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ABSTRACT

SULFATE RESISTANCE OF BLENDED CEMENTS WITH FLY ASH
AND NATURAL POZZOLAN

Duru, Kevser
M.Sc., Department of Civil Engineering

Supervisor: Assoc. Dr. 1. Ozgiir Yaman

August 2006, 86 pages

Numerous agents and mechanisms are known to affect the durability of a concrete
structure during its service life. Examples include freezing and thawing, corrosion of
reinforcing steel, alkali-aggregate reactions, sulfate attack, carbonation, and leaching
by neutral or acidic ground waters. Among these, external sulfate attack was first
identified in 1908, and led to the discovery of sulfate resistant Portland cement
(SRPC). Besides SRPC, another way of coping with the problem of sulfate attack is
the use of pozzolans either as an admixture to concrete or in the form of blended

cements

This study presents an investigation on the sulfate resistance of blended cements
containing different amounts of natural pozzolan and/or low-lime fly ash compared
to ordinary Portland cement and sulfate resistant Portland cement. Within the scope
of this study, an ordinary Portland cement (OPC) and five different blended cements
were produced with different proportions of clinker, natural pozzolan, low-lime fly
ash and limestone. For comparison, a sulfate resistant Portland cement (SRPC) with
a different clinker was also obtained. For each cement, two different mixtures with
the water/cement (w/c) ratios of 0.485 and 0.560 were prepared in order to observe

the effect of permeability controlled by water/cement ratio.
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The performance of cements was observed by exposing the prepared 25x25x285 mm
prismatic mortar specimens to 5% Na,SO, solution for 78 weeks and 50mm cubic
specimens for 52 weeks. Relative deterioration of the specimens was determined by
length, density and ultrasonic pulse velocity change, and strength examination at
different ages. It was concluded that depending on the amount and effectiveness of
the mineral additives, blended cements were considered to be effective for moderate
or high sulfate environments. Moreover, the cement chemistry and w/c ratio of
mortars were the two parameters affecting the performance of mortars against an
attack. As a result of this experimental study it was found out that time to failure is
decreasing with the increasing w/c ratio and the effect of w/c ratio was more
important for low sulfate resistant cements with higher C3A amounts when compared

to high sulfate resistant cements with lower C3A amounts.

Keywords: Blended Cement, Fly Ash, Natural Pozzolan, Sulfate Attack
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UCUCU KUL VE DOGAL PUZOLAN KATKILI CIMENTOLARIN SULFAT
DIRENCI

Duru, Kevser
Yiiksek Lisans, Insaat Miihendisligi Boliimii

Tez Yoneticisi: Dog. Dr. 1. Ozgiir Yaman

Agustos 2006, 86 sayfa

Betonarme bir yapimin dayanikliliini hizmet Omrii siiresince bir ¢ok etmen ve
mekanizmanin etkiledigi bilinmektedir. Ornek olarak; donma-¢6ziinme, donati
paslanmasi, alkali-agrega reaksiyonlari, siilfat etkisi, karbonatlasma ve kalsiyum
hidroksitin notr veya asidik yeralti sularindan dolay1 ¢oziinmesi verilebilir. Bunlar
arasinda siilfat hiicumu ilk olarak 1908 yilinda tanimlanmis ve siilfata dayanikli
cimentolarin bulunmasini saglamistir. Siilfat etkisi ile basa ¢ikmanin siilfata
dayanikli ¢imento kullanimindan bagka diger bir yolu da puzolanlarin dogrudan

betona katki maddesi olarak katilmasi veya katkili ¢cimento icinde kullanilmasidir.

Bu calisma, farkli oranlarda ugucu kiil ve dogal puzolan iceren katkili ¢imentolarin,
Portland ¢imentosu ve siilfata dayanikli cimentolara kiyasla, siilfata karst direngleri
izerindeki bir arastirmayr sunmaktadir. Bu kapsamda, degisik oranlarda klinker,
dogal puzolan, ucucu kiil ve kalker kullanilarak normal portland ¢imentosu ve bes
degisik katkili cimento hazirlanmistir. Karsilastirma amaciyla ayrica farkli bir
klinkerden siilfata dayanikli c¢imento da elde edilmistir. Geg¢irimliligin siilfat
direncine etkisini gormek amaciyla her tip ¢cimentodan su/¢cimento (S/C) oram 0.485

ve 0.560 olan iki farkli karisim hazirlanmustir.

vi



Cimentolarin siilfat hiicumuna kars1 performanslart hazirlanan 25x25x285mm’lik
prizmatik har¢ ¢ubuklar1 78 hafta, SOmm’lik kiip numuneler ise 52 hafta siiresince
%5°lik Na,SO4 c¢ozeltisine maruz birakilarak gozlenmistir. Numunelerin farkl
yaslardaki goreceli bozunmalari, boy, yogunluk, ultrasonik ses hizi degisimleri ve
dayanimlan Olgiilerek belirlenmistir. Kullanilan katkinin miktar1 ve etkisine bagh
olmakla birlikte mineral katkili ¢cimentolarin orta ve yiiksek siilfatli ortamlar icin
etkili sayilabilecegi goriisiine varilmistir. Ayrica, S/C oran1 ve c¢imento
kompozisyonunun harglarin siilfatli sulara kars1 performanslarini etkileyen faktorler
oldugu tespit edilmistir. Yapilan deneysel calisma sonucunda, S/C oraninin
artmasiyla, bozunmaya kadar gecen siirenin kisaldig1 ve S/C oraninin yiiksek C3A
iceren ve siilfata kars1 daha az dayanikli olan ¢cimentolarda, diisiik oranda C3A igeren

cimentolara kiyasla daha 6nemli oldugu gézlemlenmistir.

Anahtar Kelimeler: Katkili Cimento, Ugucu Kiil, Dogal Puzolan, Siilfat Hiicumu
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CHAPTER 1

INTRODUCTION

1.1 General

Sulfate corrosion of cement and concrete is a very serious problem caused by
aggressive influence of sulfate solutions from many different sources. Natural
groundwater might contain the sulfate ions as a result of an oxidation of sulfide
minerals. Concentration of the sulfate ions is particularly high in an industrial
environment. Chemical wastes from industrial processes as well as application of
fertilizers contribute to an appearance of the sulfate ions [1]. On the other hand the
recent modifications in the cement manufacturing technology and the extensive use
of mineral admixtures have introduced changes in the chemical and mineralogical
composition of the present day cements. These changes may significantly affect the
durability of concrete, particularly the sulfate attack. Due to these modifications the

need for understanding the mechanism of sulfate attack becomes more important [2].

The cement sales in Turkey between the years of 1996 and 2005 can be seen in Table
1-1. As can be seen from the table, although the sales of ordinary Portland cement
(OPC) has increased, blended cement (BC) sales are still higher than the ordinary
Portland cement sales. Moreover, the percentage sales of sulfate resistant Portland
cement (SRPC) are very low compared to the blended cements. This extensive use of
mineral additives has introduced the necessity for new research about physical and
chemical properties of present day cements. Among these properties, durability is the
one as important as strength and sulfate attack is one of the major durability

problems [3].



Table 1-1 Cement sale in the domestic market between the years 1996 and

2005
Year SRPC OPC BC Other Total Sale SRPC OPC BC
(Ton) (Ton) (Ton) (Ton) (Ton) (%) (%) (%)
1996 225,494 5,592,260 25,970,942 294,720 32,083,416 0.70 17.43 80.95
1997 158,845 4,862,706 27,310,144 296,216 32,627,911 0.49 14.90 83.70
1998 272,297 6,880,484 26,715,854 269,440 34,138,075 0.80 20.15 78.26
1999 200,450 5,784,843 24,428,113 1,116,470 31,529,876 0.64 18.35 77.48
2000 288,385 8,022,184 22,955,461 249,046 31,515,076 0.92 25.46 72.84
2001 301,552 6,929,546 17,664,715 186,282 25,082,095 1.20 27.63 70.43
2002 280,550 8,507,887 17,702,770 320,012 26,811,219 1.05 31.73 66.03
2003 316,893 9,861,027 17,724,708 203,433 28,106,061 1.13 35.09 63.06
2004 257,431 12,469,727 17,704,354 239,098 30,670,610 0.84 40.66 57.72
2005 266,017 15,947,844 18,525,081 344,256 35,083,198 0.76 45.46 52.80

1.2 Objective

The objective of this study is twofold: first to investigate the performance of blended
cements containing various amounts of natural pozzolan and fly ash against sulfate
attack, and second to investigate the effect of permeability as controlled by w/c on
this performance. For this purpose an ordinary Portland cement and five different
blended cements were produced with different proportions of clinker, natural
pozzolan, low-lime fly ash and limestone. For comparison a sulfate resistant Portland
cement obtained a different clinker was also utilized. All these cements were used to

prepare mortar specimens with two w/c ratios.

1.3 Scope

This thesis consists of six chapters. Chapter 2 presents a literature review and gives a

general background on sulfate attack.

Chapter 3 presents the experimental program, briefly explains the test procedures,

and summarizes the experimental data.



Chapter 4 presents the summary and discussion of the results obtained from the

experimental data presented in Chapter 3

Chapter 5 gives a summary of thesis and lists the conclusions of this research.

Finally recommendations for future studies and possible further research areas that

will complement this thesis are given in Chapter 6.



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND

Numerous agents and mechanisms are known to affect the durability of a concrete
structure during its service life. Examples include freezing and thawing, corrosion of
reinforcing steel, alkali-aggregate reactions, sulfate attack, carbonation, and leaching
by neutral or acidic ground waters. Among these, external sulfate attack was first
identified in 1908 by the United States Bureau of Reclamations [4] and since then it

has been the subject of numerous studies and still not totally understood [5].

2.1 Hydration of Portland Cement

Before looking into background review on sulfate attack, a brief review of Portland
cement hydration is presented to aid in the explanation of the reactions of external

sulfates with the constituents of hardened Portland cement paste.

The primary compounds that constitute Portland cement are tricalcium silicate

(C,S), dicalcium silicate (C,S), tricalcium aluminate (C,A), tetracalcium

aluminoferrite (C,AF ) and a sulfate hydrate compound called gypsum (CSH , ) that

is added to Portland cement clinker to control flash setting. Tricalcium silicate and
dicalcium silicate each react with water to form calcium silicate hydrate (C3;S;H3)
and calcium hydroxide (CH) as shown in equation (2.1) and (2.2). Among the
products that are formed, C3S;H3 or also known as the C-S-H gel is the primary
binding component of hydrated Portland cement and calcium hydroxide is the water

soluble by-product that has no cementitious value.



2C,S +6H —C,S,H, +3CH 2.1

2C,S +4H —C,S,H, +CH (2.2)

A secondary binding component is formed from the hydration of tricalcium
aluminate and gypsum. The C,;A and gypsum together with water combine to form
ettringite (C,AS,H,) as shown in equation 2.3. Ettringite formed is only stable at

high concentrations of sulfate ions. As hydration progresses, the concentration of
sulfate ions drops as gypsum is consumed. The ettringite becomes unstable with this

decrease in sulfate ion concentration and reacts with the remaining C3A to form

monosulfoaluminatehydrate (C 4A.S_’ H,,) as shown in equation 2.4 [6].

C,A+3CSH, +26H —C,AS,H,, (2.3)

2C,A+C,AS H,, +4H <> 3C,ASH,, (2.4)

2.2 Mechanism of Sulfate Attack

When sulfate containing waters seep into hardened concrete, sulfates react with the
calcium hydroxide in the hydrated cement paste and form gypsum (CSH ,) as shown

in equations 2.5 and 2.6. This set of reactions are often called the first phase of

sulfate attack.

CH + NS +2H ——CSH, + NH (2.5)

CH+MS+2H—>CSH,+MH 2.6

This gypsum can react further with hydrated calcium aluminates (i.e. C4AH;3) [7],

hydrated calcium sulfoaluminates (i.e. C,ASH,, ;), or unhydrated tricalcium

aluminate (C3A) to produce ettringite (C6A§3H 3, ) (equations 2.3, 2.7 and 2.8).



C,ASH,, ,,+2CSH, +16-10H ——>C,AS,H,, 2.7)

C,AH, +3CSH, +14H ——>C,AS,H,, + CH (2.8)

The critical reaction that defines sulfate attack occurs when the hydrated cement
paste is in hardened state. If hardened concrete is exposed to an external source of
soluble sulfate ions, the concentration of sulfates in the concrete pore water may
increase. As sulfate ion concentration increases, the monosulfoaluminate becomes
unstable and reverts back to ettringite as shown in equation 2.7. The formation of

ettringite or monosulfoaluminate according to reactions (2.3, 2.4, 2.7 and 2.8) is

controlled by the gypsum/tricalcium aluminate molar ratio (CSH, /C3A) [8].

Wee and Suryavanshi [6] claim that sulfate deterioration is significantly controlled
by the formation of ettringite and its subsequent expansion due to the moisture
absorption. It is hypothesized that the mechanism of sulfate attack comprises a
sequence of the following processes: sulfate ions intrude to the concrete dominantly
through the aggregate- paste interfaces. Chemical reaction takes place between the
sulfate and free portlandite present abundantly near the aggregate-paste interfaces
and then with the aluminates, to form ettringite. The ettringite thus formed is poorly
crystallized ettringite capable of absorbing a large amount of water on the surface,
thereby causing considerable volume change; and expansion of poorly crystallized

ettringite results in the cracking and spalling of concrete [6].

It is well known that the formation of ettringite generates excessive expansion in
concrete. However, the mechanism by which ettringite formation causes expansion is
still a subject of controversy. Exertion of pressure (=240 MPa) by forming ettringite
crystals and swelling due to absorption of water in an alkali environment by poorly
crystalline ettringite, are two of the several hypotheses that are supported by most

researches as explained by Cohen and Bentur [9].

Tasong et al, [10] categorized the ettringite needles into three based on their mode of

occurrence and morphology as shown in Figure 2-1.
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e Category A: Well formed any randomly oriented rod like crystals of
ettringite of high aspect ratio that appeared to grow into pre-existing pores

and cracks.

e Category B: Very short ettringite needles that appeared to cover the

surfaces of existing particles.

e Category C: Flower-like radiating needles of ettringite at isolated points,

scattered all over an entire sample.
Figure 2-1 Ettringite types [10]
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Tian and Cohen state that sulfate attack mechanism is indeed complicated. They
stated that expansion and cracking of Portland cement concrete under sulfate attack
should not exclusively be attributed to ettringite formation. Other factors especially
gypsum formation should also be taken into consideration as a possible source of
expansion [11]. Sulfate attack through gypsum formation is more generally known to
manifest itself through loss of stiffness, strength and adhesion. In literature there are
authors either supporting or contradicting the idea that gypsum formation is
expansive. According to Hansen [12,13] and Mather [14], the formation of gypsum,
according to equation 2.5 or 2.6 would not cause an increase in volume. In other
words, the gypsum that forms as a result of this reaction would not occupy a volume
larger than that of the cavity in which it is precipitated plus the solid CH that is
dissolved to participate in the reaction. Hansen concluded that if a force is exerted by
gypsum formation, it is not crystal growth but hydraulic pressure and it is not
expansive. On the other hand, a change in the crystal structure from the reactants to
product could cause the inclusion of air voids, as is the case when gypsum forms
from hemihydrate and the air void inclusions could result in expansion [15]. Bonen
and Sarkar [16] also studied the replacement of the CH by gypsum in the interfacial
zone (a zone between aggregates and paste) along the boundaries of the aggregate
particles. They found that thick deposits of gypsum up to 50 pm wide. The
crystallization pressure of gypsum produced tensile stresses and cased disruptive

expansion. Their conclusion contradicted Hansen’s findings.

In his previous study, Cohen [17] attributed expansion to ettringite formation rather
than gypsum formation which has only a softening effect and causes mass and
strength loss. However, in his studies with Tian [11,18] he concluded that while the
exact mechanism is not clear, sulfate attack mechanism is complicated and cracking
of Portland cement concrete should probably not be exclusively attributed to
ettringite formation. Tensile stresses during gypsum formation may also play a role
in expansion and the subsequent cracking. It was found from their laboratory study
that alite (C3S) paste specimens expanded and cracked significantly in 5% Na;SO4

solution after a dormant period of about one year [18]. Finally in their article



published in 2003 [19] Cohen and Santhanam declared that there is a possible link

between the amount of gypsum and the measured expansion.

Ping and Beaudoin [20,21] suggested a theory based on the principles of chemical
thermodynamics. They pointed out the expansive force resulted from the
crystallization pressure. There are two conditions for the occurrence of crystallization
pressure: i- the solid product should form and grow in a confined space; ii- activity
product of reactants in the pore solution should be greater than the solubility product
of the solid products under atmospheric pressure. Theoretically, any solid product —
not only ettringite— may produce crystallization pressure and cause expansion if the
above two conditions are met. They suggested that, in theory, gypsum formation can

be one of the principle causes of expansion during sulfate attack.

Nielsen [22], Wang [23], Yang et al. [24], and Gonzales at al. [25] are other authors
supporting that the gypsum formation is expansive. Although the number of authors
supporting this idea is much more than the contradicting ones, the exact mechanism

of expansion is still unknown, therefore more research is needed in this area.

Bellmann [26] agrees with all above authors on that the formation of gypsum can
lead to expansion and cracking. However all studies refer to high sulfate
concentrations, which are used to accelerate the tests. Sulfate concentration from the
environment in most cases is much below than that is used in the laboratories to
accelerate the tests. Therefore, the formation of gypsum under field conditions is not
fully addressed [26]. He studied the influence of sulfate concentration in the test
solutions on the formation of gypsum. The results of his study suggest that at
common moderate concentrations the formation of gypsum is either not possible or
can not lead to damage, because supersaturation and swelling pressure are very low.

At low concentrations instead of gypsum, ettringite and thaumasite had formed [26].

Thaumasite is another compound believed to form during sulfate attack at low
temperatures (0-5°C) in the presence of CO; or dissolved atmospheric CO, [19].

General reaction for the formation of thaumasite can be summarized by equation 2.9.



3Ca0.28i0,.3H,0 +2{CaSO, 2H,0} + CaCO, + CO, + 23H,0
(2.9)

—52{CaC0,.CaSO, CaSiO,.15H,0}

As C-S-H gels are directly involved in thaumasite formation, it is especially
deleterious. While ettringite formation is accompanied by expansion and spalling,
thaumasite formation has a more severe damaging effect. Thaumasite is able to
transform hardened concrete and mortar into a soft pulpy mass because of a direct
attack on the C-S-H [19]. Nevertheless, although there is a controversy about the
temperature required [19], the thaumasite formation is not studied in detail as it is not

anticipated at normal testing temperatures.

A sodium sulfate attack mechanism is proposed by Santhanam and Cohen [27] in the
year 2002 as shown in Figure 2-2. They express that expansion of mortar specimens
in sodium sulfate solution follows a two stage process. During the initial stage (Stage
1), the expansion is very low. This period of low expansion is followed by a sudden
increase in the expansion. Step 1 depicts the initial state of the process. The mortar
specimen is just introduced into the Na,SOy solution that has a pH of 6-8. The pH of
the surrounding solution changes to 11-12 just a few minutes after the specimen is
introduced. In step 2, gypsum and ettringite start forming in the regions close to the
surface. The surface zone of the mortar, where expansive gypsum and ettringite have
formed, behaves like a skin that is trying to expand. However, the bulk of the mortar
underneath, which is chemically unaltered, tries to resist this expansion. Thus, as
described in Step 3, a resultant compressive force is generated in the surface region,
while the bulk of the mortar is subjected to tensile forces. This causes cracks to
appear in the interior of the mortar, as shown in Step 4. Over time, the surface zone
deteriorates due to continued penetration of the solution. When the solution is able to
reach the cracked interior zones, it reacts with the hydration products and leads to
deposition of attack products inside the cracks, as well as in the paste. Gypsum
primarily deposits in the cracks and in voids, because these provide the best sites for
nucleation. Hence, as shown in Step 5, a new region inside the mortar becomes the
zone of deposition. This region then tries to expand, causing resultant tensile forces

in the interior of the mortar. New cracks then appear in the interior zones. At this
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stage (Step 6), there are three distinct zones within the mortar —the disintegrated

surface, the zone of deposition of attack products, and the interior cracked zone that

is chemically unaltered.
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2.3 Types of Sulfate Attack

2.3.1 Internal and External Sulfate Attack

Sulfate attack can be divided into two groups as internal and external sulfate attack
depending on the source of sulfate. Internal sulfate attack refers to situations where
the source of sulfate is the concrete itself. The source of sulfate can be the cement,
supplementary materials such as fly ash or slag, the aggregate, chemical admixtures
or the water [28]. Three types of internal sulfate attack have been reported by
Scrinever and Skalny [29]. First is internal sulfate attack due to contamination of the
aggregates by sulfates —the rise in the recycled building materials as aggregate makes
this important issue—. Second is internal sulfate attack due to over sulfation of the
cement. In these forms of internal sulfate attack the expansion occurs fairly rapidly,
within about 6 months. The amount of sulfate in the cement and aggregates is limited
by standards to prevent their occurrence. The third form of internal sulfate attack is
Delayed ettringite formation. DEF may be defined as the formation of ettringite in a
cementitious material by a process that begins after hardening is substantially
complete and which have experienced elevated temperatures during curing (above
about 70 °C[30]) either through the external application of heat as in steam curing, or

from internal temperature rise due to the heat evolved during hydration [29].

Skalny prefers to talk about the two internal sulfate attack mechanism - excess
sulfate-generated expansion and heat treatment-generated expansion — and assigned
them different names as composition-induced internal sulfate attack and heat-
induced internal sulfate attack, respectively. Among these only the latter one named

as DEF by Skalny [28].

In external sulfate attack, sulfates from an external source enter the hardened
concrete, causing its degradation. The deleterious action may include an excessive
expansion, crack formation, loss of strength or surface spalling and delamination.

The most common external source of sulfates is ground water [28].
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2.3.2 Physical and Chemical Sulfate Attack

Some researchers consider sulfate attack to have taken place if sulfates are involved,
regardless of the attack mechanism. Skalny believe that to draw a distinction between
physical and chemical processes does not serve a useful purpose and will only serve
to further confuse engineers [28,31]. On the contrary, most of the authors
[5,32,33,34,35,36] limit the concept sulfate attack to the consequences of chemical
reactions between sulfate ions and hydrated cement paste, so that chemical changes
in the paste take place. Therefore the term ‘“‘sulfate attack” is used for the same
meaning of “chemical sulfate attack™, and it is explained in section 2.2 in detail.
However, if sulfates interact with cement and cause damage to it, but the action is
physical, and a similar action can occur with salts other than sulfates, than the
damage is considered to be “physical attack” or “physical sulfate attack™ [5]. A
prevalent form of physical attack is the reversible change of anhydrous sodium

sulfate (thenardite, Na,SO,) into decahydrate (mirabilite, Na,SO,.10H,0). If

crystallization takes place in the pores at or near the surface of concrete, large
pressure may develop, with consequent deleterious action [5]. Slight variations in
temperature and relative humidity cause this reversible action as seen in equation.

2.9, and the left to right reaction involves a large expansion [32].

Na,SO, +10H ,0 <> Na,SO,.10H,0 (2.9)

Hime and Mather state that this is not a classical sulfate attack mechanism since

neither gypsum nor ettringite is formed [32].

Corresponding to sodium sulfate, magnesium sulfate can also cause damage, as

shown in equation 2.10.

MgSO, + <225 MgSO,.H,0 + <222 MgSO,.6H,0 +
(2.10)
% 5 Mg¢SO,.7H,0
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However, dehydration of epsomite (MgSO,.7H,0) occurs only at temperatures above
70°C, so the reverse reaction is unlikely under most conditions.

Another distress mechanism of physical sulfate attack, “salt crystallization”, can be
represented by equations 2.11 and 2.12. Salt crystallization involves repeated

dissolution of the solid sulfate and recrystallization in concrete pores [32].

2Na™ + 504_2 (aqueous)—— Na, SO, (solid) 2.11)

Mg™ + S0, —— MgSO, (or hydrates of it) (2.12)

In this study as chemical sulfate attack is investigated, physical sulfate attack is not

examined in detail.

2.4 Factors Affecting Sulfate Attack

All cements, including the sulfate-resisting ones are vulnerable to sulfate attack.
However, the intensity and the rate of attack depend on some factors that will be

discussed in the proceeding sections.
24.1 Cement Composition

Tricalcium aluminate and tetracalcium alumino ferrite contents of Portland cement is
thought to be particularly important in determining the sulfate resistance [37],
because these compounds are directly involved in the formation of ettringite (eq. 2.3
and 2.4). The C3;A content of Portland cement has long been assumed to be the chief
contributor to volume change in sulfate attack [38,39]. For this reason ASTM C 150
and TS 10157 limit the C3A content of sulfate resisting cement to 5%. In one of the
largest studies conducted on sulfate resistance, Blaine and Arni [39] showed that C;A
is the dominant factor in sulfate expansion. The relationship between cement with
low C3A contents (0-7%) and expansion is linear, but exponential relationships of the

second or third degree seem to best express the relationship between high C;A (7-
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15%) cement and expansion. The results of Blaine and Arni showed that cement
characteristics affect the expansions of high C3;A cement and low Cs;A cement
differently. For high C3;A cement, the principal variables in sulfate expansion other
than C3A, were Fe,O3 and the CaO/SiO; ratio. Ramyar and Inan [40] state that 5%—

8% CsA-bearing cements contain most of the alumina in the form of monosulfate
hydrate (C,ASH,, or C,ASH,,). In cements with more than 8% C3A, the hydration

products may also contain hydrogarnet (C4AH;3 or C4AHj9) In the presence of CH,
when the cement paste comes in contact with sulfate ions both the alumina
containing hydrates are converted to ettringite [2,41] (equations 2.7 and 2.8). In the
study of Tikalsky et al. [42] C3A alone showed no significant correlation with sulfate
expansions at any age. In their study Fe,O3; was clearly the most predictive variable
in sulfate resistance. Their result does not conflict with Blaine and Arni’s findings, as
they found that for C;A contents grater than 9%, one of the other principal
controlling cement characteristics is Fe;,O3 content. Odler and Jawed [43] explained
that C4AF also produces ettringite, but at a reaction rate much slower than C;A, and
the resulting ettringite crystals contain iron along with aluminum in lattice.
Therefore, to produce sulfate-resistant cement ASTM C 150 and TS 10157 limit the
sum of C4AF plus twice the C;A content to 20%. Odler and Jawed relate that the iron
containing ettringite phases are less expansive than iron-free phases, although the
reason is not quite understood. This lower expansion may be either due to the
differences in crystal morphology, or the fact that the slower rate of formation of the
iron-containing phases allows the cement paste structure to be strong enough to resist

the expansive stresses [43,44].

CsA and C4AF contents are not the only factors influencing concrete durability in
sulfate-bearing environments. Another factor that may determine the sulfate
resistance is the silicate ratio (C3S/ C,S). Silicate ratio controls the quantity of
calcium hydroxide in hydrated cement paste, as well as the rate of early age

hydration and strength development when the content of the two aluminates (C,A

and C,AF) is relatively constant. The chemical reactions for fully hydrated Cs;S and

C,S pastes were expressed in equations 2.1 and 2.2. According to Mehta [45]
hydration of C3S would produce 61% C3S;H3 and 39% CH, whereas the hydration of
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C,S would produce 82% C3S,H3; and 18% CH. It can be also clearly seen from the
equations 2.1 and 2.2 that CH production of C3S is much more than C,S. CH plays a
decisive role in the reactions that produce gypsum and ettringite [46]. As it is shown
in equation 2.5 and 2.6, due to continual production of Ca(OH),, and sufficient
supply of SO4” ions, large amounts of gypsum may form. This gypsum formation
leads to an enhanced sulfate deterioration of hardened cement matrix, and this is
called the softening type of deterioration [47]. It is accepted that the gypsum
formation with a softening effect on concrete causes spalling, strength loss and mass
loss. Irrasar [48] attributed the great expansion of high C;S cement to gypsum
formation located at the paste-aggregate interface at early stage of attack that
produces the environmental conditions needed to expansive ettringite formation at
advanced attack stages. The assertions related to the contribution of gypsum
formation to the sulfate expansion are also explained in the section 2.2. Al-Dulaijan
et al. [3] state that the deterioration of hardened Portland cement paste by gypsum
formation goes through a process leading to a reduction of stiffness and strength; this
is followed by expansion and cracking, and eventual transformation of the material
into a mushy or non-cohesive mass. To conclude, in addition to the CzA and C4AF
content, the C3S to C,S ratio has a significant influence on the sulfate resistance

[3,47,49].

2.4.2 Mineral Additives

Blended cements are now increasingly being used to improve concrete durability [2].
When pozzolans are added to cement, they react with the calcium hydroxide, in the
presence of moisture, to produce secondary calcium silicate hydrate (C-S-H). This

pozzolanic reaction has the following beneficial impacts on sulfate attack.

1. The consumption of portlandite (CH) reduces the formation of gypsum: As
explained in section 2.2, gypsum formation has a softening effect and causes
mass and strength loss. Gypsum may also contribute to expansion. As shown

in equation 2.5 and 2.6 portlandite is needed to form gypsum, but when CH
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is consumed by the pozzolanic reactions, gypsum formation and therefore its

detrimental effects will be reduced [2].

As mentioned in section 2.4.1, C;A is directly involved in the formation of
ettringite that causes expansion in hardened concrete. Replacement of part of
the cement by a pozzolanic material will reduce the C3A content of the
cement (dilution effect), therefore all the aluminate-bearing phases will

accordingly be reduced [2].

. Even if it is formed, ettringite becomes expansive only at high pH values

(pH>12) [2,46]. Mehta categorized ettringite crystals into two types [50].
First are large lath-like crystals, 10-100um long and several micrometers
thick, and formed under conditions of low hydroxyl ions concentration. It is
proposed that these types of ettringite crystals are not expansive. Second type
of ettringite crystals are small rod-like crystals, 1-2pum long and 0.1-0.2um
thick, and formed under conditions of high hydroxyl ions concentration.
These types of ettringite crystals are capable of adsorbing large amounts of
water on the surface, thereby causing considerable expansion. Since blended
cements consume a significant proportion of the portlandite produced by the
cement hydration and reduce the hydroxyl ion concentration, pH is reduced.

Since pH is reduced the ettringite becomes less expansive.

. The formation of secondary C-S-H produce a film or a coating on the

alumina-rich and other reactive phases thereby hindering the reaction of

secondary ettringite [2,51].

. By the addition of mineral additives, pore refinement or transformation of

larger pores into finer pores occurs [52]. In other words, the formation of
secondary C-S-H results in the densification of the hardened cement paste
since it is deposited in the pores thereby making blended cements
impermeable. Therefore the sulfate ions cannot easily penetrate through the

concrete matrix, as in the case of plain Portland cements [2,6,26].
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On the other hand mineral additives are also reported to be ineffective in reducing

the detrimental effects of sulfate attack.

1. When attacking medium is magnesium sulfate, mineral additives may reduce
the performance of concrete in terms of strength reduction and weight loss.
The consumption of CH by pozzolanic reaction enhances the attack on
C-S-H, (eq. 2.13 and 2.14) transforming the cementitious C-S-H in-to fibrous,
non-crystalline M-S-H that possesses no cementing properties [2]. However,
the reduction in permeability and refinement of pore structure with use of
mineral additives can often overcome this negative effect. Thus, it is essential
to determine critical dosage levels of additives to maximize their benefits,

and minimize the deleterious effects of magnesium sulfate attack [61].

2. Class-C fly ashes obtained from lignite or subbituminous coals and
containing a high ratio of calcium to iron oxides or those with chemically
active alumina have been found to exhibit reduced resistance to sulfate attack

[53].

3. Irrasar et al., [54] investigated the sulfate resistance of concretes containing
mineral additives in a field test in which concrete specimens were half-buried
in sulfate soil for five years. Results of their study show that mineral
additives improved the sulfate resistance when the concrete is buried in the
soil (chemical sulfate attack). Figure 2-3 shows their three half buried
specimens made with ordinary Portland cement and 20% and 40% of natural
pozzolan exposed to high permeable soil after ten years [55]. The portion of
concrete specimens underground for both concrete containing natural
pozzolan, while for ordinary Portland cement they were reduced to a putty
like mass without strength and easily broken by hand. However, concretes
with high content of mineral additives exhibit a greater surface scaling over
soil level due to the sulfate salt crystallization (physical sulfate attack). In

addition, the damage increases when the percentage of natural pozzolan is
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increased. Irrasar state that 20% fly ash provides an integral solution for half

buried structures [54].

- OPC OPC+20%NP OPC+40%NP

Figure 2-3 Visual aspect of half buried specimens in sulfate soil for 10 years
[55]

Consequently, Mineral additives have shown to improve sulfate resistance of
cementitious systems. However, the sulfate resistance of blended cement depends on
the type, composition and substitution level of the mineral addition, and type of

sulfate attack.

2.4.3 Permeability

Permeability is considered to be the key to the durability of concretes in various
aggressive environments. Pore structure influences the rate of ingress of sulfate ions

into concrete. Therefore, permeable concrete is vulnerable to attack by almost all
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classes of aggressive agents [56]. Mehta [57] concluded that for the prevention of
sulfate attack to concrete, control of the permeability of concrete is more important
than the control of the chemistry of the cement. It is well known that low
water/cement (w/c) ratio results in a low permeable concrete. Boyd and Mindess [58]
also conclude that the use of a lower w/c ratio is more effective than the use of a
sulfate-resistant cement in offsetting the detrimental effects of sulfate attack on
concrete. However, the answer to the question “which is more important w/c ratio or

the type of cement” depends on the cation in the sulfate [5]. For instance, in the case

of MS solutions, reducing the w/c ratio tends to aggravate the sulfate attack [2]. Al
Amoudi et al. [59] attributed the inferior performance of specimens with low w/c
ratio, to the dense microstructure and limited pore space for the expansive reaction

products to occupy.

On the other hand, when the attack is physical rather than chemical, lower w/c ratio
is reported to increase the deterioration due to higher capillarity suction. Nehdi and
Hayek [60] found out that lower w/c ratio (0.3) increases the capillarity suction, due
to finer pores but the total volume of the solution transported would be lower due to
lower porosity and lower pore connectivity, whereas a higher w/c ratio (0.6) results
in high porosity but low capillary suction. An intermediate w/c ratio (0.45)could

provide a worst compromise.

Moreover, a low w/c ratio does not always result in low permeability as the
workability decreases with the reduction in w/c ratio. Therefore, it is important to
find out the optimum value of w/c ratio for both physical and chemical sulfate attack.
Consequently, unless concrete is well compacted and dense, a low w/c ratio is

useless [5].

2.4.4 Sulfate Type

In most of the studies the use of the term “sulfate attack” is focused on the effects of

the SO42' ion alone. In reality, attack by different sulfate solutions, such as the ones
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containing Ca, Na and Mg as the cation, proceeds differently with respect to the
mechanism and the type of distress caused. This confusion may lead to improper
selection of materials for situations where there is an evident danger of exposure to
aggressive sulfate-bearing solutions. For example, use of low C3A cements, which is
considered to provide resistance to sodium sulfate attack, can not be appropriate
when the solution contains magnesium sulfate [61]. The reactions of magnesium

sulfate with the cement hydration products are shown below [2]:
C,S,H. +xMS +(3x+0.5y—2)H ——>xCSH, + xMH +0.5yS,H (2.13)
4MH + SH ——>M ,SH,, +(n—4.5)H (2.14)

Unlike NH the magnesium hydroxide (MH) is insoluble and its saturated solution has
a pH value of 10.5 compared to CH and NH with the pH of 12.4 and 13.5
respectively. Such a low pH destabilizes both ettringite and C-S-H [62]. Since the

magnesium and calcium ions associate well with each other due to their similar radii,

MS will readily react with C-S-H, thereby producing gypsum, brucite (MH) and
silica gel (SxH). This gel is less cementitious than the original C-S-H. C-S-H tends to

liberate lime to raise the pH (decalcification), however the liberated lime instead of

re-establishing the pH, reacts further with MS and therefore produces more gypsum
and brucite. With the increase in brucite a further deleterious action of MH is taken
place by reacting with SyH, thereby producing magnesium silicate hydrate (M-S-H)

which is non-cementitious [62,41,59].

Sulfate attack on concrete is primarily attributed to sodium magnesium and calcium
sulfate salts. Due to the limited solubility of calcium sulfate in water at normal
temperatures (approximately 1400 mg/l SO,) sulfate attack is normally ascribable

to presence of magnesium sulfate or sodium sulfate [63].
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2.4.5 Sulfate Concentration

Sulfate concentration in water is an important factor governing the extent of damage.
Concrete deterioration due to sulfate attack tends to increase with the increase in
concentration of sulfate solution. Concentration of 0-150ppm, 150-1500ppm, 1500-
10000ppm, and above 10000ppm can be classified as mild, moderate, severe and
very severe respectively [64]. Most of the work on the effect of sulfate concentration
was done before the 1960s [61]. According to Biczok [65] the mechanism of reaction

changes when the concentration of the solution changes. For the attack by sodium
sulfate solution, at low concentration of sulfates (<1000 ppm SO, ), the primary
deposited product is ettringite, while at high concentrations (>8000 ppm SO;"),
gypsum is the main product. In the intermediate range (1000-8000 ppm SO, ), both
gypsum and ettringite are observed. In magnesium sulfate attack, ettringite
production is observed at a low concentration (<4000 ppm SO; ), a combined
ettringite and gypsum formation is observed at an intermediate concentration (4000-

7500 ppm SO;”), and magnesium corrosion dominates at high concentrations

(>7500 ppm SO;").

2.4.6 Other Factors

Exposure time, air entrainment, temperature, and chloride ions can be listed as the

other factors that may affect the sulfate attack.

Akoz et al.[66], define a critical exposure time for the acceleration of deteriorating of
mortar structure. Properties change slowly until the critical exposure time, but when
it is exceeded properties change very rapidly and the microstructure goes to failure.

This critical exposure time is reported to depend on the sulfate concentration.

Santhanam et. al. [67] states that expansion of mortar specimens in sodium sulfate

solution follows a two-stage process, where an initial stage (stage 1) of very low
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expansion is followed by a sudden increase in the expansion (stage 2). They
summarized that an increase in the temperature of the solution led to a decrease in
the length of the initial period (stage 1) for the mortars stored in sodium sulfate
solution. During stage 2, the rate of expansion was similar at all the temperatures. In
the case of the magnesium sulfate solution, the increase in temperature led to an

increase of the rate of the expansion of the mortars.

In the same study, [67] Santhanam et. al indicate that the overall expansion and the
duration of stage 1 was similar for the air-entrained mortars and nonair-entrained
mortars. However, the visual deterioration of the air-entrained specimens was less
pronounced. The analyses of their latter test results [27] indicate that the
disintegration of air entrained mortars was delayed compared to the nonair-entrained
(PC) mortars. The entrained air voids provide sites for nucleation for the attack
products, which leads to a reduced distress in the paste. Air voids can also help in
arresting the growth of cracks due to their spherical shape. In other words, although
the air-entrained mortar undergoes expansion similar to that of the PC mortar, it is

able to withstand the expansive stresses better than the PC mortar.
According to Al-Amoudi [2] the concomitant presence of chlorides with the sulfate

ions tends to mitigate the sodium sulfate attack due to the enhance solubility of

gypsum and ettringite thereby inhibiting their expansive characteristics.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 Materials

3.1.1 Cements

An ordinary Portland cement (OPC) and five different blended cements were
produced with different proportions of clinker, natural pozzolan, low-lime fly ash
and limestone. The chemical analysis of the raw materials, i.e. clinker, natural
pozzolan, fly ash, and limestone is given in Table 3-1. The natural pozzolan was
obtained from Bilecik and Yenisehir, the low-lime fly ash was obtained from the
Seyitomer power-plant, and the limestone (CaCOs) was obtained from Bursa. The
pozzolanic activity of the natural pozzolan was determined following the TS 25
standards as 110 kgf/cm?® at seven days. The pozzolanic activity of the fly ash was
determined following the TS EN 450 standards and computed as %78 and %86 for
28 and 90 days, respectively. Labeling of all cements and their ingredients are
provided in Table 3-2. For comparison, a sulfate resistant Portland cement (SRPC)
obtained a different clinker was also obtained. The chemical composition and the
major compounds of all Portland cements together with their physical properties are

presented in Table 3-3.
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Table 3-1 Chemical composition of the materials used in blended cement
production

Chemical Materials used in OPC and Blended Cement Production

Analysis Natural

(%) Clinker Pozzolan Fly Ash Limestone
SiO; 20.63 66.44 57.10 1.36
ALO; 6.09 12.11 18.67 1.05
Fe;03 3.74 1.78 9.75 0.61
CaO 65.28 5.13 4.71 52.84
SO; 0.94 1.76 0.67 0.23
MgO 0.44 0.95 4.43 0.28
Na,O 0.53 0.63 0.38 0.04
K,O 0.48 2.71 2.05 0.13
LOI 0.36 7.15 2.13 41.93

Table 3-2 Material Proportions of OPC and Blended Cements

Cement Material (%)
Label Name Clinker NP FA  Limestone
OPC CEMI1425R 96.5 0.0 0.0 3.5
BC CEM II/B-M(P-V) 42.5 N 70.8 10.8 14.9 3.5
BCra CEM IV/A-V 32.5R 64.7 0.0 31.8 3.5
BCnp CEM IV/A-P 32.5R 66.3 30.2 0.0 3.5
BCnp.ra CEM IV/B(P-V)32.5R 61.2 22.2 13.1 3.5
BCranp CEM IV/B(P-V)32.5 R 60.3 15.3 20.9 3.5
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Table 3-3 Chemical Composition, Major Compounds, and Physical
Properties of Cements

opPc® BCP BCne®  BCr®  BCpnpra® BCrane® SRPC?

Chemical Analysis (%)

SiO; 20.12  29.17 3457 2943 34.38 33.58 19.65
ALO; 575 8.3 8.48 9.84 8.96 10.02 4.27
Fe;03 326  4.56 3.49 5.44 4.18 5.05 4.55
CaO 63.44 4747 4289 4584 41.08 41.07 63.10
SO; 271 251 2.49 2.50 2.47 2.49 0.95
MgO 0.98 1.54 1.15 1.78 1.38 1.70 2.48
NaO 043  0.62 0.56 0.55 0.59 0.62 0.63
K,O 049  0.95 1.07 0.95 1.09 1.08 0.45
LOI 2,13  3.17 5.12 2.38 4.13 4.08 3.54
Compound Composition (%)

CsS 579 425 39.8 38.8 36.7 36.2 69.6
C:S 13.4 9.8 9.2 9.0 8.5 8.4 3.8
CA 9.5 6.9 6.5 6.3 6.0 59 3.6
CJAF 11.0 8.1 7.5 7.4 7.0 6.9 13.8
C5S/CaS 4.3 4.3 4.3 4.3 4.3 4.3 18.3
Physical Properties

Sp. Gravity  3.18  2.87 2.89 2.75 2.78 2.75 3.21
ﬁlriiz‘/‘zr) 3629 4062 4432 4772 5000 4676 3090
Comp. Strength (MPa)

2d 220 16.7 16.0 17.9 14.6 12.9 22.8
7d 45.1 325 329 31.1 29.3 24.2 39.8
28d 55.8  49.0 49.0 50.8 46.8 42.6 53.7
180 d 609 553 55.2 61.6 56.0 53.8 67.6

* Compound compositions were calculated using Bogue’s Equations

®  Compound compositions were calculated using compound composition of OPC and

mineral addition content of the cement
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3.1.2 Mixtures

Mortar mixtures were prepared using the cements mentioned previously and the
Rilem Cembureau Sand meeting the requirements of ASTM C 778. In all mortar
mixtures cement: sand ratio was kept constant at 1: 2.75 by weight (Figure 3-1). The
flow characteristics as determined by ASTM C 1437 (Figure 3-2) and the w/c ratio of
all 14 mixtures are presented in Table 3-4. As seen in Table 3-3, the mixtures can be
roughly grouped into w/c of 0.485 and 0.560. OPC and SRPC mixtures were first
prepared with a w/c ratio of 0.485 and the flow and consistency characteristics of
these mixtures were determined. Later, the blended cement mixtures were prepared
by changing the w/c ratio to obtain similar consistency of the blended cements with
the previously determined consistency of the OPC and SRPC. Then the groups were

completed with the same or similar w/c ratios.

Figure 3-1 Preparing mortar mixtures
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Table 3-4 Flow Properties of Mortar Mixtures
Group 1 (w/c = 0.485) Group 2 (w/c = 0.560)

Label

w/c Flow (%) w/c Flow (%)
SRPC 0.485 81 0.570 Overflow
orPC 0.485 83 0.570 Overflow
BC 0.485 26 0.540 80
BCra 0.485 32 0.550 79
BCnp 0.485 20 0.550 76
BCnp.ra 0.485 21 0.570 80
BCra.np 0.485 17 0.570 79

Figure 3-2 Determining flow of mortars

From each mixture, 25x25x285 mm prismatic mortar bars and 50 mm cubes were
cast (Figure 3-3). The prismatic mortar bars were used for length measurements and
the cubes were used to determine the ultrasonic pulse velocity and density change,
and compressive strength. After casting and finishing, the molds were covered with
plastic sheets and stored for 24 hours in a moist room (relative humidity: above 95%
and temperature: 35+3 °C). After the initial curing period, the specimens were

demolded and cured in lime saturated water (23+1.7 OC) until the mortar cube
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specimens gained a compressive strength of 20 MPa as described by ASTM C 1012
(Figure 3-4).

Figure 3-4 Initial curing of molds

Upon reaching a compressive strength of 20 MPa, all of mortar bar specimens and
half of the cubic specimens were stored in a 5% sodium sulfate (Na,SO,) solution.
The remaining cubic specimens were stored in lime saturated water at 23+1.7 °C as

control specimens (Figure 3-5).
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Figure 3-5 Storage of cubic specimens in 5% Na,SQ4 solution
and lime saturated water

3.2 Experimental Procedures and Data

3.2.1 Expansion

Expansion is measured by monitoring the length change of prismatic specimens
according to ASTM C 1012 (Figure 3-6). For each mix, six bars were cast and when
calculating the length change, average of them is used (Figure 3-7).

After the cubic specimens reached the compressive strength of 20 MPa or higher,

initial lengths were determined and the prismatic specimens were placed into

containers filled with 4 liter of a 5% (50 g/L) sodium sulfate solution (Figure 3-7).
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Figure 3-6 Measuring the length change of prismatic specimens

Figure 3-7 Prismatic Specimens

Length measurements of the prismatic specimens were performed at 1, 2, 3, 4, 8, 13,
15, 17, 26, 39, 52, 64 and 78 weeks after immersing the specimens into the sulfate
solution. After each measurement, the sulfate solution for the bars was replaced with

a fresh solution and the containers were cleaned. Containers were wrapped with
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stretch film and lips so that the solution would not evaporate. Mean and coefficient
of variation of expansions are shown in Table 3-5 and Table 3-6 respectively. As
shown in Figure 3-8 measuring the length of OPC mortar bars with a w/c ratio of
0.57 was not possible at the end of 21 weeks as the bars were detrimentally cracked.
On the other hand, for the bars prepared with the cement and with a w/c of 0.485,
there was visible cracking near the corners of the bars after 26 weeks as shown in

Figure 3-9.

Crack formation near the corners
-~

’_——-

after 17 weeks after 21 weeks

Figure 3-8 Mortar bars prepared with OPC at w/c =0.570

after 26 weeks after 38 weeks
Figure 3-9 Mortar bars prepared with OPC at w/c =0.485
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Table 3-5 Expansion of mortars subjected to a 5% Na;SO4 solution

Test Age Expansion (%)
(Weeks) oPrPC BC BCNP BCFA BCNP-FA BCFA-NP SRPC
w/c =0.485
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 0.013 0.007 0.016 0.011 0.018 0.019 0.007
2 0.023 0.011 0.021 0.019 0.022 0.020 0.010
3 0.034 0.009 0.023 0.020 0.028 0.023 0.017
4 0.040 0.007 0.025 0.020 0.027 0.022 0.018
8 0.058 0.011 0.036 0.023 0.036 0.022 0.026
13 0.088 0.021 0.049 0.025 0.044 0.029 0.039
15 0.107 0.017 0.050 0.031 0.045 0.033 0.048
17 0.140 0.022 0.054 0.035 0.049 0.032 0.057
26 0.328 0.025 0.076 0.035 0.057 0.037 0.075
39 * 0.040 0.108 0.046 0.069 0.037 0.096
52 * 0.052 0.149 0.048 0.089 0.052 0.113
64 * 0.056 0.185 0.055 0.100 0.051 0.137
78 * 0.056 0.210 0.055 0.110 0.053 0.168
w/c = 0.560
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 0.017 0.013 0.014 0.009 0.017 0.015 0.009
2 0.027 0.015 0.020 0.015 0.024 0.020 0.015
3 0.045 0.020 0.025 0.019 0.029 0.025 0.018
4 0.060 0.020 0.030 0.019 0.030 0.024 0.022
8 0.123 0.028 0.038 0.017 0.040 0.032 0.026
13 0.326 0.038 0.049 0.023 0.048 0.040 0.037
15 0.463 0.046 0.054 0.030 0.056 0.046 0.049
17 0.643 0.049 0.056 0.032 0.060 0.049 0.046
26 * 0.060 0.089 0.038 0.074 0.055 0.069
39 * 0.070 0.132 0.045 0.080 0.059 0.108
52 * 0.080 0.188 0.047 0.098 0.065 0.164
64 * 0.092 0.228 0.051 0.111 0.072 0.204
78 * 0.099 0.260 0.052 0.122 0.074 0.230

* Measurements could not be conducted as the specimens disintegrated
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Table 3-6 COVs of Expansion of mortars subjected to a 5% Na,SQ,4 solution

Test Age Coefficient of variations of Expansions (%)

(Weeks) OPC BC BCxp BCra BCapra BCrane SRPC
w/c =0.485

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 16.7 17.2 15.2 16.0 7.4 4.5 40.5
2 7.9 4.1 14.6 7.9 6.8 4.0 245
3 8.0 13.6 15.3 5.7 2.8 9.8 8.7
4 2.6 18.0 18.1 5.7 2.6 13.2 13.7
8 5.4 18.1 13.9 7.8 5.6 13.2 7.3
13 7.6 10.1 9.5 7.0 2.4 5.1 5.1
15 10.3 13.5 9.6 9.0 2.3 6.8 3.9
17 13.2 10.1 9.1 10.0 3.4 7.7 45
26 17.6 12.2 11.7 7.8 4.8 2.8 35
39 * 6.4 9.9 6.0 6.4 4.7 6.4
52 * 7.8 7.8 6.9 6.0 5.4 2.6
64 * 7.8 8.7 7.1 5.9 2.8 5.6
78 * 13.9 8.8 9.2 7.1 10.7 8.2
w/c = 0.560

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 7.6 18.2 16.3 8.6 14.1 9.9 10.5
2 16.3 14.3 3.8 6.2 8.4 4.1 10.5
3 12.6 15.5 4.8 8.3 7.7 5.2 11.8
4 8.3 13.7 5.9 8.9 5.3 8.5 9.8
8 10.7 13.1 8.3 10.7 5.2 1.4 8.4
13 12.4 11.2 5.4 4.2 3.6 5.7 8.4
15 11.6 9.2 7.5 12.1 2.4 5.6 5.7
17 10.7 9.2 5.1 8.5 6.7 4.3 6.7
26 * 6.5 9.3 6.7 25 4.8 6.5
39 * 6.4 6.6 5.8 3.4 4.7 7.3
52 * 6.1 5.6 5.6 3.4 4.8 9.2
64 * 6.4 55 5.6 35 3.5 8.9
78 * 8.2 6.1 7.6 4.3 2.8 9.5

* Measurements could not be conducted as the specimens disintegrated

3.2.2 Compressive Strength
Cubic specimens were used for determining the compressive strength. In order to

determine the time needed for the cement mortars to reach the 20MPa compressive

strength, trial mixtures with 12 specimens were prepared. Three specimens were then
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tested each day to determine the number of days needed to reach the strength of
20MPa. Later on, for each mix minimum 51 cubic specimens were prepared. After
the number of days that were previously determined, three of them were tested first
to find out the strength. Then specimens numbered from 4 to 27 were soaked into 5
percent sodium sulfate solution and the ones from 28 to 51 were remained in lime

saturated water as control specimens (Figure 3-10, Figure 3-5).

Figure 3-10 Cubic specimens

Compressive strength measurements of the cubic specimens were performed at 1, 4,
26 and 52 weeks after immersing the specimens into the sulfate solution. The test
was conducted in accordance with ASTM C 109/C 109M-01 using a universal

testing machine (Figure 3-11).
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(28. Gin)

Figure 3-11 Determination of compressive strength

The mean compressive strengths of cubic specimens subjected to 5% sodium sulfate
solution and lime saturated water are given below in Table 3-7 and Table 3-8.

Coefficients of variations are also given in Table 3-9 and Table 3-10.
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Table 3-7 Compressive strength of mortars subjected to 5% Na,SO4 solution

Mean Compressive Strength (MPa)

Test Age
(Weeks) OPC BC BCxp  BCpa BCnpra BCpane SRPC
w/c =0.485
0 22.3 22.2 19.5 19.4 20.1 18.6 19.1
4 44.8 39.7 43.9 33.2 36.1 39.9 47.7
26 47.3 48.3 47.0 54.4 56.8 50.0 62.1
52 334 46.1 48.0 49.8 55.4 51.5 60.8
w/c = 0.560
0 21.9 21.5 21.1 20.7 19.1 19.3 20.1
4 45.3 45.0 35.0 49.4 39.1 38.8 45.8
26 37.7 45.9 47.1 53.2 39.0 443 54.4
52 * 51.6 47.9 54.7 42.7 34.9 63.6

* Measurements could not be conducted as the specimens disintegrated

Table 3-8 Compressive strength of mortars subjected to lime saturated water

Mean Compressive Strength (MPa)

Test Age
(Weeks) OoPC BC BCNP BCFA BCNP-FA BCFA-NP SRPC
w/c =0.485
0 22.3 222 19.5 19.4 20.1 18.6 19.1
4 47.8 38.4 35.6 30.5 329 37.0 439
26 57.5 44.9 41.0 53.0 50.7 45.7 62.0
52 69.9 47.4 50.1 60.2 62.2 46.9 68.4
w/c = 0.560
0 21.9 21.5 21.1 20.7 19.1 19.3 20.1
4 39.1 46.0 31.1 49.6 30.6 33.9 47.2
26 473 49.0 43.6 49.1 42.7 43.7 58.3
52 50.6 58.9 52.7 54.9 48.7 54.7 67.5
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Table 3-9 COVs of Compressive strength of mortars subjected to 5% Na,SO4

solution
Test Age Coefficient of variations (%)
(Weeks) OoPrPC BC BCNP BCFA BCNP-FA BCFA-NP SRPC
w/c =0.485
0 6.1 1.8 8.8 7.1 19.7 0.1 9.0
4 4.5 8.2 3.9 4.2 5.2 3.8 5.4
26 6.3 0.4 2.7 0.9 4.0 1.9 3.6
52 7.2 8.7 7.0 6.7 7.0 2.4 5.2
w/c = 0.560
0 4.7 3.2 9.4 10.6 10.4 0.7 0.5
4 1.0 1.6 14.5 2.9 4.6 6.8 2.9
26 * 13.1 1.4 0.4 1.1 14.3 3.7
52 * 4.7 4.8 5.9 0.7 8.6 0.5

* Measurements could not be conducted as the specimens disintegrated

Table 3-10 COVs of Compressive strength of mortars subjected to lime
saturated water

Test Age Coefficient of variations (%)
(Weeks) oPC BC BCne BCpa BCnpra BCrane SRPC
w/c = 0.485
0 6.1 1.8 8.8 7.1 19.7 0.1 9.0
4 4.9 3.6 13.4 6.0 0.7 3.3 3.7
26 14.6 5.6 24.3 9.0 9.8 0.9 2.8
52 3.2 0.9 9.9 6.0 7.4 2.9 8.1
w/c = 0.560
0 4.7 3.2 94 10.6 10.4 8.1 0.5
4 15.3 33 7.8 17.0 12.1 4.6 3.1
26 19.3 15.1 10.9 2.5 1.0 21.9 13.8
52 8.8 152 5.2 7.3 5.5 1.3 3.4
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3.2.3 Ultrasonic Pulse Velocity

Ultrasonic measurements are used to determine material properties, to detect defects,
and to assess deterioration. Velocity of waves in the solids is higher than in the air,
therefore, ultrasonic pulse velocities in the specimens give information about the
microstructure of the specimens. Therefore an idea about the sulfate resistance of the
specimens can be obtained indirectly by this method. As it is a non-destructive test

method, a long term monitoring on the same specimens is possible.

This test is conducted on the last six specimens both in the sulfate solution and lime
saturated water. Two 150 kHz transducers, one transducer for transmitting the pulse,
and the other for capturing the ultrasonic waves were used for direct ultrasonic pulse
velocity measurements (UPV) as shown in Figure 3-12. The time between
transmission and capturing the waves was recorded and dividing the width of the
cube by that time, ultrasonic pulse velocity was calculated. Measurement was done
in two dimensions for the smooth surfaces of the cube, and their average is
calculated. Ultrasonic pulse velocity measurements of mortars are given in Table
3-11 and Table 3-12. Coefficients of variations are also given in Table 3-13 and

Table 3-14.
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Figure 3-12 Ultrasonic pulse velocity measurement
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Table 3-11 Ultrasonic pulse velocity of mortars subjected to 5% Na,SOy4

solution
Test Age Mean Ultrasonic Pulse Velocity (m/s)
(Weeks) OoPC BC BCNP BCFA BCNP-FA BCFA-NP SRPC
w/c =0.485
0 3825 4192 4131 4198 4555 4019 4359
1 4096 4549 4463 4559 4864 4468 4319
2 4394 4668 4611 4473 4734 4552 4337
3 4957 4726 4687 4526 4772 4594 4980
4 5022 4741 4705 4491 4772 4619 5047
52 4595 5038 5034 4425 5240 4884 4635
w/c =0.560
0 4419 4152 4333 4285 3938 3904 4111
1 4505 4044 4588 4461 3945 3983 4411
2 4573 4150 4523 4571 4076 4066 4551
3 4612 4783 4586 4578 4580 4595 4582
4 4619 4852 4595 4606 4647 4633 4600
52 * 4472 4503 4446 4341 4267 4971

* Measurements could not be conducted as the specimens disintegrated

Table 3-12 Ultrasonic pulse velocity of mortars subjected to lime saturated

water
Test Age Mean Ultrasonic Pulse Velocity (m/s)
(Weeks) (0)(® BC BCnp BCra BCnpra BCrpane SRPC
w/c = 0.485
0 3867 4187 4102 4408 4493 3995 3820
1 4329 4559 4428 4793 4790 4427 4247
2 4896 4642 4578 4686 4678 4534 4887
3 4972 4707 4666 4745 4726 4561 4947
4 5068 4725 4713 4748 4756 4603 5046
52 4633 5222 5178 4851 5479 5049 4670
w/c = 0.560
0 4321 4143 4368 4289 3652 3707 4058
1 4445 4049 4605 4427 3994 4001 4433
2 4553 4148 4532 4563 4510 4534 4566
3 4594 4751 4608 4598 4592 4630 4600
4 4622 4807 4626 4633 4641 4658 4653
52 5085 4448 4673 4734 4368 4349 5144
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Table 3-13 COVs of UPV of mortars subjected to 5% Na,SQ4 solution

Test Age Coefficient of Variations (%)
(Weeks) OPC BC BCxp BCpa BCnpra BCpane SRPC

w/c = 0.485

0 0.32 0.88 0.66 9.95 1.05 1.13 0.56
1 0.29 1.08 0.35 9.82 1.11 0.45 0.64
2 0.48 0.91 0.81 9.45 0.78 0.74 0.88
3 0.72 0.65 0.59 9.53 0.90 0.74 0.28
4 0.28 0.39 0.71 9.60 0.62 0.94 0.25
52 1.09 0.98 0.97 9.95 0.23 0.80 0.76
w/c =0.560
0 0.54 1.48 0.45 1.11 1.96 1.12 0.76
1 0.30 0.80 0.51 0.59 1.03 0.78 0.91
2 0.24 1.43 0.38 0.49 0.31 0.53 0.86
3 0.38 0.44 1.70 0.45 0.40 0.73 0.63
4 0.32 0.60 0.83 0.83 0.27 0.35 0.94
52 * 0.62 1.01 1.58 0.50 0.76 0.75

* Measurements could not be conducted as the specimens disintegrated

Table 3-14 COVs of UPV of mortars subjected to lime saturated water

Test Age Coefficient of Variations (%)

(Weeks) OPC BC BCnp  BCgsa  BCnp.ra BCrane  SRPC

w/c =0.485

0 0.89 1.22 0.53 0.98 1.07 1.53 0.80
1 0.50 1.07 0.21 0.51 0.94 1.21 0.76
2 0.42 0.89 0.39 1.08 0.68 1.16 0.64
3 0.81 0.88 0.29 1.30 0.92 0.99 0.41
4 0.40 1.15 0.44 0.61 0.95 1.48 0.35
52 0.44 0.90 0.21 1.05 0.42 1.05 0.46
w/c = 0.560
0 0.30 1.05 0.56 0.79 0.55 0.86 1.01
1 0.57 1.43 0.79 1.11 0.13 0.94 0.48
2 0.34 1.03 0.53 0.99 0.48 0.94 0.56
3 0.53 0.43 0.58 0.78 0.27 0.47 0.67
4 0.51 0.65 0.50 0.68 0.67 0.32 0.48
52 0.53 0.43 1.07 1.03 1.65 1.00 0.71
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In Table 3-11 and Table 3-12 only 1%, 2™, 3", 4™ and 52 week results are given.
Ultrasonic pulse velocity of the mortars between 4™ and 52™ weeks, are not given in
the tables although they were conducted. The transducers and cables were broken
down several times between these weeks. After each repairing process a significant
difference was observed between the two measurements carried out before and after
the repairing. The results are inconsistent with each other. It is believed that these
inconsistencies are resulted from shifting of the device alignment. 52™ week results
are also inconsistent with first four week results, however some comments can be

inferred from the 52" week results as they are consistent with each other.

3.2.4 Density

All three dimensions of the cubic specimens were measured using a caliper of 0.01
mm. resolution and they were weighted with a balance of 0.01 gr. at 1, 2, 3, 4, §, 13,
15, 17, 26, 39 and 52 weeks after immersing the specimens into the sulfate solution
(Figure 3-13). The density of the specimens and coefficient of variations are given in

Table 3-15, Table 3-16, Table 3-17 and Table 3-18.

Figure 3-13 Weight and dimensional measurements of cubic specimens
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Table 3-15 Density of mortars subjected to 5% Na,SO4 solution

Test Age Density (g/cm’)
(Weeks) ~ OpC  BC  BCxp  BCra  BCnppa BCpaxe SRPC
w/c =0.485
0 2.237 2.186 2.193 2173 2.202 2.168 2.251
1 2.248 2.205 2.201 2.184 2.210 2.183 2.261
2 2.250 2.201 2.203 2.187 2.212 2.185 2.263
3 2.252 2.202 2.203 2.187 2.213 2.184 2.262
4 2.251 2.200 2.203 2.188 2.215 2.185 2.264
8 2.255 2.204 2.203 2.189 2.215 2.186 2.267
13 2.260 2.205 2.207 2.187 2.216 2.181 2.271
15 2.260 2.204 2.208 2.190 2.215 2.185 2.269
17 2.260 2.204 2.207 2.189 2.210 2.184 2.269
26 2.268 2.207 2.211 2.192 2.216 2.187 2.271
52 2.289 2.201 2.214 2.191 2.222 2.197 2.274
w/c = 0.560

0 2.215 2.166 2.179 2.173 2.153 2.146 2.231
1 2.226 2.180 2.187 2.178 2.162 2.154 2.239
2 2.229 2.183 2.190 2.184 2.165 2.156 2.242
3 2.231 2.182 2.190 2.185 2.164 2.156 2.243
4 2.232 2.183 2.192 2.186 2.163 2.155 2.243
8 2.239 2.185 2.193 2.186 2.165 2.156 2.247
13 2.244 2.186 2.197 2.184 2.165 2.158 2.248
15 2.242 2.185 2.202 2.188 2.165 2.157 2.247
17 2.248 2.186 2.192 2.187 2.165 2.155 2.246
26 2.267 2.187 2.197 2.189 2.166 2.158 2.253
52 * 2187 2206 2196 2166  2.161 2.263

* Measurements could not be conducted as the specimens disintegrated
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Table 3-16 Density of mortars subjected to lime saturated water

Test Age Density (g/cm’)
(Weeks) OPC BC BCnp  BCpa  BCnpra BCranxe SRPC
w/c =0.485
0 2.241 2.185 2.198 2175 2.204 2.156 2.226
1 2.251 2.195 2.201 2.184 2.208 2.165 2.235
2 2.253 2.196 2.204 2.186 2.211 2.167 2.235
3 2.253 2.196 2.204 2.188 2.212 2.167 2.236
4 2.256 2.196 2.205 2.189 2.213 2.168 2.238
8 2.261 2.201 2.205 2.191 2.216 2171 2.241
13 2.265 2.202 2.210 2.189 2.217 2.168 2.246
15 2.265 2.202 2.210 2.193 2.217 2.172 2.246
17 2.266 2.196 2.210 2.193 2.213 2.172 2.247
26 2.268 2.204 2.214 2.195 2.220 2.174 2.250
52 2.271 2.211 2.217 2.200 2.225 2.175 2.256
w/c = (0.560

0 2.203 2.169 2.176 2.170 2.144 2.130 2.240
1 2212 2179 2178 2176 2.148 2.136 2.246
2 2.213 2.182 2.181 2.178 2.150 2.137 2.246
3 2.216 2.181 2.182 2.180 2.150 2.138 2.248
4 2.216 2.182 2.183 2.181 2.152 2.139 2.248
8 2.221 2.184 2.185 2.183 2.154 2.141 2.252
13 2.223 2.186 2.187 2.181 2.156 2.143 2.254
15 2.219 2.187 2.194 2.185 2.156 2.143 2.254
17 2.223 2.186 2.182 2.186 2.156 2.143 2.253
26 2.227 2.188 2.188 2.187 2.158 2.145 2.256
52 2.233 2.191 2.196 2.190 2.162 2.144 2.261
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Table 3-17 COVs of Density of mortars subjected to 5% Na,SO4 solution

Coefficient of Variations (%)

Test Age
(Weeks) OoPC BC BCnp  BCpa  BCnpra BCranxe SRPC

w/c =0.485

0 0.38 0.71 0.81 0.26 0.67 0.24 0.41

1 0.37 0.73 0.80 0.25 0.67 0.24 0.42

2 0.37 0.72 0.81 0.25 0.66 0.24 0.42

3 0.38 0.73 0.82 0.27 0.66 0.23 0.42

4 0.36 0.71 0.80 0.26 0.65 0.24 0.42

8 0.36 0.69 0.81 0.25 0.65 0.26 0.43

13 0.34 0.70 0.81 0.26 0.66 0.26 0.49

15 0.35 0.72 0.81 0.25 0.66 0.25 0.43

17 0.36 0.72 0.80 0.27 0.69 0.27 0.43

26 0.35 0.71 0.80 0.26 0.68 0.27 0.44

52 0.33 0.78 0.80 0.31 0.71 0.30 0.43
w/c =0.560

0 1.00 0.45 0.55 0.74 0.74 0.22 0.60

1 1.00 0.45 0.51 0.74 0.74 0.21 0.57

2 1.01 0.46 0.51 0.75 0.76 0.22 0.62

3 1.01 0.45 0.50 0.74 0.75 0.22 0.63

4 1.01 0.44 0.50 0.75 0.74 0.20 0.63

8 0.99 0.46 0.51 0.75 0.75 0.22 0.64

13 0.97 0.45 0.51 0.75 0.74 0.22 0.65

15 0.96 0.42 0.50 0.75 0.77 0.22 0.65

17 0.97 0.43 0.52 0.75 0.75 0.24 0.66

26 0.94 0.43 0.52 0.74 0.76 0.24 0.70

52 * 0.45 0.50 0.75 0.76 0.22 0.76

* Measurements could not be conducted as the specimens disintegrated
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Table 3-18 COVs Density of mortars subjected to lime saturated water

Test Age Coefficient of Variations (%)

(Weeks) OPC BC BCxp BCra BCapra BCrane SRPC
w/c =0.485

0 0.26 0.68 0.29 0.73 0.42 0.76 0.58
1 0.26 0.69 0.30 0.71 0.40 0.76 0.57
2 0.25 0.68 0.30 0.71 0.41 0.73 0.57
3 0.26 0.70 0.30 0.70 0.41 0.73 0.57
4 0.24 0.70 0.33 0.70 0.41 0.74 0.56
8 0.25 0.69 0.29 0.70 0.41 0.74 0.57
13 0.24 0.69 0.30 0.69 0.40 0.73 0.57
15 0.25 0.70 0.31 0.69 0.40 0.73 0.57
17 0.24 0.71 0.29 0.69 0.40 0.75 0.57
26 0.25 0.71 0.29 0.69 0.43 0.74 0.57
52 0.26 0.71 0.28 0.69 0.40 0.73 0.56
w/c = 0.560
0 0.98 0.36 0.55 0.59 0.45 0.75 0.74
1 0.99 0.37 0.56 0.59 0.45 0.76 0.72
2 0.99 0.38 0.56 0.60 0.45 0.76 0.74
3 0.98 0.38 0.57 0.59 0.44 0.75 0.73
4 0.98 0.38 0.58 0.59 0.45 0.76 0.73
8 0.99 0.38 0.57 0.59 0.46 0.77 0.71
13 0.97 0.38 0.57 0.60 0.45 0.77 0.70
15 0.97 0.38 0.57 0.60 0.45 0.76 0.71
17 0.96 0.37 0.56 0.60 0.48 0.76 0.70
26 0.97 0.38 0.57 0.61 0.46 0.76 0.69
52 0.97 0.33 0.57 0.61 0.52 0.80 0.69

3.2.5 SEM and XRD Analysis of the Cement Pastes

In order to investigate the products of hydration, scanning electron microscopy

analyses (SEM) of cement pastes were performed. The cement pastes were prepared
according to ASTM C 305 and subjected to a 5% Na,SO, solution for 52 weeks

before the analyses.
To confirm the SEM results and semi-quantitatively identify the products of
hydration the cement pastes were examined by XRD (Philips x’pert PW 3040) after

52 weeks of immersion in a 5% Na,SO, solution.
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CHAPTER 4

DISCUSSION OF RESULTS

4.1 Expansion

The results of the expansion of the mortar bars subjected to a 5% Na,SO, solution
are shown in Figure 4-1 for both w/c ratios. Cements satisfying the expansion limits
of 0.10% and 0.05% at 26 weeks are considered as moderate sulfate resistant and
high sulfate resistant, respectively by ASTM Subcommittee CO1-29 [68]. Based on
these limits and Figure 4-1;

e OPC is not suitable for sulfate environments at both w/c.

e For a w/c ratio of 0.485, SRPC, BCnp and BCnp.pa can be classified as
moderate sulfate resistant cements and BC, BCganp, and BCgs can be
classified as high sulfate resistant cements.

e For a w/c ratio of 0.560, moderate sulfate resistant cements are SRPC, BCxp,

BCxp.ra, BCrane and BC, and the only high sulfate resistant cement is BCga

Therefore, it can be claimed that all blended cements showed nearly the same or
some even better performance when compared to the SRPC used in this study. As
discussed earlier, one of the most important properties affecting the sulfate resistance
of cements is its composition. C3A, one of the compounds of cement which causes
the formation of ettringite thus leading to harmful expansions in hardened cement
pastes, is one of the most important parameters affecting the performance of

cements.
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Figure 4-1 Expansion of mortar bars

Using Bogue’s equations the amount of C3A present in SRPC and OPC can be

calculated as 3.6% and 9.5% respectively. As a result of the expansions observed
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after one and a half year, the SRPC expansions were much lower when compared to
OPC. The compound composition of blended cements could not be directly
calculated by Bogue’s equations. However, using the clinker and mineral admixture
additions, the amount of C;A was approximately calculated and seemed to change
between 5.9% and 6.9%. The blended cements performed quite satisfactorily even
better than SRPC. Therefore it can be concluded that for blended cements
consideration of C3A only, will not be the pinpointing parameter. The beneficial
effects like the consumption of CH by pozzolanic reaction or pore refinement must

also be considered.

The amount of C3S and C,S will also affect the sulfate resistance of cements. Usually
as the amount of CsA reduces, C3S/C,S ratio increases and as this ratio increases the
amount of CH produced by hydrolysis of these two compounds increases. As
explained earlier, CH reacts with the sulfates attacking concrete producing gypsum.
The produced gypsum will cause expansion and strength reduction by time in the
already hardened concrete. As can be calculated from the data provided in Table 3-3,
the SRPC had the highest C3S/C,S (18.3) ratio. This high value can be considered as
a cause for the relatively poor performance of the SRPC. The results of this study
were also inline with the findings of Stephens and Carrasquillo [69], where they
recommended testing the sulfate resistant Portland cements with a C3A content of 4

to 5 percent before suggesting them to a high sulfate environment.

In order to better observe the effect of w/c ratio on the expansions of different
cement types, Figure 4-2, which shows the expansions of mortars for different w/c
ratios in the same graphs, is provided. When the solid and dashed lines
corresponding to the w/c ratios of 0.560 and 0.485 respectively are compared, it can
be seen that sulfate resistance of cements are increased with lowering the w/c from
0.560 to 0.485. It is obvious that change in w/c ratio is a factor that affects the
expansion of mortar bars. However, this effect is not the same for all cements. The
sulfate resistance of OPC is highly sensitive to w/c ratio, compared with other types
of cements where changing the w/c ratio does not affect the expansion of BCga

mortars.
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Figure 4-2 Effect of w/c on the expansion of mortar bars
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Cement type is another factor in determining the performance of cement in a sulfate
environment. In order to quantify the importance of w/c ratio and cement
composition, amounts of C;A and 2C3;A +C4AF are plotted against the 26™ week
expansions as shown in Figure 4-3. As seen from these two graphs, effects of
chemical composition and w/c on the sulfate resistance can now be differentiated.
For lower C3A and 2C;A +CsAF amounts, the effect of w/c or in general
permeability is lower. As the amounts of these compounds are increased the effect of

w/c or permeability becomes more pronounced.
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Figure 4-3 Effect of chemical composition and w/c on sulfate resistance

In order to quantify the effect of w/c ratio on the increase in expansion at a given
age, when the w/c ratio is increased from 0.485 to 0.560 was calculated for all

cement mortars as shown in Figure 4-4. (Note that in this figure for OPC cement
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mortars extrapolation of the data towards 26 weeks were conducted as the OPC
cement mortars cracked before 26 weeks). As seen from this figure the effect of w/c
ratio is relatively lower for all blended cements. However, expansion measurements

did not dictate any trend as the age of exposure changed from 26 to 78-weeks.
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Figure 4-4 Change in the expansion of mortar bars when w/c ratio is
increased from 0.485 to 0.560

Ramyar and Inan [40], carried out a multiple regression analyses and found out a
relationship between 15-week-expansion and C3A content, C3S/C,S ratio, mineral

admixture substitution level and concentration of sodium sulfate solution as follows:

—0.1227 ¢ 0.3995 ,~0.5698
AR G050

E= 4.1
(100+K)1.0631 ( )
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where E is the 15-week-expansion upon exposure the sulfate solution (%), A is the
C3A content of the cementitious system (%), S the C3S/C,S ratio of the cement (%),
C the concentration of sodium sulfate solution (%), and K the mineral admixture
substitution level (%).Experimental and calculated 15-week-expansion values using

the abovementioned equation of our study are given in Table 4-1.

Table 4-1 Experimental and calculated 15-week-expansion values

15 week exp (%) 15 week exp (%)
C;A C;S/C,S NP+FA (experimental 4) (calculated)

OPC 9.5 4.3 0.0 0.107 0.051
BC 6.9 4.3 25.7 0.046 0.041
BCwp 6.5 4.3 30.2 0.054 0.040
BCra 6.3 4.3 31.8 0.030 0.040
BCnp-ra 6.0 4.3 35.3 0.056 0.039
BCra-np 5.9 4.3 36.2 0.046 0.039
SRPC 3.6 18.3 0.0 0.048 0.102

# Experiments were conducted according to ASTM C 1012

As can be seen from Table 4-1, the estimated expansion values for blended cements
are relatively in good agreement with the experimental counterparts. On the other
hand for cements without any mineral additives, the estimation of the expansion is
relatively poor. The calculated expansion of OPC is very low whereas the calculated
expansion of SRPC is very high compared to the experimental results. Therefore, it
can be concluded that the abovementioned equation could be used with care only to

estimate the expansion of blended cements subjected to sulfate attack.

4.2 Compressive Strength

In Figure 4-5, Figure 4-6, and Figure 4-7 all compressive strengths of mortars

subjected to sulfates and lime saturated water are provided. The graphs at left and
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right of the figures belong to the mortars which have a w/c ratio of 0.485 and 0.560,
respectively. In those graphs, the solid lines show the strength of mortars stored in
5% sulfate solution and the dashed lines show the ones stored in lime saturated

water.

It can be seen from Figure 4-5 that the strength of OPC in sulfate solution is
declining much more marginally for both w/c ratios compared to the blended
cements and the SRPC. Moreover, for the w/c ratio of 0.560, the 52“d-week-strength
of OPC could not be observed as the specimens have deteriorated completely before
52 weeks. This is an expected result because ettringite formation leading to an
expansion, cracking and drastic reduction in the strength, and gypsum formation
leading to a reduction of stiffness and strength were the major forms of deterioration

of mortars containing cements with a high C;A content [3,59]. Consequently, OPC is

not suitable for sulfate environments at both w/c ratios as it was also concluded from

the expansion results.

56



OPC OPC
80 80
70 P g 70
- - -
60 e 60
S50 PR g 50 "
= .'f/’“.\ = T
£ 40 £ 40 | -
g \I % [’
2304 2 30
(9]
20 20
10 1 10
iy ! : : : O : ‘ :
0 100 200 300 400 0 100 200 300 400
Time (day) Time (day)
BC BC
60 60
50
g g 401
=3 =3
£ £ 30
2 2
2 20 2 20
n w ’
10 10
0% : : : 0® ‘ ‘ ‘
0 100 200 300 400 0 100 200 300 400
Time (day) Time (day)
SRPC SRPC
70 PUPELE 70 o
60 ~ - 60 B - __—u
L 4 - -
5 %07 "' - g 90 f;‘
Q. Q.
2 40 d 2 40 I
< <
2 30 2 30
[ [
& 20 * ) 204
10 10
0w o® : ‘ ‘
0 100 200 300 400 0 100 200 300 400
Time (day) Time (day)
w/c=0.485 w/c=0.560

Solid—5% sulfate solution
Dashed—lime saturated water

Solid— 5% sulfate solution
Dashed—Ilime saturated water

Figure 4-5 Compressive Strengths of OPC, BC and SRPC

57



Solid—5% sulfate solution
Dashed—lime saturated water

60 BC NP o BC NP
_ .
- —1 50 =
.- .-
g ---* 40 "o "
= s /(‘
=
£ .
g %30 »
= g
% 20 20
10
10
0® : : ‘ o
0 100 200 300 400
0 100 200 300 400
Time (day) Time (day)
BC FA BC FA
70 70
60 | ... 60
= — O ——8
= 50 1 7 75507fr-___._--
o ( o
2 40 /° 2 40
£ g £
()]
g 30 - 2 30
& 20 & 20
10 10
0® : : : N ! ‘ : :
0 100 200 300 400 0 100 200 300 400
Time (day) Time (day)
w/c=0.485 w/c=0.560

Solid— 5% sulfate solution
Dashed—lime saturated water

Figure 4-6 Compressive Strengths of BC np and BC pa
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Figure 4-7 Compressive Strengths of BC np.ra and BC pa.np

The trends in compressive strength indicate a similar performance for blended
cements as well as sulfate resistant Portland cement. This is attributed to the
formation of secondary C-S-H gels and other beneficial effects of pozzolanic

reactions of blended cements as mentioned in section 2.4.2.

According to Akoz et al., reaction products of sulfate with hydrated cement can fill
the pores. If the filling is dominant an increase in strength can be observed [66].
Mehta states that rod like ettringite crystals can either be expansive or a source of

strength, depending on the environmental conditions such as restraint of the system,
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stiffness of the cement paste, and the type and concentration of ions in the contact
solution [50]. Strength increase in sulfate environment is also observed in our tests as
it can be seen in the Figure 4-5, Figure 4-6, and Figure 4-7. All mortars subjected to
sulfate solution, have higher strengths than lime saturated water initially. After some
period, strength reduction is started to be observed except for the BCga np mortars
with w/c ratio of 0.485. Although this period is not the same for all cements, it seems
to be shortening with the increase of w/c ratio from 0.485 to 0.560 at blended
cements and SRPC. This is ascribed to increasing permeability that accelerates the

penetration of sulfate ions and shortening the time for filling the gaps.

Percentage strength reductions after one year are also illustrated in Figure 4-8. The

reductions were calculated as follows:

Reduction in compressive strength= [(A-B)/A]*100 “4.2)

where A is the average compressive strength of three specimens cured under lime
saturated water for one year and B is the average compressive strength of three

specimens exposed to the 5% sodium sulfate solution for one year.

The reduction in OPC mortars with w/c ratio of 0.560 is 100% as they were
deteriorated completely before one year. Although strength reductions in blended
cements and SRPC compared to OPC can be seen clearly, they are not consistent
with each other. For instance, BCga with w/c ratio of 0.560 shows the minimum
reduction whereas the BCga.np With w/c ratio of 0.560 shows the maximum and also
BCranp with w/c ratio of 0.485 shows increase in strength instead of a reduction.
Therefore, any trend can not be observed as the w/c ratio changed from 0.485 to

0.560.

These inconsistencies may have two reasons. First is the insufficient compaction of
the mortars. The flows of the blended cement mortars with w/c ratio of 0.485 were
very low as it can be seen in Table 3-4. As these mortars were so stiff, a good

compaction in the same proportion could not be fulfilled.
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Figure 4-8 Strength reduction after one year

Moreover, the flows of OPC and SRPC mortars with w/c ratio of 0.56 were as high
as to overflow from the table. Bleeding was inevitable for these mortars. The water

requirement for a good workability was not obtained with these w/c ratios.

The second reason may be the insensitiveness of the compression test itself to be an

indicator of sulfate attack.

Harboe reported that the shear resistance and tensile strength of concrete are more
sensitive to external sulfate attack than compressive strength [70]. He suggested that
the compressive strength is unaffected by sulfate attack, while the splitting tension
strength is lowered [70]. Further work on tensile testing was done by Boyd and
Mindess, and they [58] claimed that compressive stresses tend to close up cracks; in

particular, if cracks are preferentially oriented perpendicular to the direction of
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loading, compression test will not be a sensitive indicator of internal damage as
depicted schematically in Figure 4-9. In this case, tensile tests should provide a much

better indicator of internal damage.

(a) (b) (c)
vvvy 44414
. bidiy Lttt
THEeT 22

bé L1t

4 | lT_'T'
— R T

444 vy

Figure 4-9 Cracked concrete under (a) no stress, (b) compressive stress, and
(c) tensile stress. [58]

Skalny [71], also supports the view that the determination of the compressive
strength is irrelevant to proving that sulfate attack has or has not taken place. He
explains the claim that the tensile strength of concrete is more sensitive to external
sulfate attack than compressive strength by “layered damage” [28]. A proof of the
existence of layered damage was provided by Malhotra et al. by their measurement
of ultrasonic pulse velocity [72]. (The detailed information is given in section 4.3)

Taylor is another expert who supports the layered damage theory [73].

The term “layered damage” implies that concrete consists of a number of layers

having distinct properties parallel to the exposed surface. Accordingly, if a tensile

62



force is applied at right angles to the layers, failure will occur at a low tensile
strength, while a compressive force in the same direction would not be affected by

the layered nature of the damaged concrete [5].

On the contrary, Neville declares that both compressive and tensile strengths must be
affected by damage in the same manner [5]. He asked if concrete has developed
cracks and contains damaged and soft hydrated cement paste, how its compressive
strength can remain unimpaired. In his studies, the ratio of the splitting tensile
strength to the compressive strength of concretes subjected to sulfate attack is the
same as for concrete stored under normal conditions. He emphasized that he used
splitting tensile strength as direct tensile strength is not standardized by ASTM or by
a British Standard, and a reliable test method is not available. For that matter, testing
concrete in direct tension is very difficult because of the danger of eccentricity and of

complex end stresses.

Moreover, Irrasar [74], based on a set of experimental results, came to the conclusion
that flexural strength development is a very good parameter to evaluate the phases of

sulfate attack.

In Figure 4-10, top and side views of the cubic specimens are given. As can be seen
from this figure, cracks occurred at the edges of the specimens and gathered at the
top layers. All of the specimens showed the same behavior. At the edges of the
specimens the sulfate intrusion will be from two adjacent faces of the prisms also at
corners intrusion will be from three faces. Therefore formation of the cracks appears
at the corners of the specimens. Further, when deterioration was in the advanced
stage, more visible cracks were seen on the two end faces of the prisms. Near the end
faces, the sulfate intrusion will also take place through the four side faces in addition
to the end face itself and this will contribute to greater deterioration of the prisms [6].
In addition, even though the top portions of the specimens were deteriorated, at the
bottom of the specimens no visible cracks were observed. This may be resulted from
the higher w/c ratio of the top portion because of bleeding. Besides, penetration of

sulfate ions is difficult at the underneath of the specimens as underneath of the
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specimens were directly in contact with the container. Plastic thin rods may be
placed under the specimens in order to obtain a uniformity within the X-section of

the specimen.

Figure 4-10 Top and side view of deteriorated samples

4.3 Ultrasonic Pulse Velocity

Use of ultrasonic pulse velocity in detecting the damage of sulfate attack to concrete
is very limited. Colak [75] used the change in dynamic modulus of elasticity to
estimate the effect of durability tests such as freezing-thawing, and sulfate attack. In
that study UPV measurements were used to predict the dynamic modulus of
elasticity. Ju et al [76], used surface hardness tests and ultrasonic measurements to
study deteriorated structures. Core samples were used where access to the structure
from two opposite sides was not possible. Malhotra and Carino [72] used one-sided
pulse velocity measurements to quantify the depth of degradation that results from
the attack by sulfates. In their technique, the transmitting transducer was kept in a
fixed position, while the receiving transducer is positioned at various linear

distances. A plot was drawn between the time taken by the pulse and the transducer
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spacing. The point where the slope of the plot changed represented a difference in the
layer properties. However, in our study direct transmission was used in determining

the UPV and to assess the effects of sulfate attack on the UPV of mortars.

Percentage ultrasonic pulse velocity changes from the first time that the specimens
were soaked into sodium sulfate solution to one year are shown in Figure 4-11. The
front rows are pertaining to the specimens in 5% Na,SO, solution, and the back
rows are in lime saturated water. OPC mortars having w/c ratio of 0.560 in 5%

Na,SO, solution cracked before one year and any extrapolation can not be done as

the preceding data is inconsistent, therefore the column for OPC mortars having w/c

ratio of 0.56 in 5% Na,SO, solution was omitted.

For both w/c ratios and for all cements ultrasonic pulse velocities increased as
expected. However the increase in the UPV of the cubes in lime saturated water is
higher than the cubes in sulfate solution except OPC with w/c of 0.485. The lesser
UPV increase in the sulfate solution may be attributed to the formation of
microcracks caused by expansion of the compounds formed by sulfate attack. As
mentioned earlier, OPC has the highest C3A content and therefore, the maximum
amount of ettringite formation is expected from OPC. The contrast behavior of OPC
can be ascribed to filling of the cracks with newly occurred ettringite in time. This
thought is also confirmed by SRPC results. For the w/c of 0.485 the maximum
difference between the UPV change of mortars in lime saturated water and sulfate
solution is observed in SRPC which had the lowest CsA content. Moreover SRPC
has the highest C3;S/C,S ratio resulting in higher gypsum formation. As it is
explained in section 2.2 in detail, gypsum formation can results in expansion or mass

loss.
Nevertheless, it is not possible to come to the above conclusions with a w/c ratio of

0.560 probably due to the workability problems observed in OPC and SRPC

cements.
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Figure 4-11 One-year-ultrasonic pulse velocity changes
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4.4 Density

Percentage density changes from the first time that the specimens were soaked into
sodium sulfate solution to one year are shown in Figure 4-12. The front rows belong

to the specimens in 5% Na,SO, solution, and the back rows belong to the specimens
in lime saturated water as OPC mortars having w/c ratio of 0.56 in 5% Na,SO,

solution cracked before one year, 26™ week result is shown instead of 52™ week

density change.

As can be seen from the Figure 4-12, the density change of the blended cements are
very close to each other, and also the numbers showing the density changes are very
small. Because of these, to draw a conclusion on the density changes of blended
cements may not be true. However, it is noticed that the density changes of the OPC
and SRPC mortars with w/c of 0.485 verified the UPV results. The density change of
OPC mortars in sulfate solution is very high compared to the ones in lime saturated
water. (It can be seen better in Figure 4-13) This can be attributed to the excessive
amounts of ettringite formation. On the contrary, density increase of the SRPC
mortars in sulfate solution is less than the mortars in the lime saturated water. Like
the UPV results, this can be ascribed to limited amount of C3A in SRPC, and higher

C3S/C,S ratio which results in gypsum.

However, meaningful conclusions can not be drawn with the density change results

of the mortars with w/c ratio of 0.560, like the UPV results.

67



w/c=0.485

ey —_
2.00 o\o
N
(]
4
+1.50 ]
L
o
1.00 -B‘
L9 =
c
(]
[a)
® 8
o (@] m
fos] o 4 >
Lime$S w @) ; L z
Sulfate o o Z = o
o
S o
w/c=0.560
_/—\( 2.50
26th week
- ——1200 =
&
>
\
-1.50 c
©
K=
(&)
>
=
(/2]
c
(]
(]

dN-v404

us)
W Q
w o z
Lime S 8 e) ; Y
P u
Sulfate o
b o >
s o

Od4ds

Figure 4-12 One year density changes

68




2.50

Solid — in sulfate /
2.00 Dashed — in lime ™

1.50 /

1.00

Density Change (%)
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
Y
I
X
)
(@)

0 10 20 30 40 50 60
Age (week)

Figure 4-13 Density change of OPC and SRPC

4.5 SEM and XRD Analysis of the Cement Pastes

In order to investigate the products of hydration, scanning electron microscopy
(SEM) of cement pastes was performed. Cement pastes were first produced together

with the mortars and these pastes were subjected to a 5% Na,SO, solution. At the

end of one year, there were visible cracking and disintegration of the cement pastes
prepared from OPC when subjected to sulfates. SEM examinations of fractured
pieces obtained from OPC cement pastes demonstrate the formation of ettringite and
gypsum (Figure 4-14). EDX analysis of Section 1 in Figure 4-14 (a) showed only
high calcium and sulfur peaks. It was then concluded that the phase was gypsum.
EDX analysis of Section 2 in Figure 4-14 (b) showed a high calcium peak and
smaller sulfur and aluminum peaks, confirming the identification of ettringite. Well-
formed and randomly oriented rod-like crystals were observed in the pre-existing
pores at the end of one year. These observations explained the results of expansion

measurements.

69



MO0 =

(a) Section 1 - Gypsum (b) Section 2 - Ettringite
Figure 4-14 SEM and EDX analysis of disintegrated OPC paste at 52 weeks

Pastes with blended cements that had been exposed to a sulfate solution for a year
were also examined in SEM but significantly lesser amounts of ettringite or gypsum
was observed (Figure 4-15). On the other hand, the expansion measurements
revealed that the performance of SRPC was relatively poor when compared to the
blended cements. This fact was explained by the SEM and EDX analysis of cement
paste. Figure 4-16 shows the relatively higher amounts of flower like ettringite

needles in SRPC pastes.
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Figure 4-16 SEM and EDX analysis of the SRPC paste at 52 weeks

To confirm the SEM results and semi-quantitatively identify the products of

hydration five of the cement pastes were examined by XRD after 52 weeks of
immersion in a 5% Na,SO, solution. The analyzed samples were taken from the
surface of the cement pastes. According to Figure 4-17 ettringite and gypsum were
identified in all cement pastes. After an exposure period of 52 weeks, the peak of

calcium hydroxide (CH ) was also detected also in all cement pastes. However, the
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amount of CH was comparatively lower in blended cement pastes due to the

pozzolanic reaction of fly ash and natural pozzolan with calcium hydroxide.
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Figure 4-17 XRD patterns of cement pastes at 52 weeks
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CHAPTER 5

SUMMARY AND CONCLUSIONS

This thesis discusses the results of an experimental program carried out to investigate

the effects of permeability as affected by w/c ratio and different mineral additives: at

different proportions on the sulfate resistance of cement mortars. Two different w/c

ratios (0.485 and 0.560) and two different mineral additives (Class F fly ash and a

natural pozzolan) were used. As a result of this experimental study, the following

conclusions could be made:

Cement chemistry is an important parameter in coping with sulfate attack.
Considerable amount of deterioration was observed in the mortar bars
prepared with the OPC. For these cements, as the w/c decreased the extent of
deterioration drastically decreased. Even though, this was the case, OPC was

still not suitable for sulfate environments regardless of the w/c ratio.

Reducing the amounts of C3A and C4AF compounds in a cement may reduce
the formation of ettringite. From the experiments performed on the cements
that do not contain any mineral additives, i.e., SRPC and OPC, it was
determined that the amount of C3;A and C4AF is the most important

compound which is followed by the C3S/C,S ratio.

Blended cements prepared with mineral additives (both fly ash and natural
pozzolan) improved the resistance of mortars to sulfate attack due to the
reduction in C3A content. Moreover, the pozzolanic reactions of blended
cements also reduced the CH content which was necessary for the formation
of gypsum. Therefore, depending on the amount and effectiveness of the

mineral additives, blended cements were considered to be effective for
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moderate or high sulfate environments. In this respect, the low-lime fly ash

used in this study performed better than the natural pozzolan.

The effect of w/c is important especially for low sulfate resistant cements
with higher amounts of C3A. High sulfate resistant cements were not affected
by w/c to the same extent. As a result, the chemistry of cement appears to be
more effective than the w/c in offsetting the destructive effects of sulfate

attack on concrete.

Increase in compressive strength can be observed instead of a strength
reduction at sulfate environments, especially at initial periods. However,
increase in w/c ratio accelerates the failure and shortens the time elapsed for
the start of strength reduction. Therefore, time to failure is decreasing with

increasing w/c ratio.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE STUDIES

As a result of this experimental study, the following recommendations could be made

for other researchers:

Long term monitoring of cement mortars subjected to sulfate attack is
possible with using ultrasonic pulse velocity. However UPV is affected by
various factors such as temperature. Also the device alignment may shift, as it
did in our experiments, and the device may need to be recalibrated. For this
reason, it is very important to measure a reference material when using the

ultrasonic pulse velocity device.

When subjecting the specimens to a sulfate environment, the lids of the
containers must be closed tightly so that the water can not evaporate. If the
water evaporates, crystallization will take place and the reactions will shift

towards physical sulfate attack.

Varying one parameter at a time in a mortar mix is not quite possible. For
example, at a given w/c ratio a change in the cement type brings about a
change in workability. In our tests, the flows of the blended cement mortars
with w/c ratio of 0.485 were very low whereas the flows of the OPC and
SRPC mortars with w/c of 0.560 were very high. In order to eliminate the
permeability differences resulted from the compaction factor, it is

recommended to use superplasticizers.

The following topics could be studied to gain better understanding of the sulfate

attack phenomenon on blended cements.
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The additive types of cements which are produced by the cement factories
that are members of Turkish Cement Manufacturers Association (TCMA) are
given in Table 6-1. As can be seen from that table, in Turkey the most widely
used additive type is “Limestone”. In future studies, sulfate resistance of

blended cements with limestone therefore can be tested.

Table 6-1 Additive types of blended cements under control of TCMA at

23 May 2006
L Number of cement types
Additives including at least one ggditive

Slag 5
Limestone 9

Natural pozzolan 7

Natural pozzolan + Slag 8

Natural pozzolan + Limestone 32

Natural pozzolan + Fly Ash 5

Slag + Limestone 1

Fly Ash + Limestone 1

Natural pozzolan + Fly Ash + Slag 1

As it is explained in the section 2.3.2, physical sulfate attack is different from
the classical sulfate attack. Mineral additives and lowering the w/c ratio may
have detrimental effects instead of to be beneficial. Using type V cement may
also be useless as the distress mechanism is not related to ettringite.
Therefore, the term physical attack can be investigated with half buried

samples into soil or by applying wetting and drying cycles.

Kyathi et al. [77], claim that permeability has significantly less important role
in mortar samples as the cross sections of mortar samples were significantly
smaller than the concrete samples. Thus, the sulfate resistance of mortars

could be expected to be derived mainly from the chemical resistance of the
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binder, whereas in concrete samples the sulfate resistance was due to both
physical (permeability) and chemical (binder) resistance. In literature most of
the works done about sulfate attack was on the mortars. Taking into
consideration the Kyathi’s claim, a work with concrete specimens could be

done.

In literature there are authors who oppose using the compressive strength in
determining the sulfate resistance of cements. This thought may be
investigated. Flexural strength or splitting tensile strength tests may be

conducted besides the compressive strength tests.

In our study, the amounts of C3A were about 6 for blended cements and it is
3.6 for SRPC whereas 9.5 for OPC. There is a lack between these numbers.
In addition, the six of the cements have the same C3S/C,S ratio 4.3. In order
to understand the effect of chemical composition on sulfate resistance, a
study can be conducted with cements having different amounts of C;A or

C5S/C,S ratio.
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