of

performance [18].

2.1.5. Severity of Sulfate Attack v
The variables that may affect the severity of sulfate attack and their influence on the-

extent of damage on concretes and mortars are discussed in this section.

.2.1.5.1. Effect of Sulfate Concentration

The major factor that determines the severity of sulfate attack is the concentration of
sulfates in the solution or in the soil. The increase in the concentration of sulfate enhances
the chemical reaction with cement and the formation of ettringite and gypsum as a
consequence. Many studies have investigated the effect of sulfate concentration on the
severity of the attack; it was found that the increase in sulfate concentration increases the
expansion of mortars exposed to sodium sulfate attack [19,20]. The expansion of Portland
cement mortars exposed to different concentrations of sodium sulfate is shown in Figure
2.1 [21].

It was also noted that the deterioration of mortars exposed sulfate sodium sulfate attack

- develops slowly until certain time when it start to accelerate; this critical time is a
function of sulfate concentration [22,23]. Mortars exposed to low concentrations of
sodium sulfate up to 18000 mg/L showed no significant change in properties even at 300
days of exposure, whereas those exposed to concentration of 72000 mg/L showed
dramatic decrease in compressive and flexural strength after 90 to 180 days of exposure

[23].
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2.1.5.2. Effect of Type of Sulfate , ‘

The severity of the sulfate attack is also a function of the chemical form of sulfate.
However, it was noted that magnesium sulfate solution is more aggressive than sodium
sulfate solution and both are potentially more destructive than caléium sulfate [24].
Figure 2.2 shows expansion versus time of Portland cement mortars exposed to sodium

and magnesium sulfate solutions [25].
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Figure 2.2: Expansion of Mortars Exposed to Sodium and Magnesium Sulfate Solutions [25]

2.1.5.3. Effect of Temperature

. Temperature can be one of the factors affecting sulfate attack by enhancing delayed
ettringite formation in internal sulfate attack. The effect of temperature of sulfate solution
on the resistance of mortars was investigated by Akoz et al. [26], by 'exposing mortars to
sodium and magnesium sulfate solutions of temperatures 20 and 40°C. The results
showed that raising temperature of sulfate solution did not accelerate the deterioration of
mortars [26]. On the other hand, “Author of 27” found that the effect of various
temperatures of sulfate solutions on the type and extent of damage in mortars was
investigated; the temperatures of exposure were 23 and 65°C [27]. It was found that thev
' variable extent of damage which was observed depended on the availébility of AI** and
SO4%, crystal arrangement, ion adsorption capacity of the CSH gel and on the thermal

instability of ettringite [27].
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Figure 2.3 Expansion vs. Time of Mortars Exposed to Sodium Sulfate Solutions at Different

Temperatures [21]

Santhanam et al. [21] investigated the effect of higher range of temperature on mortars
exposed to external sulfate attack found that temperatures over 70°F (21‘;C) accelerated
the expansion and deterioration of mortars; the results are shown in Figure‘ 2.3 [21].
However, concretes and mortars exposed to sulfate attack in. field éon‘ditions’ may be
subjected to variation of temperature and humidity with time; thaf ‘may enhance the

destructive effect of sulfate attack on concretes and mortars [6].

2.1.5.4. Effect of pH of Sulfate Solution

~The pH of sulfate solutions is another major parameter that influences the severity of
sulfate attack. It was found that the expansion of specimens exposed to sulfate solution is

particularly sensitive to the pH of the solution; the aggressiveness of ‘s'ul_fate attack

decreases with the increase of the pH [6,28]. It was also confirmed that the sodium -
sulfate solutions in sulfate resistance tests performed in compliance with ASTM C 1012

changes from pH 6-7 directly after mixing to around 12.2 after few hours of immersing

the mortar bars; thus, the pH of the solution which is renewed periodically in accordance

11



with the mentioned standard is not adequately controlled. The change in the pH could be
ignored or it could be could kept constant by adding hydrochloric acid to the solution to
reflect conditions in the field. It was observed that maintaining a constant level around 7
of the pH of the solution significantly reduces the time to initiate expansion and
- accelerate strength loss of specimens [17,28]. It was vrepoﬂéd that changing solution at
every measurement of specimens instead of controlling the pH of the solution resulted in

longer time to reach expansion of 1% as is shown in Figure 2.4 [29].

0.6

—&— Changed solution |
—&— pH =7

Expansion [%]

0 5 10 15 20 25
Time [weeks]

Figure 2.4: Expansion versus time of specimens immersed in 5% sulfate solution with
and without controlling the pH of the solution [29]

Effect of pH of sulfate solution on concretes and mortars was investigated by immersing
samples in both controlled and uncontrolled sulfate solutions. The controlled sulfate
solution had its pH maintained at constant level in an attempt to simulate neutral sulfate
environment as present in field. Based on the result of that test and on previous studies it
was established that at a pH of 12-12.5 ettﬁngite formation is the only cause of expansion,
 whereas at pH of 8-11.5 gypsum formation in addition to C-S-H decomposition are
responsible for the strength loss and expansion. v

On the other hand, at a pH lower than 8 the main deterioration mechanism is calcium
leaching and decalcification of C-S-H [30].

12



2.1.6. Factors Affecting Sulfate Resistance of Concretes and Mortars ‘

~ As mentioned previously in this report, the deleterious effect of concrété exposure ‘t,o'
sulfate occurs as a result of chemical reaction between.cement domponent' and sulfate.
Thus, the cement composition is essential in determining the extent of dcteriorétion in
concretes exposed to sulfates. In addition, the properties of hardened concrete and -
mortars, mainly porosity and permeability may govern the rate of reaction Abetweeh :
sulfate and cement since it affects the depth of penetration of sulfates. Factdrs affecting

the resistance of concrete and mortar to sulfate attack have been studied widely. It was

found that‘ the use of low water to cement ratio with ‘proper prOportioning, mixing,

placing and curing of concrete will result in good reSistancé to sulfate and other chemical

attack [31]. Major factors affecting sulfate attack on concrete are discussed in. the

following sections.

2.1.6.1. Effect of Cement Composition on Sulfate Resisténé_e |

It has been confirmed that cement composition has a major effect on the resistance of
concretes and mortars to sulfate attack. Previous studies have proven that C;A content of
cement is the most significant factor that influence cements resistance to sulfate attack
[6,20]. As described in section 2.1.2 the mechanism involved in the deterioration of
hardened concrete exposed to sulfate attack occurs due to the reaction between calcium
sulfate C;A phase of hydrated cement which produées tricalcium su_ifoéluminate and
calcium hydroxide. Tricalcium sulfoaluminate also called ettringite has a larger volume
than original compdnent, thus results in expansion and destructi\}e effects. 'Accbrd_ingly, it
can be concluded that the C3A content of cement dictates the ettringite formation and

control the destructive effect of sulfate attack [19,32,33]. It is a. commonly held

understanding that the higher C3A content of cement the greater expansion results in

* concrete and mortars exposed to sulfate attack [19,32,33].

It was found that concretes made of cements with C3A content less than 8% and w/c
lower than 0.45 did not fail after 40 years of exposure to severe sulfate attack, whereas

for those of C3A content more than 10% failure occurred in less than five years under

13



same exposure conditions [34]. That correlates with previous studies which have
suggested that Portland cements of C3A content less than 8% contain most of their
alumina present in the hydration products in the form of monosulfate, but with C;A
contents more than 8% another alumina containing hydrate will be formed; thus enhance

ettringite formation [5,35].

- A relationship between C3A content of cement and extent of deterioration of concrete
under sulfate attack was established as shown in Figufe 2.5. It is shown that with CA
contents of more than 6%, a sharp increase in the rate of deterioration was observed [33];
However, based on CSA standard AS, sulfate resistant Portland cement (SRPC) should

have C3A content no more than 3.5%. It was also observed that C3A is not the only factor -

‘inﬂuencing the resistance of cements to sulfate attack since some sulfate resistant '

- Portland cements of high C3;S content perfonﬁed poorly in terms of sulfate resistance. A
deviation from the C3A — deterioration relationship was reported both in laboratory and
field. Accordingly, it was suggested that cements of lower C;A and lower C3S/C,S ratio

performed better under sulfate attack in terms of strength loss and expaﬁsic’m [19,36,37].
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Figure 2.5: Effect of C3A on sulfate attack related deterioration [33]
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The role of the increasing ratio of silicate (C3S/C,S) in reducing the cements resistance to
 sulfate attack is due to the fact that hydration of C3S produces 2.2 times inoré cal'ciiim'
hydroxide than does the same amount of C,S [35]. Consequently, it _relveasés larger
quantity of calcium hydroxide and increases gypsum formation. Moreover, it causes
strength and-stiffness reduction of concrete by reducing the soiubility of hydrate calcium E
~ aluminates and enhancing its expansive nature [35]. The presence of sodium hydroxide 1n
high concentrations is also respoﬁsible of .formin‘g the expansive microcrystalline
ettringite, where in the absence of calcium hydroxide the ettrihgite_ is in thc_ form of non

expansive large lath-like crystals [38].
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Figure 2.6: The Effect of C3S Content on the Expansion of Concrete [34]

Time of failure of concrete exf)osed to severe sulfate attack was investigated under
similar exposure conditions, cements of different C3S/C5S ratiés and same proportions
were utilized. It was found that concrete made of cements of high C38/C,S ratio failed in |
3.6 years, while those of low C;S/C,S ratio didn’t fail in 40 years [34]. The results are
shown in Figure 2.6. |
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The C4AF content in cement can be also considered essential in determining the sulfate

resistance of cements. Many studies [36,39] found that there is high negative correlation
| between both Fe,O3 and C4AF and suifate related expah'sion, and that cement with high
iron contents are highly beneficial in controiling sulfate attéck. It was also found that the
lower C3A content, lower C3;S/C;S, and higher C4AF are the key facfor influencing
sulfate resistance of cement. It was suggested that SRPC should be required to have
C4AF content greater than 7% in order to provide adequate sulfate resistance [36,39]. The

relationship between C4AF and expansion are shown in 'Fig'ure 2.7.
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Figure 2.7: Relationship between C,AF and Sulfate Expansion [39]

2.1.6.2. Effect of Water to Cement Ratio

There is a wide agreement in the studies investigating sulfate resistance that the use of
low water to cement ratio improves sulfate resistance of concrete and mortars by
controlling expansion and strength reduction. It was suggested that the improvement in

sulfate resistance is due to the reduction in permeability associated with the use of lower
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w/c. Thus, reducing the penetration of sulfates into the concrete matrix and suppressing
its destructive effecf [6,30,32,36,40]. The relationship between permeabilitj and W/c’ was
investigated by Khatri et al. [30]; mixtures of sulfate résiStance cement _SRC, high slag
cement HSC, and ordinary Portland cement OPC were tested. As shown in Figure 2.8,

utilizing lower water to binder ratio considerably reduced the permeability. It can be also noted

that incorporating silica fume in mixtures dramatically reduced their permeability. .
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Figure 2.8: Variation of Coefficient of Penneability with Water/Binder Ratio [30]:

The effect of low w/c on sulfate resistance was also studied by Sahmaran et al. [41]. It -
was found that w/c is an important factor affecting the performance of _lhoﬁars exposed to
sulfate attack. Reducing w/c of mortars resulted in improved performance under sulfate
attack due to the reduction in permeability. It was also found that the effect of w/c on
sulfate resistance was more pronounced when low sulfate-resistant cements were used,
whereas the increase of w/c did not greatly affect the sulfate resistance of mortars when
blended cements were utilized [41]. Another study investigated the effect of w/c on the
performance of concrete exposed to sulfate attack by evaluating compressive and tensile
strength. It was found that water to cement ratio influenced the sulfate resistance more

than did the cement composition [42].
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2.1.6.3. Other Factors Influencing Sulfate Resistance

In addition to factors discussed in the preceding sections, the quality of concrete can be

| considered an important factor inﬂuehcing its sulfate resistance. Good quality concrete
can be obtained by proper proportioning, adequate consolidation, and effective curing in
order to enhance the degree of hydration of the cement to the maximum limit. Moreover,
placing and compaction techniques should ensure the lowest poséible porosity or
permeability [6,30,40]. It was noticed that sulfate-related expansion of mortars was .
different from expansion of concrete made of the same materials and proportions, and
exposed to the same conditions due to the difference in permeability values. Mortar has

higher porosity due to its high cement paste content and is therefore more prone to sulfate

attack. Thus, the w/c ratio is not the only variable that governs the permeability of =

| concrete but also the aggregate type and gradation [30,36,43]. Finally, the dimension of
the Specimens subjected to sulfate attack also ‘inﬂuences the time of initiation and crack
development; a dependency was observed between thickness of the samples and their

“time of cracking and failure [44].
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2.2. Alkali-Silica Reaction v

One of major deterioration mechanisms of concrete is the excessive expz'a.nsio‘n’dUe to
alkali-silica reaction (ASR) of aggrégates. It was reported in North America since the
1930s and then in many European countries and in other parts of the world [45,46]. Many
researchers have investigated alkali-silica reaction in concrete in terms of reaction .
products, mechanism of deterioration, methods of assessment, and methods of mitigation
and control. Although the degree of react_iviiy of aggregates is the major factor that
governs the degree of alkali-silica reaction, it was observed that many other factors may .
influence the resulting expansion due to ASR [5,45]. The following sections cbntdin a |
summary of the scientific literature and research on the alkali silica reaction in concrete

- and mortar.

2.2.1. The Reaction and Mechanism . S

The alkali-silica reaction is a reaction between fhe sodium ‘and potassium_alkali jons
present in the pore solution of concrete and certain phases of Silica encountered in
significant quantities in the aggregate. Calcium, sodium, and potassium hydroxides are
products of cement hydration; calcium hydroxide is mainly present .‘ as. crystalline
hydroxide, whereas most of the metal hydroxides are present in the pore solution [45].
The alkali reaction starts at the accessible surface of silica forming silica hydrous
promoted by the high pH in cement paste. Alkali ions then penetrate ﬂuough the silica
particles attacking some of the silicon-oxygen linkages forming Si-O- which absorbs
sodium, pétassium‘ and calcium ions [5,45]. Consequently, the sodium and potassium
cations disperse maintaining an electrical neutrality and attract water to form a gelatinous
alkali-metal-ion hydrous silicate [5,45,47]. Containing silica, calcium, sodi}im, potassium,_
and water, the resulting gel occupies much larger volume than the silica consumed. Thus,

internal forces are induced resulting in expansion and cracking of concrete [45,48,49].
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Table 2.3: The oxide contents of the ASR gel [45]

Description | Calcium Sodium Potassium Silica Water

oxide - . oxide oxide | S8i0;: % | HO: %
Ca0: % Na,0: % K0 % o

Mortar ‘ 27-3 1-5. 13-9 39.9 16:8.

Deteriorated ' | 1 4 2 82 10

concrete :

Deteriorated 5 13 3 53 21

concrete :

The composition of gelatinous product taken from two deteriorated concrete samples and
mortar sample are given in Table 2.3. The composition of the gel has a major impact on
expansion and deterioration of concrete since the mobility and fluidity of the gel is highly .
dependant on its composition [45]. It was suggested that gels of high calcium content

tend to have high mobility [45].

2.2.2. Alkalis in Portland Cement _

Reactive silica, sodium and potassium alkalis, and water should be available in order for
alkali-silica reaction to occur. The sodium and potassium alkalis in concrete that react
with the siliéa in aggregate are released as a product of Portland ceﬁaent hydration. vThé
source of alkali in cement is the raw‘mat_erials used in its: manufacture which contain
potassium énd sodium alkalis which are present in the form of alkali sulfafes, alkali
silicates, and alkali aluminates. “The alkali sulfates transform into alkali hydroxide in the
liquid . phase when cément comes into contact with the mixing water increésing the
hydroxide concentration in the liquid phase” [45]. This process continues and the alkali
concentration keep rising until 28 days, when most of the alkali have transformed into the
solution [9,45]. The alkali content of Portland cement ranges from 0.2 to 1.5% Na,O
equivalent and in some cement, alkali contents may exceeds that level, especially when it
contains high levels of sulfates. The equivalent sodium oxide (Na,Oe) in cement

represents the alkali of cement and is equal to Na,O + 0.658 K,0.
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It was observed that Portland cement with Na,Oe more than 0.6% results in- extensive

expansion when used with alkali-reactive aggregates. Consequently, based on their alkali
content either more or less than 0.6% equivalent NaéO, ’cemer'lts‘were blas'éiﬁed by
ASTM C 150 to high-alkali cements or low-alkali cements respecti‘vely. The ASTM C.
150 classification of alkali content in cement was adopted by the C_anadian Standards .
Association [5,45]. | | B
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Figure 2.9: Effect of Cement Alkali on Expansion of concrete and Mortar [S0]

Effect of cement alkalis on expansion of concrete prisms using .vSpratt aggregatés
(siliceous limestone) is shown in Figure 2.9. In addition, it was found that low alkali
cement results in pH of the pore solution in concrete in the range 12.7-13.1 whereas for
high alkali cement it ranges from 13.5 to 13.9. Moreover, other sources of sodium and
‘potassium compounds such as sodium chlorides present in aggregate can increase the

alkalinity of concrete. [45,48,50].

2.2.3. Reactive Sources of Silica _

The occurrence of severe expansion and cracking in concrete due to ASR requires a
signiﬁcant amount of reactive silica in addition to the availability of alkalis in sufficient |
level and an external source of water. Various forms of reactive silica may be
encountered in aggregates used in concrete; however, reactive silica involved in ASR can

be categorized in two types. First, poorly crystalline or metastable silica minerals such as
21



opal, tridymite, .cristobélite, and volcanic or artificial glasses [45]. Aggregates with
content as low as 1% of reactive materials may cause expansion in concrété, but cracking
in concrete containing such aggregates is usually observed after 10 years of construction
even with the presence of a highly alkaline pore solution. Second, various types of quartz
may also result in the occurrence of the alkali-silica reaction. These types of aggregates
may cause deterioration when the reacti\}e component is present in content of 5%.
Nevertheless, cracking of éoncretes containing these types of aggregates and having a~
high alkali content may also be observed after 10 yeafs after construction, but in some
cases cracking may not be observed in concrete confaining such types of aggregates for

up to 20 years after construction. The types of reactive rocks, minerals, and synthetic

substances are shown in Table 2.4 [5,15,45]. The form of silica can be determined by -

petrographic examination or X-ray diffraction analysis.v However, it was observed that
~ highly disordered forms of silica may have rﬁore deleterious effect than less disordered -
forms. Moreover, the content of a mineral in an aggregate that causes the maximum
expansion in concrete is called the pessimum proportion and it can be influenced by the

alkalinity of concrete, particle size, and the Water-cement ratio [1 5,45,48].

Table 2.4: Types of Reactive Rocks, Minerals, and Synthetic Substances [45]

Reactive substunce Chemical composition Physical character
Opul ‘ SiOg nH,O . Amurphous
Chaleadony - 8i0, Microcrystalline to cryptocrystalline;
) commonly fibrous .
Certain forms of quartz 8i0, Microcrystalline to eryptocristalling;
’ Crystalline, but intensely fractured,
strained, and/or inclusion-filled
Cristobalite Si0, Crystalline .
- Tridymite 8i0, Crystalline
Rhyolitic, dacitie, latitic, or . Siliceous, with lesser proportions Glass or cryptocrystalline material
andesitic glass or cryptocrys- of ALO;, Pe,0,, slkaline earths, as the matrix of veleanic rocks or
talline devitrification products nnd alkalies: fragments in tuffe
Synthetic siliceous glasses Siliceous, with less proportionsof  Glass :
alkalies, alumina, and/or other
subsiances

The most important deleteriously alkali-reactive rocks (that is, rocks containing excessive amounts of one or
more of the substances listed above) are as follows:

Opaline cherts Andesites and tuffa

- Quartzose cher Phyllites
Siliceous limestones Opaline concretions
Siliceous dolomites Fractured, strained, and
Rhyolites and tuffs inclusion-filled quartz and
Dacites and tuffs quartzites
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2.2.4. Manifestation of The Damage Caused by ASR _

‘The expansion resulting due to ASR has been attributed to the streSées induced by

volume increase of the gel caused by absorption of pore solution. If fh'e coricentfation of

the gel is high enough and its rate of expansion occurs rapidly, internal stresses may be -
induced sufﬁciéntly to cause deleterious expansion and cracking. The growth of the gel
results in microcracks in the internal layers of the concrete matrix and macro cracks o_n

the surface. However, in most cases cracks oécuf within a period of 3.5 years [45]. The

,s-everity of the expansion and cracking mainly depend on the amoim_t of reactive
aggregates which is expressed by aggregate’ to cement ratio and on the degree of |
alkalinity which governs the pH of the pore solution. The severity may ‘be‘als‘o promoted

By exposure to external sources of water, extensive humidity, or prblonged period of wet

- weather [45,51]. The macro cracks are usually perpendicular to thé sﬁrfac’e’ .of concreté 6f

depth 25-50 mm and a width 0.lmm up to 10mm [5,45]. The level of expansion and

craéking is not only related to the properties o‘f the gei but also to the geometry of
concrete member, curing conditions, presence of reinforcement, .and applied loads. In
most unreinforced concrete, a map cracking pattern is observed whereas in reinforced
concrete cracking is mitigated by the reinforcement aﬁd applied loads. Pbp—Outé in
concrete may also occur due to ASR and it mainly depends on the aggregate particle size

[48,52].

2.2.5. Method of Assessment
'In order to investigate potential reactivity of aggregates that are going to be used in |
concrete, laboratory tests should be undertaken. Two types of test methods may be
performed, petrographic and chemical tests, or length change measurements. First, in
petrographic evaluation, the mineralogical texture of an aggregate is compared with
known reactive and non deleterious aggregates; moreover, a chemical analysis may be
performed to determine the chemical composition. Petrographic evaluation is an easy and
rapid way to determine the degree of reactivity of aggregates; nonetheless, it lacks
effectiveness and accuracy due to the poor correlation between composition and texture

of minerals and their potential alkali reactivity [15]. However, in some cases it shows
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acceptable correlation with different test methods such as X-ray diffraction [53]. ASTM
déveloped two test Ihethods for petrographic and chemical examination ASTM C 295 and
 ASTM C 289 respectivelyv[5,15]. Secondly, length change measurements are applied to
mortar and concrete prisms, and performed under high temperatures to accelerate the
reaction. This method provides a reliable and rapid evaluation of reactivity of aggregateé_.
The accelerated test method has been well researched and the correlation with the field
performance has been considered acceptable [5,54]. Accordingly, many standard -tesf
methods were developed based on length change examination such as CSA test mortar
| bar method A23.2-25A, CSA test concrete prism method A23.2-14A, ASTM standard c
227 mortar bar method, ASTM standard C 1293 concrete prisfns method and ASTM
standard C 1260 accelerated mortar bar methods. The draft test procedure of accelerated -
test bar method was adopted by CSA and ASTM in 1988 and 1989 respectively, as a
_result of devéloping the NBRI rapid mortar 1't)ar‘ test by Oberholster and Davies in the
carly 1980s [56]. CSA A23.2-25A and ASTM C 1260 were formally adépted by CSA
and ASTM in 1994. Although the CSA mortar bar method is similar to ASTM C 1260 in
‘most technical respects, there are some differences in water content and cement
requirement between the two tests. The former specify the w/c of mixtures by 0.5 and
total alkali content of cement by 0.9 & 0.10 %, Whereas the latter require w/c of 0.47 and

* call for cement with autoclave expansion of less than 0.20% [45,55,56,103].

2.2.6. Factors Affecting the Accelerated Length Change Test Method

The length change method is the most common, rapid, and effective test method used to
predict the potential reactivity of aggregates. However, several variables govern the
alkali-silica reactivity and may impact the resulting deterioration. The variables
influencing the alkali-silica reaction in concrete and mortar have been adequately

researched and understood and are discussed in the following sections.
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2.2.6.1. Effect of Water to Cement Ratio

Even though the élkali-silica reaction may be enhanced and a severé‘ expanSiOn’in
concrete may occur in the presence of an external source of water, res'earéh shows
conflicting results concerning the influence of the amount of mixing water has in -
mitigating or enhancing the alkali-silica reaction. It was found that utilivzing lower water
to cement ratio in concrete and mortar may reduce or increase the expansion ‘r_esulti'n:g
from alkali-silica reaction depending on the proportio_n of reactive silica -[45,57].
However, it was also observed that in concretes containing a high w/c, more extensive
damage occurred in the surface than the inner part [58]. Other résearch suggésted that
since w/c impacts concrete porosity of mortar and concrete, high w/c results in voids in
which may allow the alkali-silica gel to move through and leak from the surface. Thus,
the leakage prevents the ASR gel from inducing enough pressuré to cause severe.
expansion and cracking. Accordingly, the low ASR related expansidh of mortar samples
of high w/c was interpreted. Figure 2.10 shows alkali-silica gel préssure'versus water to
cement ratio of mortar specimens, where the highest pres'sure‘ was measured on a

specimen of 0.45-water-to-cement ratio [59].

ASGP (MPa)

T - :
0.25 0.35 045 0.55 0.65
Water/Cement Ratio

Figure 2.10: The Effect of w/c on ASR gel pressure and expansion [59]
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2.2.6.2. Effect of Type of Solution

There is a wide agreement in the scientific literature that the sodium-rich alkali silica gels

would manifest greater expansion than those that are potassium-rich [5]. The alkali-silica

- gel pressures induced in mortar specimens immersed in different base solutions at 80°C is

shown in Figure 2.11, where specimens exposed to lM NaOH solution resulted in the

highest gel pressure. The effect of mixing water containing different forms of alkali on

ASR related expansion is shown in Figure 2.12 where the expansion of mortar bars

prepared with a 1-M NaOH, KOH, and LiOH content in the mixing water was

investigated. It was noted that sodium content of mixing water may significantly enhance

the expansion [5,45].
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Figure 2.11: Effect of alkali solution on gel pressure [59]
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Figure 2.12: Expansion of mortar bars prepared with mixing water of different alkali contents [5]
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2.2.6.3. Effect of Solution Concentration and Temperature v

Temperature and concentration of alkali solution were considered by many .rcsearchérs‘t,o
be the most dominating factors that affect the expansion in the accéle_fated length ‘change
method since they enhance the alkali-silica reaction and accélerate the production of .
expansive gel. However, it was observed that there are upper limits of alkali vconcentrat'i\on v
and temperature beyond which less expans:ion was reported. The highest cxpahsion of .
mortars was reported of those tested at 80°C and immersed in solution of 1M NaOH
concentration [ref]. The same results were confirmed by alkali-silica_ gel pressure

measurement [59,60] which is shown in Figure 2.13.
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Figure 2.13: Alkali-silica gel pressure versus time

under different alkali concentrations and temperatures [59]

These extreme conditions of temperature and concentration are the basis of the ASTM C
1260 test. However, it should be noted that the presence of sodium chloride in aggregates
or mix water increases the hydroxyl ion concentration since it reacts with the tricalcium

aluminate in Portland cement which consumes some of the chlorides and forms sodium

hydroxide [61].

27



2.2.6.4. Influence of Aggregate Type and Particle Size

The expansion caused by the alkali-silica reaction is greatly influenced by the type and
| partiéle size -of the reactive aggregates. It was found that forms of silica 6f higher
disordered érrangement of the silicon oxygen tetrahedra, like Opal, produce higher
reacﬁvity that those of less disordered as Quartz. The effect of grain size was. widely
examined by researchers, it was found that no significant expansion occurred with
particle size less than 20 pm [45,62]. It was also reported that the highest expansioﬁ' |
occurred in mortar bars of particle size of 150 pm — 300 pum. The influence of grain size

of reactive aggregates on expansion over time is shown in Figure 2.14. [45,63,64].
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Figure 2.14: The relationship between aggregate size and ASR related expansion [45]

Moreover, it was observed that crushed aggregates showed higher expansion when used
in mortars than natural aggregates in all the sizes utilized [65]. In addition, a very minor
effect of the angularity of aggregates on ASR related expansion was noticed when very

small and very large particles where utilized [45,65].
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2.3.Fly Ash

231 Fly Ash Deﬁnltlon and Propertles
| Fly ash is a fine gralned material collected from the exhaust gases released as a result of .
combustion of pulverized coal in thermal power plants. Fly ash particles are typlcally :
spherical of a glassy nature and particle sizes ranging from 1um to. 150pm with typiéél
particle size of around 20pm [66,67]: In some cases fly ash has an irregular shape wifh
angular edges and a size larger than 150pm [66,67]. The typical suvrface: area b_f fly ash
ranges from 300 to 500 m%kg and its relative density rangés ﬁ'orh 19t02.8 [66,67,_68].

Fly ash has been considered a pozzolanic material and has been w1dely utlhzed in
" concrete since the 1930s; it has been widely researched and understood and it gamed a
worldwide acceptance [7,70]. ASTM defines a pozzolan as “a siliceous -or aluminous

material which in itself possesses little or no cementitious value but which will, in finely |
divided form and in the presence of moisture, chemically react with calcium hydroxide at
ordinary temperatﬁre to form compounds possessing cementitious properties” [69]. Fly
ash exhibits a pozzolanic behavior since its content of aluminate silicates is unstable and
is transformed to calcium silicate hydrate through reactihg with calcium ions in the

presence of moisture [7,70].

2.3.2. Fly Ash Composmon and Classification
Chemical analyses performed for utilized types of fly ashes showed that the major
components are SiOy, Al,Os, Fe;03, and CaO. Other minor constituents present in fly
ashes are MgO, NaO,, K;0, SO;, MnO, TiO,, and C. Due to wide range of coal used in
power plants, a wide variation of fly ash composition may be encountered. Based on their
calcium content, fly ashes were classified by Canadian Standard Association to be: Type .
F fly ash which contains a low calcium content of less than 8%; Type CI fly ash of
moderate calcium in the range 8%-20%; and Type CH fly ash having a high calcium
content greater than 20%. Class F fly ash is typically produced from burning anthracité or

bituminous coal whereas class C fly ash is a by-product of lignite or sub-bituminous
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combustion. It was noted that high calcium fly ashes have finer particles than low
calcium fly ashes [7,10,71]. The mineralogical composition of fly ash is dcpcndant on its
: type and source; however, it mainly consists of noncrystalline particles or glass, and a
small amount of crystalhne material. Unburned coal may be collected with the fly ash [7].
The chemical requirement of fly ash as defined by CSA A232.5 is shown in Table 2.5. In
contrast, ASTM C618 has defined the specification limits of fly ash based on the some of
the major oxides present as follows:; ’ _ |
Class F fly ash: SiOp+ Al,Os + Fey03 = 70%; SO5 = 5% max; LOI = 5% max
Class C fly ash: SiO, + Al;, O3 + FeyO3 = 50%; SO3= 5% max; LOI = 5% max

Table 2.5: The chemical requirement of fly ash and silica fume as defined by CSA A232.5 [15]

Class F Class CH Ground Silica
Fly Ash Fly Ash Slag Fume
8i0,, % 52 35 35 90
ALOy, % 23 18 12 0.4
Fe,0, % 1 6 . 1 0.4
Ca0, % .5 .21 40 16
80, % 0.8 R % 9 04
Na,0, % 1.0 5.8 0.3 05
K0, % 2.0 0.7 04 22
Total Na v
eq. alk, % 22 6.3 0.6 1.9
Loss on ’
ignition, % 2.8 05 1.0 3.0
Blaine fineness, ‘ , . .
m2/kg 420 420 400 20,000
Relative
density 2.38 2.65 2.94 2.40

Where LOI is loss on ignition which represents the weight loss of fly ash after burning at
temperature of 1000°C and it is mainly related to carbon content of fly ash. However, it
was found that the unburned carbon content of high calcium fly ash is <1%, whereas for
low calcium fly ash unburned carbon may present in higher levels up to 10%. The carbon
content of fly ash also impacts the amount of water needed to obtain adequate workability
of mortars and concrete; the higher the carbon content the more water needed
[7,66,72,73].
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2.3.3. Fly Ash in Concrete _
Incorporation of fly ash in concrete by either adding“as an admixture or ihfergrinding’ has
been considered to be as an effective way to promote éoncrete durability. It is typically
utilized at dosages of 15% to 25% and has proved to improve the quality of concrete.
Nevertheless, higher dosages were considered recently, which will be discussed in a later _
section. The effect of fly ash on concrete properties has been a subject of much research.»
It was found that based on its proberties, chemical composition, paﬁicle size, -and
-reactivity of fly ash has various effects on concrete. Fly ash significantly increases
fluidity of fresh concrete which improves its workability ahd reduces 1ts water
requirement [7,71,74]. The relationship between fly ash replacement for cement and

water requirement is shown in Figure 2.15 [75].

Amount of water, kg

0o 2 40 60 80
Percent cement replacerrent by fly ash

Figure 2.15: Relationship between water requirement and fly ash replacement leVei [75]
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Figure 2.16: Effect of fly ash on concrete alkalinity [50]

Mofeovef, fly ash reduces the alkalinity of éoncrete'through the pozzolanic reaction,
~ increases its setting time, reduces segregation and bleeding, and mitigates the temperaiure
rise during hydration [76]. The effect of fly ash on alkalinity reduction and éxpansion
‘control in concrete incorporating 25% replacement of low calcium fly ash is shown in

Figure 2.16. Furthermore, it was also found that fly ash markedly improved water

tightness of hardened concrete and mortar by reducing permeability and porosity which

 contributes in increasing concrete durability [50,76,77,78].

The effect of fly ash on concrete strength varies widely depending on fly ash type and
composition. It was found that the effect of fly ash on concrete strength development is
mainly dependant of its calcium content and fineness [7,68,79]. It was widely reported
that high calcium fly ash does not markedly influence strength development in concrete
when replacement levels of up 30% are utilized [1,80]. On the other hand, low calcium.
fly ash exhibits very low self cementing properties; consequently, it reduces the early
strength of concrete and may- significantly reduce the long-term compressive strength of
mature concrete if hot cured at high temperatures (>30°C) [68,81]. Furthermore, the use
of fly ash in concrete increases its modulus of elasticity, reduces creep, and reduces
drying shrinkage [76,82]. Finally, the use of fly ash reduces the cost of concrete and the

energy consumed in its manufacture [1,7].
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2.3.4. Factors Affecting Pozzolanic Reactivity of Fly Ash _

The pozzolanic reaction of fly ash in concrete and mortar is the reaction bet’we_‘eﬁv the
reactive silica and alumina of fly ash and calcium hydroxide produced b.y‘ cement
hydration. Thus, fly ash produces mainly calcium silicate and calcium aluminate hydrates.
It was observed that even though fly ash hydration occurs in a like manner as cement, the
formation of calcium silica hydrate takes place at slower rate since it i.s formed f_rom the -
glass phase [7,83]. Factors influencing the bpozzolanic reactivity - ha_ve‘ been widely
iﬁvestigated. It was conﬁrmed that the chemical composition, ﬁhene’ss,kand the amount of
glass phase are the most important variables affecting the reactivity of fly ash, It was also
confirmed that increased temperatures signiﬁcantly' affect the'pozzolam'q react_ivity-of fly

~ ash. It was also found that higher silica and alumina content of fly ash markedly enhance
the long-term pozzolanic reactivity, whereas the iron oxide and carbon coﬁtént_ has pbdr
influence on fly ash reactivity [76,84,85]. The effect of the content of the glvass phase of
fly ash was investigated and found to have goéd correlétio'_n with itS reactivity [86].
However, other studies have suggested that the fineness of fly ash ié the factor which has .
the greatest impact on its reactivity [87], where other factors showed poor correlation
[88]. The effect of temperature on fly ash reactivity hés been well feseafched and
investigated. It was confirmed that higher temperatures increase the reactivity of fly ash.
It was observed that time needed to reach certain strength at 20°C can v“be‘reduced 96% at

a temperature of 80°C [88].

2.3.5. Fly Ash Effect on Sulfate Resistance

‘Various studies have investigated the effect of the use of fly ash in concrete on sulfate
resistance using different types of cement and fly ash with vérious exposure conditions
~and periods of time up to 40 years. It was found that partial low-calcium fly ash
- replacement for cement in concretes and mortars proved to be very effective in increasing
sulfate resistance even when exposed to severe sulfate attack [89,90] whereas the high-
calcium fly ash have shown widely varying performance based on their calcium content,
and in many cases fly ash of CaO content more than 20% enhanced the expansion

resulting from sulfate attack [20,34,91,92]. Another study [41] investigated the sulfate
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resistance of different ‘mortars containing normal Portland cement, sulfate resistant
cement, and fly ash blended cement of a replacement llevelv of 32%. The resulting
| expahsion after 78 weeks of exposure in mortars containing blended fly ash cement was
almost 50% of mortars made of sulfate resistant cement and 23% of those made of
normal Portland cement. Both w/c ratio of 0.485 and 0.560 were used to determine thc
importance of w/c ratio as one of the variables that may dictate the sulfate resistance of
mortar [41]. It was reported that the use of the lower w/c ratio (0.485) in mortafs |
containing fly ash did not improve the sulfate resistance whereas in the plain mortars it
remarkably reduced the expansion. However, the effectiveness of fly ash in improving |
sulfate .resistance_is also related to the chemical composition of fly ash, its particle size,
the type and pH of sulfate solution [7,87,93]. The improving impact of fly ash on sulfate -
resistancé of concrete and mortar is mainly due to the low permeability and high water
tightness of the fly ash concrete and mortar syéter_ns, the consumption of the_Ca(OH)z in '
fhe pozzolanic reaction which consequently limits the formation of ettringite and gypsum,
and the reduction in C3;A and Ca(OH), content as a result of using lower amount of
cement [9'4,95]. Furthermore, the reactive phases in concrete are coated by a film
produced by secondary formation of C-S-H as result of the pozzolanic reaction; thus,
preventing the formation of secondary ettringite. It also should be noted that since
~ ettringite is expansive only at high pH values over 12, the formation of ettringite in fly
ash concrete does not necessary have deleterious effects due to the low alkalinity of these
systems [20,32,96].

2.3.6. Fly Ash Effect on Alkali-Silica Reaction -

Previous studies have shown that the use of fly ash in concrete can be considered an
 effective method to reduce the un'desirabvlbe expansion due to alkali-silica reaction.
Calcium content of fly ash is the most influential factor in controlling ASR-related
| expansion [97]. It was found that replacement levels of 25% - 30% of low-calcium fly
ash for cement in concrete significantly reduce the expansion of concretes and mortars
caused by alkali-silica reaction [7,98]. The effectiveness of fly ash in controlling alkali-

silica reaction has been the subject of much research. However, the results reported from
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different studies vary widely. It was noted that some high calcium fly ashes were
ineffective in contrbilin_g ASR and in some cases they increased the cxpahsion as :a result
of their high content of soluble alkali sulfates. However, it was. con»cluded' that the
effectiveness of fly ash is also a function of its alkali and silica content and fineness. And
it was c_onﬁrmed that ASR-related expénsion increases with the increase of calcium and
alkali content of fly ash and with the decrease of silica content and ﬁnencss' [-’_7,99]..‘In-v
other studies, the minimum alkali contént of ﬂ.y ash at which fly ash acts efféctively was
investigated; it was estimated that alkali content of 3.4 kg/m3 1s theilowe‘St_ _ﬁ:on'cen’tration ,
at which cracks in mortars start to be observed [45,100]. ’Concreté systems of ﬂy ash at
55% replacement level and known reactive aggregates were also investigated, it was
found that the reduction of expansion is mainly dependant upon calcium and alkali
content of the fly ash used [95,98]. It was also found after 9 yeai's of fnéasuremént,
concréte incorporating fly ash at 40% replacement level is more efféctive 'vin controlling

ASR-related expansion than utilizing low-alkali cement. It was also noted that after two

years of exposure alkali ions start to leach from the concrete mitigating the expansionand

flattening the expansion curves of tested specimens [101]. In another study [102], the
alkali, sulfate and MgO content of cement proved not to be related to alkali-silica
reaction [102]. The reduction in expansion in concrete with the use of ﬂy a'sh is mainly
due to its effect in reducing permeability, reducing the PH of the pore fluid through the
pozzolahic reaction, and changing the C-S-H composition. In addiﬁon, the fly ash
replacement reduces the cement content in concrete and consequently dilutes concrete

alkalinity; thus, reduces the expansion resulting from alkali-silica reactivity [1,103].
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2.4. High Volume Fly Ash Concrete

2.4.1. Definition |
The term High Volume Fly Ash (HVFA) Concrete was adopted by Malhotra [1] at the
Canadian Center for Mineral and Energy Technology (CANMET) of Natural Resources
Canada in the 1980s. “This concrete has very low water content and af least 50% of the
portland cement by mass is replaced with ASTM qiass F or class C fly ash” [1].
Incorporating such high contents of fly ash in concrete impfoves most of the pfoperties of
fresh and hardened concrete and significantly reduces the world wide consumption of
cement. Accordingly, HVFA concrete is suggested to be an effective method to
dramatically enhance the durability of concrete construction and to embrace sustainability -

in construction industry.

- 24.2. HVFA Concrete Proportioning and Characteristics

The effect of proportioning on concrete properties is more pronounced in HVFA concrete
than normal Portland cement concrete since fly ash has significant effect on the strength
development of concrete [7]. Mixture proportions of HVFA concrete depend mainly on
the strength requirement; however, other durability requirements should be also taken
into account. The main characteristic of HVFA concrete is the low water to cementing
materials ratio (w/cm) of maximum of 0.4; thus, increasing the early strength [95]. Since -
high s1ump is required to achieve high durability, superplasticizers are used with low
w/cm especially when a 28-day compressive strength of more than 30 MPa is needed [1].
Since the effect of fly ash on strength developi'nent is a major concern in HVFA concrete,
the effect of mixture proportions on strength gain of HVFA concrete has been well
researched and understood. It was found that a 28-day compressive strength of 40 MPa.
can be reached with concrete of fly ash replacement levels of 55% [1]. However, the
suggested proportions for HVFA concretes based on their strength requirement are shown
in Table 2.6
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Table 2.6: Typical Proportions for HVFA concrete [1]

} Mixture Proportions Kg/m3 :
Specified "¢ at 28 days 20MPa | 30MPa 40 MPa
Specified f'c at 56 days 30 MPa 40 MPa 50 MPa -
- Water 120-130 | 115-125 | 100-110

ASTMType I/ Typell |
Cement » 100-130 ¢ 150-165 180-200
ASTM Class F, Fly Ash 125-150 180-200 | 200-230.
WICM | 0.40-045 1 033-0.35 0.‘3040.32‘
Coarse Aggregate . ‘ ,
(19 mm max.) 1100-1200 | 1100-1200 | 1100-1200 |
Fine Aggregate 810-900 810-900 | 810900

Note:  For cold environments, use an air-cntraining admixture,
For slump >100 mm or W/CM<0.40; use a superplasticizer.

2.4.3. HVFA Concrete Properties

The effect incorporating fly ash on concrete properties was discussed in section 2.3.3.
Due to its high content of fly ash, HVFA concrete has excellent workability and very low
heat of hydration. A very low bleeding is also observed in HVFA concrete systems due to
its low unit water content. Moreover, the HVFA concrete system has very low porosity
kand discontinuous pore structure which results in very low water perfheability; thus,
mitigates the penetration of chemicals and increase concrete resistance to carbonation and |
sulfate attack. The sulfate resistance of HVFA concrete was investigated at CANMET [1].

It was found that after seven years of exposure, specimens made of HVFA concrete
showed expansion less than 30% of the expansion of the plain specimen made of the
same cement [95]. The ASR-related expansion of HVFA concrete syéten;ls of 58%
replacement level and known reactive aggregates was also investigated; a very minor
expansion after 275 days of exposure was observed under various test conditions [104].

The high content of fly ash in concrete reduces the early strength of concrete; the fly ash
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2.5. Silica Fume

- 25.1. Composition and Properties
Silica fume is a by-product of silicon industry and it is used in small amounts in concrete
as a pozzolanic or cementitious material. Silica fume results from condensing of oxidized
vapor in the 2000°C furnace used to reduce high-purity quarti with coal in an electric arc
furnace in the manuf_actﬁre of silicon metal or ferrosilicon alloys. Silicon dioxide is the
main constituent of silica fume and it represents the reactive matérial; its content in silica .
fume ranges from 85% to 97% of the total mass. Other elements present in silica fume
depend upon type of metal being produced and they have no significant influence on thé |

performance of silica fume [10,105]. However, the alkali content of silica fume may

influence its effectiveness in concrete; high alkali content may be encountered in silica

fume of low silica content [106]. Although it is chemically similar to sand present in
concrete, silica fume reacts in concrete due to its non crystalline nature [10]. It has
é_xtremely fine particles of average diameter of 0.1 pm which is 100 times smaller that
average cement particle [1,05‘]. The chemical requirement of silica fume as defined by
CSA A232.5 is shown in Table 2.5. | |

2.5.2. Silica Fume in Concrete

Typically, silica fume is blended in cement in contents not exceeding 10% of total weight
[105]. Silica fume, when used in concrete, affects both its fresh and hardened properties.
It increases the cohesion of fresh concrete and markedly reduces bleeding. Moreover, it
significantly reduces permeability of hardened concrete and enhances its compressive
strength and modulus of elasticity [10,105]. It acts as micro filler with its fine particles
filling the voids between aggregates and cement grains; thus, significantly reduce
permeability of concrete [30]. Due to its pozzolanic properties, silica fume reacts with
calcium hydroxide produced by cement hydration forming calcium silicate hydrate
similarly to cement. The additional C-S-H binder produced by silica fume contributes to
the strength development of concrete [105,106]. |
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2.5.3. Silica Fume Effect on Sulfate Resistance of concrete ‘

It has been confirmed by many researchers that paftial replacement of ‘s‘ilica'fl_im‘e for
cement or the use of silica fume blended cement in concrete and .mortar'sighiﬁcantly
improve its sulfate resistance. The sulfate-related expansion was markedl_y reduced in
mortars contaihing silica fume in contents as low as 7%_ under various exposure
conditions and different types and concentrations of sulfates [20,25,30]. Other studies .
investigated the effect of various replacement levels (5-10%) of silica fume on concrete
‘and mortar resistance to sulfate attack in terms of strength loss. It was found that utilizing
silica fume is very beneficial in mitigating strength loss of mortérs exposed to sobdium>
sulfate attack. However, the use of silica fume did not result in considerablé improvement
of sulfate resistance exposed to magnesium sulfate attack since serious loss of strength
was reported [107,108]. The improving effect of silica fume oh sulfate.résistance' 6f'
‘concrete and mortars is mainly due to the significant reduction in permeability, the lbwer

capillary water absorption, and alkali reduction throughpoziolanic reaction [23,30].

2.5.4. Silica Fume Effect on Controlling ASR in Concrete
The influence of silica fume in on alkali silica reaction has been widely researched; it was
found that silica fume can adequately mitigate the reaction and control related expanSion
by reducing the alkali concentration of cement paste pore solution. It was observéd that
the reduction in expansion of concrete and mortar was dependant on the amount of silica
fume utilized [109]. It was reported that silica fume content of 11% could reduce the:
'ASR expansion of specimens at one year age between 43%-80% depending on the alkali
content of the cement used [110]. Other studies showed that the use of silica fume (SF) in
mortar in low content up to 5% does not necessarily reduce the expansion, whereas
mortars of higher SF contents (more than 8%) remarkably reduced thé ASR related
| expansion regardless of the type of silica fume utilized. However, it was noted that the
performance of silica fume in suppressing the alkali silica reaction is' a rhainly dependant
on its silica content; silica fume of low silica content at 68% was not effective in
controlling the alkali silica reaction. Furthermore, the performance of silica fume is also a

function of its crystallinity [111,112,113].



In addition, it was found that incorporating low contents of silica fume in concrete also.

containing partial replacement of fly ash could effectively mitigate the deleterious effect
| of fly ash on concrete strength [114].The investigation of alkali-silica reaction in concrete
containing approximately 5% silica fume with different replacement level.s of fly ash
havé shown that the _prevsence of silica fume signiﬁéantly enhances the reduction of

expansion [115].
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3. Materials and Procedures |
In this section, all the materials used in this test and the reasons for bhoosing those
materials are described. The procedures and standards based on Whlch the matenals were

proportioned and the specimens were prepared and tested are also described.

3.1. Materials

3.1.1. Cementitous materials

3.1.1.1. Cement

Four kinds of cements were used to perform the tests. The cements are listed below, and

their chemical analyées are given in Table 3.1.

- e St. Constant, CSA Type GU cement, St. Constant, Quebec
o . St. Constant, CSA Type GUb-7SF cement,

¢ Herndon, ASTM Type I cement, Herndon, Virginia , and
¢ Brookfield, CSA Type GUb-7SF cement, Brook.ﬁeld, Nova Scotia

Table 3.1
The chemical analyses of the cements used in the expenments (wt %)
ST CONSTANT | ST CONSTANT BROOKFIELD
GU SF HERNDON SF
Si0O, 19.22 24.38 19.71 26.57
ALQO; 4.75 4.82 4.35 "~ 4.33.
TiO, 0.21 0.22 0.20 0.34
P,0;s 0.29 0.24 0.08 0.04
Fe,0, 2.24 2.24 2.64 2.62
Ca0 62.2 59.15 62.76 59.1
MgO 2.61 2.33 3.74 1.19
Na,O 0.24 0.26 - 0.17 0.1
K,0 0.95 0.91 0.60 0.59
. Mny,O4 0.06 0.06 0,06 0.09
SrO 0.26 0.23 0.05 0.07
LSO, 4.11 3.46 2.39 - 2.9
LOI @ 1000°C 2.22 1.20 2.80 - 1,59
Total 99.35 99.45 99.55 99.51
Na,Oe 0.86 0.85 0.56 0.48
C3A 8.8 9.0 7.1 7.0
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The two St. Conétant cements were selected because of their high alkali content in order
to determine the effect of cement alkalinity on its sulfate resistance and the alkali silica
: ‘reaction, Hefndon and Brookﬁeld have low alkali contents. Moreover, two of the cements
utilized were silica fume blends in order to investigate the effect of silica fume inclusion

on the mortar resistance to sulfate attack and alkali-silica reactivity.

3.1.1.2. Fly Ash
Two kinds of fly ash were utilized in this test; the ﬂyb ashes are listed below, and their
chemical analyses are given in Table 3.2. o |

¢ Sundance Fly Ash. Type CI, Sundance, Alberta, and

e Rockport Fly Ash Type CI, Rockport, Indiana

: Table 3.2
The chemical analyses of the fly ashes used in the experiments (wt %)
Sundance Rockport

Si02 " 54,67 4428
Al203 22,93 20.96

TiO2 0.65 1.43

P205 0.09 0.83

Fe203 3.82 6.93
Ca0O 10.94 16.35

MgO 1.16 3.69

Na20 2.97 1.21

K20 0.71 1.29

Mn203 0.06 0.03

SrO 0.11 0.26

LSO3 0.17 0.8

BaO 0.5 0.58

Zn0O 0.01 0.02

Cr203 0.00 0.02

LOI @ 750°C 0.40 1.13
Na20e¢ 3.43 2.04

The two fly ashes are classified based on their calcium content as type CI; nevertheless,
the calcium content of Sundance fly ash is lower than that of Rockport fly ash. Fly ashes
were selected of class CI since it was a subject of a less research than class F fly ash and

its behavior in concrete and mortar is not yet fully understood. The difference in calcium
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content between the two fly ashes was intended to investigate the 'effe_ct of calcium
- content in fly ash on sulfate resistance and ASR of mortars. The alkali contént of the
Sundance ash was higher than the Rockport ash so the effect of alkaline content of fly ash

can be also investigated

3.1.2. Sand _ _ v o
The sand used for the sulphate testing in this test program was purely crystalline silica
ASTM C 109 sand from Ottawa, IL USA as per specified in ASTM C778.

3.1.3. Aggregates _ _
The aggregate used in the mixtures for the ASTM C 1260 tests were crushed Spratt,
- which is known to be reactive. The source of the Spratt aggregate was"a' mine rieér.
Ottawa Ontaﬁo, Canada. The aggregates were further crushed, pulverized,'_ and sieved to
get the proper gradation to comply with the fequirements of ASTM C.1260. The
aggregates were graded using square hole woven wire cloth sieveé of numbers 4, 8, 16,

30, and 50. -

3.1.4. Supply Water |
All the mixing water used in the experiments was city of Montreal tap water. Distilled

water was used to prepare the sodium sulfate and sodium hydroxide solutions,

3.2. Mixtures |

In this test program, each of the four cements was combined with both of the fly ashes at
replacement levels of 0%, 20%, 40%, 60%, and 80% by mass of the binder. Accordingly,
36 different mixtures were cast for the sulfate test covering all the probable combinations
of the four cements and two fly ashes. All of the mixtures prepared for the sulfate attack
test 'have‘a w/c of 0.485 except for two mixtures which were recast with lower water
cement ratio for comparison. The standard states to cast the mortars to a constant
consistency, but in this program it was decided to compare the combinations using

constant water to cementing materials ratio. In order to determine the effect of water to
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cement ratio, tv_vb mixtures were cast with a water to cementing materials ratio to yield
the same consistency as the 100% cement mixture of the same materials. Since increasing

fly ash increases consistency, 80% fly ash mixtures of the least and most expansive
mixtures were selected. Another 36 mixture wefe prepared for ASR test using the same
combinations and the safhe fly ash contents but using Spratt aggregate instead. of sand
and w/c of 0.47. |

3.3. Casting of Specimens
The casting of the specimens for the sulfate resistance test was performed according to
ASTM C 1012. For each mixture, four 25 x 25 x 285 mm mortaf bars and six 50 x 50 x
50 mm cubes were prepared. One set of samples (4 bars and 6 cubes) were mixed in one-
~ batch for every mixture. The molds were prepared in accordance with ASTM C 490 and
‘the interior surfaces of the molds were covered with a release agent to facilitate the
demolding procéss. Each mold had gauge studs at either end set to 250 mm spacing. The
mixtures contained 1 part cement to 2.75 parts sand and h‘adv a water to cement ratio of
0.485. Accordingly, the mix proportions needed to make the above méntioned samples of
‘each mixture were 2475 g of sand, 436.6 ml of water, and 900 g of binder. The amount of
‘binder represents the total amount of cement and fly ash in the mixture. An electrically
driven mechanical mixer of the epicyclical type was used and the total time of mixing
procedure was 4 minutes as described in ASTM C 305. The laboratory temperature where
the mixing of all mortars took place was maintained between 22° C and 24° C. All the
mixtures were tested for workability using a flow table according to ASTM C 230. As
mentioned previously, all the mixtures have a w/c of 0.485 except for two batches where
a lower water to cement ratio (0.40 and 0.39 respectively) was used to comply with the
ASTM C 1012 requirement of developing a flow within 5% of that of the Portland
cement mortar at a water-cement ratio of 0.485. Those two batches were cast to be
compared with the similar mixtures of w/c of 0.485 to determine the effect of the flow -

requirement on the test results.
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For the Alkali Silica Reaction test the proportioning and molding were in accordance
with ASTM C 1260. For each mixture, three 25 x 25 x 285 mm mortar bars were cast |
using 1 part of binder to 2.25 parts of graded aggregates by maSs and water t"oicement
ratio of 0.47 by mass; accordingly, the quantities of dry material used for making three
specimens were 440 g of binder and 990 g of aggregates. The mixing of sPe'cimens was
performed in accordance with ASTM C 305. The aggregates were graded as _merit_ionedf in-
section 3.1.3 using square hole woven.wire cioth sieves. The grading of the aggregates
‘used is shown in Table 3.3. The mass of each portion of aggregaie required for every
batch is shown as well. Preparing the specimen molds was done in accordance with
requirements of practice ASTM C 490, but the internal surfaces were covered with a
- release agent. All test specimens were molded within total time Qf 2 min and 15 s .after

completion of mixing the mortar batch.

Table 3.3: Grading of Aggregates '

Sieve Size ' :
i Mass Used -

Passing Retained on. - : »
4.75 mm (No. 4) 2.36 mm (No. 8) 9g
2.36. mm (No. 8) 1.18 mm (No. 16) 2475¢g
1.18 mm (No. 16) 600 pm (No. 30 2475g.
600 pm (No. 30 300 pm (No. 50) 2475g
300 um (No. 50) 150 pm (No. 100) 1485g

3.4. The Sulfate Resistance Test

The sulfate resistance test was done in accordance with the ASTM C 1012 which is an
accelerated test method developed for assessing the sulfate resistance of mortars and
concretes made of blended cements or blends of Portland cements with pozzolans. In this
test method, the sulfate resistance is determined by measuring the length’ change of
mortar bars exposed to a sulfate solution. Mortar bars were made as described in section'
3.3., and then cured until the cubes made of the same mortar attained a compressive

strength of 20.0 = 1.0 MPa after which they were immersed in sulfate solution.

46



3.4.1. Curing of Specimens

Immediately after casting, all the specimens in the molds were put into a sealed plastic
container containing a layer of water on its bottom to maintain 95%+ relative humidity
and stored in the laboratory at temp_erature/ of 24° C All specimens were demolded after
24 h of casting éxcept for the samples of 80% fly ash; they were demolded after 48 h
because of being so fragile that they broke while demolding due to their low carly
stréngth. After initial curing and demolding, all bars and cubes were immersed in lime-
saturated water at 24°C for curing until they reached the required strength to be immersed

in the sulfate solution.

Two cubes were tested at a time for compressive strength in accordance with the ASTM-
C 109 which describes the test method for compressive strength of hydraulic cement |
' mortars. If the cubes had not reached the strength limit of 20.0 :I: 1.0 MPa, a subsequent”
'compressive strength test of two additional cubes was performed at a later date. The time
- at which the subsequent tests were to be performed was predicted based upon the value of
the first test. In some cases, a third test wés done after evaluating the resﬁlté of the first
two tests and giving the samples the sufficient time to develop strength. The age at which
the cubes of each mixture reached the required strength widely varied and that was
normal because the strength of the specimen depends on the type of cement used and the
content of fly ash in the mixture. However, all the samples of 80% content of fly ash
didn’t reach the required strehgth even after 28 days of curing and most of them were
immersed in the sulfate solution at 28 days; two were immersed at 21 days and one at 49
days. The result of the compressive strength test and age at which the bars were

immersed in sulfate solution are outlined and discussed in Chapter 4 later on in this report.

3.4.2. Sodium Sulfate Solution

A 5% sodium sulfate solution has been used in this test as per the standard. It contains
352 moles of Na,SO4 per m® which equals 50.0 gram per liter. The quantity of solution
prepared for each set of bars was 1800 ml. It was prepared by mixing 90 grams of sodium

sulfate powder in 1800 ml of distilled water. The sulfate solution was prepared on the day
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before use and stored in 32cm x 21cm x Scm plastic containers and.tightly_covered atthe
laboratory temperature for the initial immersing of mortar bars. For the subsequént |
changing of solution after each length measurement,v the sulfate _solutioh was being
prepared one to three days before measurement and stored in a 10 liter plastic cOnt;iiner; 5
All the plastic éontainers in which the specimens were immefsed in the sulfate solution .

were stored in the laboratory at a temperature of 24° C.

3.4.3. Measurement of Length Change N v _
Measurement of length éhange of the mortar bars was done as described in the ASTM C‘
1012 using a comparator conforming to the requii‘ements of specification ASTM C 490.
- When the cubes of each mixture reached a compressive strength vo‘f at least 20 MPa the
bars were measured and then immersed in the sulfate solution. This measurement is
designatéd as the initial length. The subsequent measurements of llength change were
taken at 1, 2, 3, 4, 8, 13, and 15 weeks after measure‘meht of inif_ial length. For all the
mixtures, the data at 15 weeks were reviewed and the expansion of the mortar bars was v
found to be slight, gradual, and uniform. It was thought that the interval between readings
was adequate and it was providing an optimum monitorihg of the behavior of the bars.
Accordingly, the subsequent measurements were scheduled at 4, 6, 9, and 12 mohths as
recommended in the ASTM C 1012. At every measurement of éach mixture, the value of |
length change of each specimen was recorded and then the relative éxpahsion of each
specimen and average expansion of the four specimens was calculated. The gauge stud
“hole of the comparator at the lower end was cleaned after every reading as described in
the standard. Most of the measurements were taken on the exact time and. date as
scheduled especially at the early weeks when the change rate was relatively high, but
some measurements werev not. performed on the precise date. However, all the
measurements were reported at the time that they were taken (elapsed time). In all cases
where measurements were not taken exactly on the specified time, the variance of the
elapsed time at which they were taken was within the time tolerance of £2% permitted in
~ the ASTM C 1012.
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After every measurement the bars were carefully examined and tested for warping by
placing on a plane surface and no considerable bowing was detected. The cracks were
'reported‘on‘ce’noticed and the width and type were mentioned. The expansion of the -
specimen for specific period was recorded as the difference between the zero reading of
the specimen and the reading at that period. The relative eXpansion at x age, AL, was
calculated using the following equation.

L -L

AL = x100 %

3
where: Ly: Comparator reading at x age.
L;: zero comparator reading of specimen.
Lg: 250 mm.
The average expansion of the three specimen of each mixture was considered to be the

expansion of the combination for a given period. .

3.5. The Alkali-Silica Reaction Test

In this thesis, the alkali-silica reaction using Spratt aggregate was studied using the
mortar-bar method in accordance with ASTM C 1260 standard test method. ASTM C
~ 1260 is an accelerated test method that permits detection of potential alkali reactivity of
aggregates. The test was performed using four kinds of cements and two kinds of fly ash
that are described in section 3.1.1 and the mixtures used are outlined in Table 3.2.1. The
use of different cements with the same aggregate type was performed in order to give an
idea about the degree of resistance that each cement-fly ash combination afforded.
Moreover, the uSe of different content of fly ash was considered to show the effect of the

use of fly ash on the expansion of specimens containing alkali-reactive aggregates.

3.5.1. Sodium Hydroxide Solution
The sodium hydroxide (NaOH) solution used in this test was of concentration of 4%
(IM). Each liter of solution contained 40.0 g of sodium hydroxide »powder (NaOH)

dissolved in 900 mL of water and then diluted with additional water to obtained 1.0 liter
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of solution. The amount of solution used for each set of samples was 2 liters so that the -
specimens were adequately immersed. The speciméns were supported. by tWo_‘ plastic
tubes to provide separation between the bottom of the specimens and the bottom of the

container in order to ensure that the solution reached all sides of the sample.

3.5.2. Storage and Measurement of Specimens

After molding, spemmens and molds were placed in. an  airtight plastlc container

(maintained > 95% rh and 24°C) and remained for 24 h before demoldmg. At the time of ‘

- demolding, sodium hydroxide solﬁtion was prépared, putin 32cm x 21cm x 5 cm pblastic'
containers, and placed in the oven at of 80°C. An initial comparator reading was taken
immediately after demolding, then each set of specimens. was ’plaéed in the plastic
contamer of water of 80°C so that the specimens were totally 1mmersed and the

: contamers were placed back into the oven for another 24 h. On the next day at the same
time the zero readings were taken and the specimens were placed in the sodium |
hydroxide solution at 80°C and returned to the oven. Subsequent readings were taken
every two days for 14 days after the zero readings and weré continued to be taken at
wider frequencies beyond the 14 days period. The level of solution was marked on the
sides of the plastic container in order to monitor any evaporation. Ad_di'tio‘n'al water was
added when a considerable loss was noticed to maintain the volume and cqncentration of |

solution.

‘The expansion of the specimen for specific period was recorded as the difference |
between the zero reading of the specimen and the reading at that period. The relative
expansion at each required age was calculated as mentioned in section 3.4.3. The average
expansion of the three specimen of each mixture was considered to be the expansion of

the combination for a given period.
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4, Results and Discussion

4.1. The Sulfate Resistance Test
The results .of the expansion, flow and strength for the sulfate test program are given in

this section.

4.1.1. Sulfate Expansion with Time | ‘
Figures 4.1 to 4.8 show change of length over time of all the mixtures; it can be observed
that all specimens showed increasing expansion with prolonged periods of exposure. It
also can be observed that the severity of expansion is highly dependant on the type of
cement and fly ash utilized. Generally, incorporating fly ash reduced the extent of
expansion of most of the mixtures. For mixtures containing Herndon and St. Constant '
GU ceinents, higher rates of expansion after 15 weeks of exposure were observed in |
- control mixtures, whereas mixtures of high fly ash replacémen’t levels manifested minbr"
length change as shown in Figures 4.1, 4.2, 4.5, and 4.6. For the control mixture
containing St. Constant GU cement, the rate of expansion after 26 weeks of exposure was
almost constant whereas increasing rate of expansion was observed in control mixture

made of Herndon cement.

For all mixtures containing silica fume blended cements (St. Constant SF and Brookfield)
at all fly ash replacemerit levels utilized, a sharp increase in length of specimens was
reported at the early stages until 3-4 weeks cprsure as shown in Figures 4.3, 4.4, 4.7,
and 4.8. After the fourth week, lowef rates of expansion were observed depending on fly

ash content.
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4.1.2. Sulfate Expansion Versus Fly Ash Content }

Figures 4.9 - 4.13 illustrate the expansion versus fly ash content for all the mixtures’ used

for the sulfate resistance test at different intervals from 4 weeks to 12 months. For the

mixtures containing Portland cement (Herndon and St. Constant GU), the expansion .
generally decreased with increasing replacements of fly ash after 4 inonths of exposure

(Figures 4.10 and 4.11). The reduction of expansion with the inérease of fly ash

replacement is more pronounced after 6 months of exposure when the control mixtures

reach high levels of expansion (Figure 4.12). The major reduction of expansion occurred

at replacement level of 20% mainly due to fly ash’s effect of rcdubing permeability of
mortars. Replacement levels higher than 20% did not reduce permeability much: further;

nevertheless, it controlled expansion by reducing the formation of gypsum. Accordingly,

the highest expansion for most of the mixtures at early stages uhtﬂ 4 wéeks occuxréd

when 40% replacement level were utilized which explains the peak at 40% replacement

level shown in Figure 4.9. The pozzolanic reaétion of fly ash,.which consumes the
Ca(OH), and limits Ettringite formation, starts after 4 weeks of exposure when most of
the cement is hydrated. Consequently, the improving effect of fly ash at 20% replacement
level on sulfate resistance of mortars was observed since the first week of exposure,

whereas for 40% and 60% replacement levels it was observed after 4 weeks of exposufe.

All mixtures contained SF cement showed excellent sulfate resistance and resulted in
expansion below 0.05% after 6 month of exposure which is the expansion limit specified
by CSA A 3000 for high sulfate resistance cement. Mixtures containing Herndon and St.
Constant GU cement with Sundance fly ash at 20% replacement level also showed an
excellent performance and experienced expansion below 0.05%. When Rockport fly ash
was used with Herndon and St. Constant GU cement, higher replacement level of 40%
was needed to maintain the expansion below 0.1% limit after six month of exposure to

sulfate which is the acceptable expansion for moderate sulfate resistance cement as
specified by CSA A 3000.
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Sundance and Rockport' fly ash are of calcium content 10.94% and 16.35% respectivelyi
and both are classified as class CI fly ash. Nevertheless, Sundance fly ash performed
better than Rockport fly ash. Mixtures containing Portland cement with Sundance fly ash
gave lower expansion than those with Rockport fly ash due to the lower CaO content of
Sundance fly ash. The résulting expansion of all mixtures with Sundance fly ash at
replacement level of 20% was as low expansion as 0.052% after one Iyear of exposure;
higher replacement levels didn’t significantly reduce the expansion as shown in Figuré :
4.15. All mixtufes with Rockport fly ash at replacement levels of 20% gave expénsion of
0.228% after one year of exposure; expansion was further reduced with incorporating
higher replacement levels. The specimens made of plain Herndon GU cement expanded
1.094% after one year of exposure which is extremely severe when compared the -
correspondent value of St. Constant GU cement which was 0.525%. This was mainly due -

to the thin cracks which started to form on the corners of specimens. -
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Figure 4.9: Expansion vs. Fly Ash % after 4 weeks
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As mentioned in Table 3.1, the alumina content of St. Constant Portland cement and
- Herndon Portland cement is 8.8% and 7.1%, respectively. Although St. Constant GU |
cement has higher alumina content than Herndon cement, it performed better after one

year of exposure when no fly ash replacement was utilized. That result does not correlate
with the previous research where a correlation between the alumina content of cement -
and the resulted expansion was observed as mentioned in section 2.1.6.1. Howé_ver, that

is not unusual since there is no significant difference in the alumina con'tent between the

two cements. However, mixtures of St. Constant GU cement and Herndon cement .
showed similar performance under sulfate exposure when fly ash was incorporated at all
replacement levels. Moreover, the alkalinity of cement did not affébt the sulfate

resistance since St. Constant GU cement which is high alkali cement of Na;Oe at 0.86

performed better than Herndon although the latter has lower alkali content of Na;Oe at

0.56.

The use of fly ash at 80% replacement levels proved to be very effective.in controlling
the expansion of mortars exposed to sulfate attack regardless of the type of cement and
fly ash utilized. Comparing the expansion values shown in Table 4.1, it '_can' be noticéd
that specimens of 80% fly ash réplacement did not show major length change after the
fourth week of exposure. All mixtures of 80% fly ash replacement showed expansion
values of 0.01-0.03% after one year of exposure as shown in Figure 413 This extent of
expansion can be considered as an excellent performance of mortars under such exposure
condition. Mixtures of 60% fly ash replacement levels showed wider range of expansions
(0.017-0.062 %); the resulting expansion was fairly low éompared to the critical
expansion which was 1.094%, but the effect of cement and fly ash tjfpe was more

pronounced.

Mixtures without fly ash using Brookfield SF and St. Constant SF cements showed
expansions of 0.033% and 0.025% respectively after one year of exposure whereas the
corrésponding values for plain mixtures containing Herndon and St. Constant were
0.124% and 0.190% respectively. This clearly demonstrates the effect of the silica fume

blends on the sulfate resistance of mortar. However, the inclusion of fly ash in mixtures
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containing the silica fume blended cement marginally affected expansion. The maximum
expansion occurred at 40% replacemeh-t. That can be interpreted due to the reduction of
silica fume content in the cementing material with the increase in fly ash replacement.
However, it was mcntioned in section 2.4 that the dptimum silica fume content‘in
cohcrete and mortars tb resist sulfate attack is 5-10%. Accordingly, incorporating
replacement of silica fume blended cements used in this test for fly ash at levels 20% and
40% reduced the content of silica fume of mortars to levels much lower than 5% which
dramatically limits the effect of silica fume in controllihg expansion. Although the fly ash
replacement increased the sulfate resistance of mortars, it did not compensate the éffect
of silica fume reduction on expansion except when highvreplacement levels were utilized.
When high volume of fly ash at 80% replacement level was utilized, large consumption -
of alkali through pozzolanic reaction effectively lirriitéd formation of gypsum' and
| controlled the expansion. Consequently, a mihorvreduc‘tion' in expansion was observed in
épecimens_ containing silica fume blended cements with 80% fly ash replacement

comparing with those without fly ash.

Table 4.1: Expansion over Time of All inixtures of 80% Fly Ash Replacement

Mixture Expansion %
Cement Fly Ash 4W | 8W {13 W |[IS5W{4M | 6M | 9M | 12M
Herndon Sundance | 0.016 | 0.017 | 0.018 | 0.013 | 0.015 | 0.016 | 0.015 | 0.014 |
Herndon - Rockport | 0.022 | 0.022 | 0.019 | 0.023 | 0.022 | 0.024 { 0.024 | 0.024

St. Constant SF | Sundance | 0.009 | 0.009 | 0.009 | 0.009 | 0.008 | 0.010 | 0.014 | 0.020
St. Constant SF | Rockport | 0,012 | 0.014 | 0.015 | 0.015 | 0.014 | 0.010 | 0.010 | 0.010
St. Constant GU | Sundance | 0.017 | 0.016 | 0.019 | 0.020 | 0.020 | 0.023 | 0.023 | 0.024
St. Constant GU | Rockport | 0.017 | 0.019 | 0.021 | 0.022 | 0.022 | 0.023 | 0.024 | 0.029
Brookfield Sundance | 0.011 | 0.014 | 0.013 | 0.014 | 0.015 | 0.015 | 0.014 | 0.016
Brookfield | Rockport | 0,020 | 0.023 | 0.023 | 0.022 | 0.023 | 0.023 | 0.026 | 0.023

4.1.3. Visual Examination of Specimens
After every measurement, specimens were examined for any cracks or surface deposits.
After one year of exposure, cracks were clearly observed in specimens made of plain

Portland cements and in those made of Portland cements with 20% fly ash replacement.
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First, the specimens made of plain Herndon GU exhibited very fine cracks starting after4
months of exposure, which dramaﬁcally enhanced the expansion as a ébonsequ_‘eﬁcé of
increasing exposure to the sulfate into the specimens. The cracks were longitudihal with
the edges of specimens and developed with the expansion over time; they measured 0.2
mm and 0.4 mm after nine months and 12 months of exposure'respéctive]y, Second, -
specimens made of plain St. Constant did not show any visible cracké until 12 inonth of.
exposure when fine cracks were noticed. In addition, specimen made of POrtlénd cements

‘with 20% Rockpor-t fly ash replacement showed fine cracks after one year of exposure.

4.1.4. Effect of Water to Cement Ratio _ ‘ ‘ i
The required water-cement raﬁo for all mixtures containing only POrtlaﬁd cement for
-sulfate test is 0.485 in accordance with ASTM C 1012. The water requlrement of
mixtures containing fly ash is determined by measuring con51stency of these mixtures;
the proper w/c should develop a flow within £5% of that of the Portland-cement mortar at
a w/c of 0.485. However, all the mixtures in this test were made of w/c of 0.485. The
water-cement ratio was kept constant in this test in order to determine the effect of ﬂy ash
incorporation in mortars on sulfate resistance with minimum vanables 1nvolved
Consistency of all mixtures was measured using flow table in compliance with ASTM C
230 and the results are shown in Table 4.2. By comparing flow Value; itvcan be clearly
observed that incbrporating fly ash in mortar dramatically increased the flow. The‘
‘improvement in workability with the increase of fly ash replacement was also visually
noticed while casting and molding the specimens. The effect of water td cement ratio on
sulfate resistance was investigated by comparing two mixtures made of the same
proportions of sand and cement but with lower water content. The two mixtures chosen
| for comparison were those the most and the least expansive. The w/c of those two batches

were determined using a flow table; many batches of different w/c were cast and their
corresponding flow readings were taken as shown in Table 4.3 , then by trial and error the

required w/c could be determined.
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Table 4.2: Flow values of all mixtures for sulfate test

Mixture ' Flow% for each Replacement Level

Cement Fly Ash | 0% 20% | 40% | 60% | 80% |
Herndon Sundance 36 - 56| 97 120 125
Herndon Rockport 36| 77 98 107 | 122
St. Constant SF | Sundance 53 68 89 112 1 131
St. Constant SF | Rockport 53 68 78 102 129
St. Constant Sundance 18 53 | 30 913 122
St. Constant - | Rockport 18 35 44 751 109.5
Brookfield Sundance 90 58 63 781 100
Brookfield Rockport 20 63| 59 100] 107

Table 4.3: Determining w/c of the comparison Samples

St. Constant ' Herndon Herndon 20% »
. : St. Constant 10SF 20% ' ,
| Mixture 10SF : 0% + Rockport fly ash
-+ Sundance fly ash 80%
; 0% fly ash ' ‘ fly ash 80%
w/C 0.485 0.485 | 0.425 ; 0.405 | 0.39 485 0.485 | 0.39 04
Flow v :
15.3 23.1 | 17.6 | 163 | 156+ 15.7 222 | 14.6 | 14,9 *+
(mm)

* _ This value 1s 2% more than the flow value of the mixture made of 100% St. Constant 10SF cement
which is acceptable according to ASTM C 1012

** _This value is 5% less of the flow value of the mixture made of 100% Herndon cement.

Figure 4.14.a shows the expansion versus time of two mixtures made of St. Constant SF
cement and Sundance fly ash at 80% replacement level with different water to cementing
material ratio. The expansion of mortars df .0.485 w/cm was very'low; nevertheless,
reducing w/cm to 0.390 was very effective since specimens showed no expansion after
six month of exposure. Figure 4.14.b shows that reducing w/cm from 0.485 to 0.4
reduces sulfate related expansion from 0.024% to 0.01% after six months of exposure. It
can be observed from both Figures that reducing w/c of mortar reduced the expansion by

58-100% and that specimens of lower w/cm didn’t expand any further after 4 weeks of
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exposure. Since the comparison was made between two mixtures of fly ash replacement
level at 80% which experienced very low expansion éven with w/cm of 0.485, ‘th‘e effcct
of reduction of the water content wasn’t significant. For each. mixture,’ the average
expansion of four specimens is shown in Figure 4.14a. However, the variance in -
expansion between the four spécimens of the low w/c mixture was within the 0.002%, .
whereas for the mixture of the regular w/c of 0.485 it was within 0.005%. _Acéordingly,
the results confirms that utilizing low water cement ratio is effective in reducing sulfate-
related expansion, and that can be interpreted by the effect of reducing water content on

permeability and porosity of mortars.
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‘4.1.5.‘ Compressive Strength Results

Ail of the mixtures had to be immersed in sulfate solution at the time they reached
compressi\'e strength of 20.0 + 1.0 MPa as per ASTM C 1012 requirements. Accordingly,
the strength gaining of the mortars were monitored by testing the compressive strength of
two éubes at a time as mentioned in section 3.4.1. Strength development of all mixtures
are shown in Figures 4.15, 4.16, 4.17, 4.18, 4,19, 4.20, 4,21, and 4.22. For mixtures with
no.ﬂy ash replacement, specimens reached 20.0 MPa within 30 hours of curing. All types
of cement performed similarly within the first 30 hours; the presence of silica fume did
not improve fhe early strength of mortars. Fly ash replacements at 20% did not
significantly affect the strength development of mortars. All mixtures incorporating fly
ash replacement at 20% reached the strength limit of 20 MPa within three days of curing,.
For fly ash replacement levels at 40%, the time at which the specimens reached the
required strength varied from 3 to 10 days. Wider variation in the compressive strength

results of all mixtures was observed when replacement levels at 60% and 80% were
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utilized. However, mixtures of 60% fly ash replacement reached the compf_éssive strength
of 20 MPa at maximum thirty days of curing, whéreas mixtures of 80% replacerrient. :
levels did not reach that limit even after 49 days of curing. Spéci_mcns of high volume fly
ash replacement at 80% experienced extremely slow strength development inainly due to
the low rate of hydration of fly ash at early ages [1]. The higher célcium content of
Rockport fly ash did not result in a better: compressive strength sihce any considerable
difference between the performance of Sundance and Rockport fly ash was not observed.
The reason of the similar performance of the two fly ashes is due to fact that fly ash
contribution to the strength starts after several days and continuesv until at le_ast'one "year‘
as mentioned in section 2.4.3. Accordingly, at 28 d'ays were the specimens We_re tested for
compressive strength, the ﬂy ash did not proceed far enough to éont;‘ibute to‘the' strength

of mortars.
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4.1.6. Effect of Time of Immersion _

All of the mixtures were immersed in sulfate solution at the time they reached
compressive strength of 20.0 + 1.0 MPa as mentioned in section 4.15. Consequently,
mixtures were immersed in sulfate at differént ages. Moreover, specimens of ‘high volume
fly ash content did not reach the required compressiVe strength even after 45 days of
curing so they were immersed after 28 days in most cases; the time at which specimens
were immersed in sulfate and their compressive strength-at immersion time are showﬁ in
Table 4.4. Two mixtures of 80% fly ash content were cast and immersed in sulfate
immediately after demolding in order to determine the effect of time of immersion thé, |

specimens in sulfate solution on expansion. Figures 4.23.a shows that after 26 weeks of

exposure, Herndon-Rockport specimens immersed into sulfate solution immediately after - B

demolding expanded 0.004% more than did the specimens immersed after reaching the
strength limit of 20 MPa. Figure 4.23.b shows that the St. Constant SF-Sundance
specimens immersed in sulfate solution immediately after demolding tended to expand a
little higher than cured specimens after 15 weeks. Aﬂer 30 weeks of exposure, specimens
of the two mixtures show almost the same extent of expansion. After 9 months of, cured
specimens experienced average expansion of 0.014%, whereas expansion of those which
were directly immersed exposure was 0.011%. Consequently, time at which specimens

were immersed in sulfate solution had a minor effect on the resulting expansion.

Table 4.4: Time of immersing in sulfate and compressive strength of specimens of sulfate test

Mixture Time of Immersing-Compressive Strength (Days-MPa)

Cement Fly Ash 0% 20% | 40% 60% 80%
Herndon Sundance | 1.19.25 2.75-19.86 | 5-19.75 | 10-19.13 | 27-9.07
Herndon | Rockport | 1-19.25 3-19.71 5-21.26 | 28-19.62 | 28-7.92

St. Constant SF | Sundance | 1.21.62 2-19.66 5-19.75 | 30-21.40 | 28-7.29
St. Constant SF | Rockport | 1-21.62 1.5-19.39 |3-19.84 | 34-19.48 | 28-5.48
St. Constant Sundance | 1-19.17 2-19.88 7-20.37 | 29-20.02 | 29-7.78
St. Constant Rockport | 1-19.17 | 2.20.33 3-20.64 | 9-16.81 | 49-7.21
Brookfield Sundance | 1.25-19.75 | 3-18.24 3-20.19 | 35-22.60 | 21-6.81
Brookfield Rockport | 1.25-19.75 | 3-18.90 8-18.68 |23-15.48 | 21-7.91
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4.2.  Alkali Silica Reaction Test |

Figures 4.24 to 4.31 show the expansion versus time of all the mixtures tested for
| potential alkali-silica reactivity in aggregates; each ﬁgﬁfe represents one combination of
cement and fly ash at all tested replacement levels. Each point represents the average of
the three bars measured. On each graph the CSA A 3000 expansion limit of 0.10% at 14
days is indicated by a bold line. It can be observed that the amount and rate of expansion
are related to both cement‘ and fly ash type as well as percent of fly ash replacement. It |

can be also noticed that the ASR-related expansion is more sensitive to the cement type
| used than the fly ash type as shown in Figure 4.32. The effect of fly ash type on :
expansion was influential at replacement levels 20% and 40%. All mixtures without fly
ash experienced rapid expansion; no cracks were observed within the 14 days period of
the test. Howéver, incorporation of fly ash in mortar as a partial replacement proved to be
very effective in controlling ASR-related exi)ansion. ‘The effect of fly ash in reducing
expansion was more pronounced when Sundance fly ash was utilized although it contains
higher alkali content than Rockport fly ash. The reaéon why Sundance fly ash performed
better than Rockport fly ash is mainly the higher calcium content of the latter. Moreover,
the lower MgO content of Sundance fly ash may also have contributed in improving its
performance in controlling the ASR- related expansion. For high replacement levels, no

significant difference in performance between the two types of fly ash was observed.

Replacement levels of Sundance fly ash at 20% was effective in maintaining expansion
of specimens bat 14 days less than the current Canadian limit of 0.10% with all types of
cement utilized. All of the 4 cements investigated experienced expansion in excess of the
allowable limit. It can be concluded from these results that use of blended silica fume
cements (at 7% SF) is not suitable for mixtures with highly reactive aggregate such as
Spratt. As the fly ash replacement levels increased, the rate and amount of expansion
decreased with all types of cement and fly ash utilized. The use of fly ash at 40%
replacement level resulted in expansion ranged from 0.014% to 0.062 %; higher
replacement level at 60% reduced the expansion to 0.004-0.023 %. For all types of

cement and fly ash utilized in this test, replacement of cement for fly ash at 80% was
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effective in suppressing the ASR related expansion; specimeri of ﬂy ash at 80%
replacement levels experienced marginal differenceé: of expansi‘on ranged.ﬁ'om -0.004%
to 0.006% after 14 days of exposure. The effect of the i‘ncreasing of fly ash replécement ’
level on controlling the ASR-related expansion is shown in Figure 4.32. The use of -
Rockport - fly ash at replacement level of 80% with Herhdon’ cement vreduced the.

expansion at 14 days from 0.412% in the plain specimens to 0.003%;

The dramatic effect of fly ash in redﬁcing expansion resulting from alkali silica reaetion
was mainly due the reduction of permeability of mortars resultih'g from the presenee of
unhydrated fly ash particles which behaved as fine aggregates filling the voids iin the
mortar [1]. In addition, replacement of cement by fly ash reduced the cement content in
- concrete and consequently diluted concrete alkalmlty resultmg from cement hydratlon
thus, mitigating alkali-silica reaction and reducing the resulting expanswn. Moreover, the
pozzolanic reaction of ﬂy ash was enhanced as a conseque‘nce of the hi'gh”te'mpe'rature_ of -
exposure at 80° C in compliance with ASTM C 1260; thus, consumed the alkali and
reduced the pH of the pore fluid. | ' |

The maximum expansion occurred when Hemdon cement was used Wi_th no fly ash
replacement. The two Type GU cements used in this test performed differently in the
plain mixtures, but with the increase of ﬂy ash replacements the Vaﬁanee 'decreased. The
reported expansion after 14 days of specimens made of plain St. Constant and Herndon ‘
~cements were 0.324% and 0.412% respectively. The difference in expansion is mainly
due to the higher content of MgO of the latter. Moreover, Figures 4v.26, .4.27, 4.30, ahd ‘
4.31 show that although the total expansion experienced by the cements containing
blended silica fume were less than those without, the expansion at 14 days exceeded the.
Canadian limit of 0.10% when ﬂy ash was not incorporated. This indicates that silica
fume alone is insufficient to reduce expansions to acceptable levels with highly reactive
aggregate. However, the combination of silica fume and fly ash in ‘mortars was very
effective in controlling the alkali-silica reaction. For mixtures containing silica fume
blended cement, 20% of fly ash replacement was sufficient to maintain the ASR-related

expansion below the 14 days expansion limit of 0.1%. Thus, agree with the previous

74



research results as mentioned in section 2.5.4. For all mixtures, fly ash replacement level

at 20% dramatically decreased the expansion of specimens; higher replacement levels
| further reduced the resulting expansion. This result supports the commonly held
recommendations of the use of fly ash in concrete. The results of this test are in
agreement with previous .research results that suggestéd the use of replacement levels at
20% - 35% of low calcium fly ash are brecommended to control ASR expansion in
concrete As mentioned in Section 2.3.6. However, higher rangé 20% - 60% of medium |
calcium fly ash used in this test can be,recomménded to effectively control the alkali-

silica reaction in mortars.
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Figure 4.32: Expansion vs. Fly Ash % after 14 days in the ASR Test

4.3. Possible Sources of Errors

Some minor errors could have occurred through the testing process; however, it is
thoughtbthat these errors were not so severe that they jeopardized the test results. In
sulfate resistance test, curing time of specimens until they reached the required 20MPa
prior to immersion in sulfate varied widely depending on the fly ash content. AccOrdingly,
the effect of inconsistency in curing time on the expansion was investigated and found to
be insignificant as discussed in section 4.1.5. In the sulfate reéistance test, for mixture of
St. Constant GU cement with Rockport fly ash at 60% and mixture of Brookfield cement
with Rockport fly ash at 60%, one of the four bars made for the C 1012 test experienced
unusual expansion or much less expansion than the other bars, the cbmparator readings
taken for that bar were ignored and the average reading of the other three bars were
considered. For Alkali-Silica reaction test, all specimens were dried and measured within

15+ 5 s in compliance with ASTM C1260. Nevertheless, slight errors could have
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happened in the length change measurement due to the five seconds tolerance for the time
of the drying and measuring process. However, the effect of those errors on test results

can be ignored since three bars of each mixture were measured and no inconsistency in

the result of the three bars was found.
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5. Conclusions

Based on the test results the following conclusions can be drawn:

1.

Mixtures containing cements with blended silica fume showed considerably less
expansion than mixtures of normal Portland cements in both sulfate resistance and-
ASR tests mainly due to silica fume’s effect in alkali reduction and decreasing -

microporosity and permeability.

It was clearly noticed that the increased use of fly ash feplacement controlled the
alkali-silica reaction in all the mixtures and reduced the resulting expanéion.‘ The
adequate levels of replacement of Sundénce and Rockport ﬂy ‘ash at which
expansion did not eXf;eed the limit of 0.1% at 14 days were 20% and 40%
respectively. In addition, it dramatically increased resistance to sulfate attack

when normal Portland cements where utilized. .

In the mixtures containing silica fume blended cements, the fly ash replacement
did not considerably improve the sulfate resistance of specimens; ‘they alréady
showed a very low expansion without any replacement. Incorporating‘ fly ash in
mortars with silica fume blended cement may have a slight negaﬁvé effect on
sulfate resistance when utilized at replacement level of around 40% where the |

expansion of specimens of silica fume blended cements slightly increased.

For all replacement levels, Sundance fly ash performed better than Rockport fly

ash in both sulfate resistance and ASR tests due to its lower calcium content.

In both tests, the major expansion reduction occurred with fly ash replacement
levels between 0% and 20% mainly due to the permeability reduction of

specimens. Higher replacement levels may not decrease the penneability much
further.
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6.

10.

1.

12.

In the ASR test, the higher the fly ash content in mixtures the lower the resulting
'eXpansion which mainly results from reducing the porosity of the mortars.
Accordingly, high replacement levels of fly ash are recommended when highly

reactive aggregates are used taking into account to reach the required strength. _

Replacement of cement for Sundance fly ash at 20% replacement level is
considered an adequate replacement level for high sulfate resistance. Higher
replacement- levels of Rockport fly ash up to 40% should be considered to
increase sulfate resistance of mortars made of normal Portland cement to meet the
moderate sulfate resistant cement requirements. Higher replacement levels do not
markedly reduce expansion, but may dramatically reduce the early strength of the -

mixtures.

For fly ashes of calcium content less than 11%, replacement level at 20% is
effective in controlling sulfate related expansion. For fly ashes of higher calcium

content, higher replacement levels should be considered.

Fly ash replacement levels at 80% proved to be very effective in suppressing

expansion of mortars exposed to sulfate attack or in case of the use of highly

reactive aggregates with all types of cements and fly ash utilized.

ASR-related expansion is more sensitive to the type of cement used than the type

of fly ash.

The use of low water to cement ratio increases the sulfate resistance of mortars of

fly ash at 80% replacement level.

Incorporating fly ash in mortar dramatically increases its workability and reduces

its water requirement.
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13. The time at which specimens are immersed in exposure'soluﬁon has ‘a minor
effect on the long term sulfate-related expansmn it may shghtly mcrease or

decrease the expansion.

14. Fly ash replacement level of 20% slightly reduced the early strength of mortars, a
compressive strength of 20 MPa was reached after maximum 3 days of curing.
However, hlgher replacement levels dramatically reduced the early strength,; _

mixtures of 80% fly ash replacement did not reach the 20 MPa limit aﬁer 28 days -

of curing.
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6. Recommendations

1.

Mixtures of low water to cementing materials ratio have performed markedly well
in terms of sulfate resistance. It is suggested that lower w/c than 0.4 should be
investigated for sulfate resistance for several fly ash replacement levels
considering using superplasticizers to maintain adequate workability of the

mixtures.

Mixtures of 80% fly ash replacements showed excellent pcrfonnancé in sulfate
resistance test. However, exposure of specimens to higher sulfate concentrations
can be considerable approach in future studies to investigate the effect of sulfate

solution concentrations on sulfate resistance of high volume fly ash mortars.

Since the expansion of mortars of 80% fly ash replacement tested in this research
was very low regardless the time of immersing, investigating the effect of the time.
of immersing in sulfate on sulfate resistance of mortars of low fly ash content

should be considered in future studies.

Since low early strength mortar and concrete is a major concern when fly ash is
used, strength gaining of fly ash mortars of low w/c should be researched with the
use of superplasticizers., The effect of curing temperature on the strength gaining
and sulfate resistance of mortars incorporating fly ash replacements should be

studied; the optimum curing conditions should be addressed.

In future studies, mortars of silica fume blends at 10% and fly ash replacement at
80% should be investigated; they are expected to yield in acceptable early:

compressive strength and excellent sulfate resistance.

Sulfate resistance and alkali-silica reactivity of mortars incorporating high CaO
fly ash at 60% - 80% replacement levels should be investigated since high

calcium fly ash has better effect on strength gaining than low calcium fly ash.
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7. Other deterioration mechanisms should be investigated in high volume fly ash
mixtures. Chloride resistance, deicer salt s¢a1ing" resistance and ﬁ'eezing and

thawing resistance should be investigated.
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Appendix B:

ASTM C 1260 Mortar Bar Length Change Readings |
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