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Durability of concrete has been recently become a problem of major concern lor
construction industry in the Middle East and throughout the world. Concrete structures
in the Middle East have shown premature deterioration within a short span of 10-15
years, the main causes for which are corrosion of reinforcement sulfate attack. Results of
comprehensive study on concrete durability at King Fahd University of Petroleum and
Minerals indicate that higher C,A cements show better corrosion resistance than low
C;A cements and that certain blended cements perform manifold better than plain

cements in terms of resistance to corrosion and alkali-silica reactivity (ASR).

In this research, an attempt has been made to study the mechanisms controlling the
performance of plain and blended cements against corrosion of reinforcement and ASR.
The effect of various compositional and environmental factors, such as C,A and alkali

contents, concomitant presence of sulfates, temperature and mode of occurrence of
chlorides, on chloride binding and pore solution alkalinity has been studied in plain
cements, in an effort to evaluate their influence on mechanism of corrosion resistance.
Mechanisms controlling resistance to corrosion and ASR of blended cements, formulated
using fly ash, blast furnace slag and microsilica have been studied through their effect on
chemical environment and physical characteristics of hardened concrete.

Results show that high C,A cements have more chioride binding capacity than low
C;A cements, explaining their higher corrosion resistance. Increase in curing temperaturc

and alkali content of cement and concomitant presence of sulfates decrease chloride
binding capacity in plain cements. Plain cement bind more primary chlorides than
secondary external chlorides. Fly ash and slag have little effect on chemical environment
of concrete compared to microsilica, which drastically increases aggressivity of the
chemical environment. The blending materials bring about significant improvement in
the physical structure of concrete through pore refinement, decrease in permeability,
chloride and oxygen diffusion and increase in electrical resistivity. These significant
improvements in the physical characteristics due to blending materials are responsible
for the improved corrosion resistance of the blended cements. Also, the blending
materials significantly reduce O~ concentration in pore solution. The reduction in the
OH™ concentration and possibly the improved physical structure of blended cements are
responsible for their increased resistance against ASR.
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Chapter 1
INTRODUCTION

1.1 CONCRETE DURABILITY PROBLEM IN THE ARABIAN GULF
REGION

1.1.1 CONCRETE DETERIORATION IN THE GULF ENVIRONMENT

Concrete construction in countries on the. sea board of Arabian Gulf is showing an
alarming degree of deterioration within a short span of 10 to 15 years. The low durabil-
ity performance of concrete is due to several interactive factors. These are characterized
mainly by adverse climatic and geomorphic conditions in conjunction with inadcquatc
specifications related to materials and construction practices. The data developed
through field studies at King Fahd University of Petroleum and Minerals (1-3) indicate
that corrosion of reinforcing stecel with concrete cracking and spalling, and sulfate
attack with expansion, cracking and reduction in concrete strength are the two main

forms of concrete deterioration in this region (1-3).

There is a fecling amongst concrete technologists that there is a suitable concrete
cven for the most aggressive service conditions provided the right concrete materials
have been specified and appropriate construction practices have been adopted to com-
mensurate with the nature and aggressivity of the exposure conditions. Whenever con-

cretc deteriorates prematurely, there is a strong possibility that there exists an
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inadequacy in either of three phases which taken tdgether ensure a durable concrete
material (4): |

(a) .realistic evaluation of the severity o'f in-service exposure conditions

(b) formulating material specifications to match the severity of in service
exposure conditions evaluated in (a)

(c) adopting correct practices to obtain exactly what has been specified

in (b).

These are the highly interactive phases which constitute the framework for durable
concrete. A deficiency at any of the three stages constitutes a serious source of error in
concrete practice and concrete perforfnance is bound to suffer significantly; this is spe-
cially true of the Gulf conditions which undoubtedly constitute an aggressive service

environment for concrete construction unmatched anywhere else in the world.

1.1.2  ENVIRONMENT-DURABILITY-MATERIAL SELECTION INTER-
ACTION

The basic question, therefore, is: what is the right choice of concrete materials for
the production of a durable concrete for the uniquely aggressive Gulf environment It
is this environment-concrete durability-material selection interaction which should
become the focus of attention in order to be able to deal with the concrete durability
problem in this region in an effective and practical manner. What is needed is rational-
ized and refined specifications for concrete materials to match the nature and aggressiv-

ity of exposure conditions.
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1.1.3 GULF ENVIRONMENT RELEVANT TO CONCRETE DURAB]LITY

1.1.3.1 General Geomorphic and Climatic Factors Affecting Concrete Durability

The most prevalent modes of concrete deterioration in the Gulf region are concrete
cracking and spalling due to reinforcing bar corrdsion, expansive cracking and loss of
strength due to sulfate attack. These deteriorations are the visible manifestations of
excessive salt presence in the concrete. Cracking due to alkali-silica reactivity has also
been reported in the Gulf (5,6), which is due to the presence of reactive and potentially

reactive aggregates.

Concrete construction on the coastal flats of the Arabian Gulf is continually
exposed to ground and atmosphere charged with sulfate and chloride salts. Chlorides
and sulfates are inducted into the concrete through mix constituents, salt contaminated
reinforcement, brackish service water used for curing, and the frequent layers of salt
laden moisture precipitated in the form of dew on exposed concrete surfaces. Salt on
concrete surfaces is dissolved in surface moisture and enters the pores of concrete by
capillary action. Salt deposits are retained in the pores of concrete after evaporation.
Usually more salt penetrates than is leached out, thereby causing significant concentra-

tion to develop within the concrete over a period of years. Pockets of hygroscopic salts

‘within concrete tend to retain moisture even when the external humidity is temporarily

low, thus creating microclimates within the concrete pores which promote corrosive

action.

The high incidence of corrosion against the backdrop of a highly salt polluted
environment puts the chloride ion as the most important cause of reinforcement corro-

sion in the Gulf states. Chloride ion is a specific destroyer of the corrosion passivating
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gamma ferric oxide film (7) formed on the steel surface by the alkaline environment in

concrete ( pH =13 ), thereby initiating reinforcement corrosion.

Sulfate attack is characterized by the combination of sulfate salt with certain prod-

ucts of cement hydration resulting in expansion, cracking and loss of strength (8).

Several investigators have focussed on the deterioration caused by alkali-silica
teactions as a result of use of aggregates in making concrete which are potentially reac-
tive. The alkali-silica reactivity deterioration results in profuse map cracking, pop outs,

exudation of gel and discoloration of concrete surfaces.

The extreme hot and hot-humid climatic conditions of the coastal hot-arid regions
are almost ideal for accelerated chemical and electrochemical actions resulting in
enhanced rebar corrosion, sulfate attack and alkali-silica reactivity. Temperatures as
high as 70° C may be achieved on concrete surfaces due to solar radiation effects. As a
rule of thumb, the rate of chemical reaction increases by 70% for each 10° C rise (9) in
temperature. In addition to enhanced rate of reaction, the penetration of aggressive
substances such as chloride ions, carbon dioxide, magnesium ions and sulfate ions pro-
ceed more rapidly. Time to corrosion initiation at 30° C is approximately one-third of
that at 10° C due to the enhanced chloride penetration into concrete at higher temper-

ature (10).

1.1.3.2 Specific Factors Affecting Concrete Durability
The specific factors which affect concrete durability in the Gulf region are:

(i) the initial induction of sufficient chlorides through coarse/fine

aggregates and mix/curing water which are beyond the threshold
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level. Such chloride salts are inducted right at the time of mixing
and the detrimental chloride action commences at a very early
stage when concrete is still very weak and porous and a corrosion
passivating film is in the process of being formed on the surface of
the reinforcement.

(i)  subsequent additional ingress of chlorides from the external
environment to the steel-concrete interface through cracks, micro-
cracks and pores in concrete.

(iii) the concomitant presence of high chloride and sulfate concen-
trations in soils and groundwater on construction sites along the
Gulf seaboard. This is a unique situation in which chlorides and
sulfates simultaneously permeate into concrete substructures such
as foundations and subject them concurrently to sulfate attack and

chloride induced rebar corrosion.

There are four clear concrete environment conditions which are significantly rele-

vant to concrete durability in this region:
(i) predominant action of chlorides
(i) conjoint action of chlorides and sulfates
(iii) predominant: action of sulfates.

(iv) reaction of cement alkalies with reactive siliceous aggregates.

Further, chloride presence can be attributed to two mechanisms:
(i) primary inclusion of uniformly distributed chlorides called primary

chlorides
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(ii) secondary permeation of possibly non-uniformly distributed chlo-

rides from external environment called secondary chlorides.

1.2 MECHANISMS OF ?REDOM]NANT CONCRETE DETERIO-
RATIONS IN THE GULF REGION

1.2.1 CORROSION OF REINFORCEMENT

The corrosion of reinforcement in concrete is an electrochemical process involving
a galvanic cell wherein chemical energy is converted to electrical energy. In the Guilf
region electrochemical reactions result from chloride-laden pore moisture i1;1 contact
with the reinforcement . For such reactions to océﬁr on embedded steel in concrete,
there must exist on or around the rebar in the steel-concrete system areas of differential
electro-chemical potential which are electrically connected in concrete by an electrolyte.
This electrolyte exists in the form of salt laden pore fluid in the Gulf concrete. When
these conditions are met, corrosion occurs through the dissolution of metal ions to the
moisture, leaving electrons behind (Reaction 1). By definition, this is an anodic reaction
and the areas that corrode are called anodes. The remaining electrons move through
the conductor metal from the anodic areas to non-corroding locations where they react
witﬁ either water or oxygen to form hydroxyl ions(Reaction 2). By definition, this is a
cathodic reaction and the locations at which this occurs are called cathodes. The clec-

trons neutralize cations in the electrolyte, thus completing the electrical circuit.
Fe «——3>FeX* +2¢7 crrreev 1)

O, + 2H,0 + 4" —>3 4 (OH)™ - @)
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Differences in metal potential may be obtainable either due to differences in metal
itself (metal defects or differential impurities), or much more readily due to differences
in the physical and/or chemical environment of highly heterogeneous concrete. The lat-
ter may result due to differences in alkalinity, chloride concentrations, oxygen availabil-

ity, segregation, compaction, bleeding, permeability and the exposure conditions.

The usual chloride free environment of uncarbonated concrete is highly protective
against corrosion of embedded steel for three reasons. Firstly, the aqueous environ-
ment within concrete matrix is characterized by significant presence of highly alkaline
uncombined water in the well-distributed pores or voids of concrete; this environment
passivates steel against corrosion. Secondly, concrete cover over reinforcement forms
a defensive shield/barrier against the ingress of chlorides (from external source) and
oxygen required for cathodic depolarization. Thirdly, concrete offers high registiv.ity to

the flow of corrosion current.

In accordance with the Pourbaix diagram the redox potential for iron (-0.44 E,; )

with respect to the hydrogen electrode lies above the region of immunity in both acid
and alkaline solutions implying that iron will dissolve with the evolution of hydrogen in
solutions of all pl] values. Ilowever, passivation for iron/steel is indicated in an alka-
line environment characterized by a pH range 9.5 to 12.5. The aqueous phase o con-
crete provides exactly such an environment. Calcium hydroxide constitutes, on an aver-
age 20 percent of the hydrated products and passes into solution till the pore water is
saturated and acquires a high degree of alkalinity corresponding to a pIi of 12.5. Solu-
ble alkalies present in cement raise the pll to values in excess of 13.0 within a few

weeks of hydration.

The passivation of steel in concrete system is attributed to the formation of a pro-
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tective sub-microscopically thin oxide film in accordance with Reaction 3. The stability,
integrity and protective quality of this film is characterized by the high alkalinity (OH~

ions) and oxygen availability.
2 Fe + 3(OH)" —= Fe,0, + 6™ - (3)

The loss of corrosion protection of steel is characterized by a decomposition of the
protective oxide film by two specific circumstances. First by the ingress of atmospheric
carbon dioxide to steel-concrete interface ( Reaction 4 ) resulting in carbonation and
second by the presence of chloride ions in concrete in the vicinity of steel. Chloride ion
has been described as "a specific and unique destroyer” of the passivating film ( Reac-

tion 5 and 6).

Ca(OH), + CO,——=CaCO, + H,0 - (4)
Fe' +2ClI" + 2H,0 ——>Fe,(OH), + 2H* + 2Cl" —---- (5)
Fe + 2ClI" —=>FeCl, + 2 € -----m-- (6)

The unusually high incidence of corrosion against the backdrop of a highly chlo-
ride polluted environment puts the chloride ion as the most important cause of stecl

corrosion in the Gulf region.

In an attempt to elucidate the role of chlorides in the corrosion process, Haus-
mann (11) has proposed the "Chloride threshold” concept. According to ITausmann,
the ratio of CI” to OH™ concentration should not exceed threshold of 0.60. Part of the
local chloride may combine with the compositional phases of cement, specially with

C,A phase, to form insoluble compounds such as calcium chloroaluminates.
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The precise mechanism by which chlorides actually disrupt the passivating film is
not resolved as yet. The chloride corrosion reactions at anodes and cathodes in the

absence and presence of oxygen are shown in Reactions 7 through 12.

In the absence of oxygen,

Fe + 2CI" —>Fe** +2Cl" +2¢€ comenen 0
Fe** +2Cl" + 2 + 2 H,0 — Fe(OH), + 2H* + ¢ Cl" ceeree ®)
2H' + 2e” —> H, —n (9)

In the absence of oxygen,

Fe ~=> Fe?* + 2¢™ -roreem- 10)
O,+2H,0 +4e" —>4(OH) - an
Fe* + 2 (OH)” —> Fe(OH), - (12)

It may be noted that :
(i)  chloride corrosion causes a rapid reduction in the alkalinity at anodic sites
to a pH levcl‘ of about 5, due to iron chloride complexing followed by the
hydrolysis and the release of hydrogen (Reaction 9) and,

(ii) chloride is regenerated which would perpetuate the corrosion even without

further chloride addition.

Chloride corrosion in concrete may take place by both of the two common mecha-

nisms: micro-cell as well as macro-cell . The first type is the general form of
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uniform corrosion while the second type is characterized by a form of localized pitting

corrosion that often occurs in concrete structures.

Corrosion products formed at anodic sites depend on the interactive effect of oxy-
gen supply, alkalinity énd type of corrosion cell developed at anodic sites. These are
seldom of a single compositional variety and vary from white ferrous hydroxide, to yel-
lowish green/greenish blue ferrous chloride/hydrated ferrous chloride to black granular

corrosion products Fe,O, ( Reaction 13).

1.2.2 SULFATE ATTACK

Sulfate attack in concrete is primarily characterized by a reaction of sulfates with
monosulfoaluminate hydrate or calciumaluminate hydrates which exist as a hydration

product in high C;A cements in accordance with the following reactions:
C,A+26H+3CS.2H——=> CA .3CS.H,,
2C,A +C,A 3CS H,,—>3C,A .CSH,,

The reaction of monosulfoaluminate hydrate and/or calcium aluminate hydrate
with sulfates results in the formation of ettringite in accordance with the following

reactions:
C,A.CSH,, + 2CH + 2§ + 12H—> C,A.3CS.H,,

C,A.CH.H, + 2CH + 35 + 11TH—>>C,A.3CS.H,,
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Formation of ettringite is associated with an overall expansion and cracking of

concrete.

The sulfates may be derived from CaSO, , Na,SO, and MgSO,. MgSO, causes
the severest type of sulfate deterioration as it is capable of attacking the binder C-S-H

gel. The reaction products are gypsum, brucite, silica gel and a magnesium silicate of

possible composition 4MgO . SiO, . 8.5 H,0.

The expansive type of sulfate attack is associated with cements of high C;A con-
tent, more porous and permeable concretes, and relatively high concentrations of cal-
cium hydroxide in the cement matrix. It appears that the low sulfate form of calcium
sulfo-aluminate present in such concretes reacts with sulfate ions in the presence of cal-
cium hydroxide to produce initially a colloidai form of ettringite which is responsible
for the swelling pressure and damage to concrete. When the expansion has created suf-
ficient space, acicular radiating clusters of ettringite crystals form in the resultant voids

and cavities.

Another type of sulfate attack which is commonly prevalent in the Middle East
occurs when sulfates react with excessive calcium hydroxide produced in high C.S
cements. The product of reaction is gypsum which heavily inducts SO, ions into the

C-S-H gel causing loss of strength and cohesion. This type of attack is manifested by
an eating away or softening of the cement matrix, which leaves the aggregate standing
out from the eroded concrete. The gypsum oriented sulfate attack may occur in the so

called low C,A sulfate resistant cements if the C,S content of such cements is unusu-

ally high, as is the position in the locally manufacturcd cements in the Gulf States.
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1.2.3 ALKALI-SILICA REACTIVITY

Damage -due to alkali-silica reaction has received considerable attention in the
Middle East (5,6) and over the years the problem has assumed global concern. The
deteriorations caused by the alkali-silica reactions as a result of reactions between
cement alkalies and reactive aggregates results in profuse map cracking, pop outs, gel
exudations and discoloration of concrete surf‘accs.‘lt is now generally recognised that
the development of high concentrations of alkali hydroxides in the pore solution of
concrete is the first and the most vital step in the sequence of responses which precede

and eventually lead to the visible manifestations of alkali-silica reaction deteriorations.

1.3 BLENDED CEMENTS

In recent years, pozzolanic and cementitious by-products such as fly ashes , blast
furnace slag and silica fume are being strongly suggested as admixtures to improve the
properties of concrete in general and durability in particular. When used as partial
replacement of or addition to cement, they modify both the physical structure and the
chemical environment of the hydrated cement. On onec hand they improve the
impermeability but on the other they weaken the favourable alkaline environment of
the hydrated cement. It is hoped by many researchers that there is a potential for

making these materials environment-friendly materials.

It is generally accepted now that the cementitious and pozzolanic propertics of
cementitious and pozzolanic by-products used as cement additives depend on their par-
ticle shape / size distribution and mineralogical composition and not on their chemical
composition and source of origin alone. A classification of cementitious and pozzo-

lanic materials based on their cementitious or pozzolanic activity when used in combi-
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nation with porﬂand cement given by Mehta (12). They are classified as cementitious
(e.g. blast furnace slag), cementitious and pozzolanic (e.g. high calcium fly ashes), nor-
mal pozzolans (e.g. low calcium fly ashes) and highly pozzolanic (e.g. silica fume and

rice husk ash).

1.3.1 MECHANISM OF HYDRATION OF BLENDED CEMENTS

Hydration of fly ash, blast furnace and silica fume blended cements is a three stage
reaction. Immediately after mixing with water, particles of these admixtures are sur-
rounded by rims of cement hydration products. When alkali and calcium hydroxides
and sulfates are available due to further reaction of cement, the hydroxide ions activate
the hydration of glasses present in the mineral admixtures. Finally, the pozzolanic reac-'
tion takes place ip which calcium hydroxide is consumed to form secondary calcium sil-
icate hydrates. The resulting structure is likely to be dense with a refined and discontin-

uous pore structure (12).

1.3.2 SULFATE RESISTANCE OF BLENDED CEMENTS

Sulfate resistance of fly ash blended cements is studied by Dunstan (13), Mehta
('14) and others. Due to a widc variation in physical properties and chemical composi-
tion, the behavior of different fly ashes to attack by sulfate ions is also different. From
his study conducted on 13 concrete mixes made from lignite or subbituminous coal
sources, Dunstan (13) estab]ished an émpirica] sulfate resistance factor R, which is
~ given by the ratio of percentage of calcium hydroxide in excess of 5% to iron oxide of
the fly ash. Dunstan found that when R is less than 1.5, the sulfate resistance of the fly

ash blended cement was improved. However, when R is more than 3, the sulfate resis-
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tance was reduced. Mehta (14), based on his experimental data showed that even the
fly ashes having an R factor of less than 1.5 reduced the ‘sulf'ate resistance. He sug-
gesfed that rather than the chemical composition or R factor of a fly ash, it is the min-
eralogical composition of the cement + fly ash interaction product that controls the sul-
fate resistance. When the hydrated cement-fly ash mixtures contained the monosulfate
hydrate or calcium aluminate hydrates, on sulfate immersion, they showed expansion
and strength loss associated with ettringite formation. However, when the cement
pastes containing fly ashes contained ettringite prior to immersion in sulfate, they per-
formed satisfactorily in the sulfate test. Whether a hydrated cement-fly ash contain
monosulfate hydrate and calcium aluminate hydrates or ettringite depends on the alu-
mina-sulfate ratio of the hydrating system (14).

Partial replacement of cement with blast furnace slag is found to improve the sul-
fate resistance when the slag proportion exceeds 50% of the tot;ﬂ cementitious material
(15). When a high proportion of slag is used, the C, A content of the mixture is pro-

portionally reduced, thereby increasing the sulfate resistance of the slag cement. 1ow-

ever, according to Lea (16) the increased sulfate resistance not only depends on the 0N

A content of the cement alone, but also on the alumina content of the slag. Lea
reports that sulfate resistance of the slag cement was increased when the alumina con-

tent of the slag was less than 11%, regardless of the C; A content of the cement, when

cement was replaced in the range of 20-50% with granulated slag. The increased sulfate
resistance of the slag cements is also attributed to the reduction of calcium hydroxide
due to formation of secondary calcium silicate hydrate which reduces the environment
required for the formation of expanéive ettringite and the reduced permeability of the

slag cements to the ionic diffusion (17-19).
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Results of tests conducted by Rasheeduzzafar et al (20) and Cohen and Bentur
(21) show that silica fume addition to portland cement improves the resistance to
sodium sulfate attack, however, it can impair resistance to magnesium sulfate attack .
Rasheeduzzafar et al (20) found that the pozzolanic reaction between calcium hydrox-
ide and silica fume removed most of the calcium hydroxide from the hydrated cement
paste, as confirmed by X-Ray diffraction analysis. Apart from decreasing the vulner-
ability to formation of gypsum, the reduction in calcium hydroxide concentration due
to reaction with silica fume increases the solubility of thc hydrated calcium aluminates
thereby causing the sulfate reaction to occur through solution and thercfore without
expansion (20). Mehta (22) has hypothesized that in the absence of calcium hydroxide,
the ettringite produced is in the form of large lath-like crystals which are not expansive.
It is only undér conditions of high hydroxyl ion concentration, duc to the presence of
calcium hydroxide, that a microcrystalline ettringite is formed which is capable of

adsorbing large amounts of water on the surface causing considerable expansion (22).

1.3.3 CORROSION OF REINFORCEMENT

Time to corrosion initiation tests carried out by Rasheeduzzafar et al (23) on plain
blended cement concrete using microsilica, blast furnace slag and fly ash on partial
replacement basis showed that the incorporation of the blended materials significantly

improved corrosion initiation times of reinforcing steel.

Once the corrosion initiation takes place, corrosion propagation depends upon
resistivity of concrete, rates of oxygen and moisture flow to the steel level and aggres-
sivity of pore solution. Electrical resistivity and oxygen diffusion are significantly
improved due to the incorporation of blending materials. I1lowever, on the other hand,

these materials increase pore solution aggressivity. In view of these facts, it would be of
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considerable interest to study the effect of these blending materials on corrosion rate of

steel in concrete in the active corrosion state.

1.34 CONTROL OF ALKALI-SILICA REACTIVITY

In terms of suppression of alkali-silica reaction (ASR), it is now widely recogniscd
that microsilica possesses a remarkable ability to actively remove alkali hydroxides
from the pore solution, thereby virtually eliminating the physico-chemical responscs
resulting in the expansion and cracking of concrete. Though slag also suppresses ASR,
its role as an alkali remover is unclear, and the mechanism by which it acts remains

unresolved and controversial.

It is of considerable significance to optimize cement replacement by microsilica as
an efficient preventive method against ASR. Apart {rom the practical consideration
that the cost of microsilica is about twelve to fourteen times the cost of ordinary port-
land cement in the Middle East market, an overdose of microsilica may bring about
other concomitant adverse effects which may mitigate its now widely recognised benefi-
cial role in improving the general performance of concrete. It has been found that the
replacement of portland cement by increasing proportions of microsilica leads to a low-
ering of the pH and to an increase in the proportion of the free chlorides in the pore
solution, thereby significantly increasing the C1"/OH™ ratio and the risk of chioride-in-

- duced corrosion.

In terms of potential use of slag and fly ash in the prevention of ASR in concrete,
sufficient data is not available to evaluate their effectiveness as alkali removers and to

elucidate the mechanism by which they act to suppress ASR.
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1.3.5 PHYSICAL FACTORS

1.3.5.1 Permeability to Water and Chloride Ions

Microcracks in concrete are a principal source of permeability which is the single
most important criterion of concrete durability. Mineral admixtures such as fly ash,
blast furnace slag and silica fume can be used to reduce the microcracks and thereby

improve general durability of concrete.

Studies conducted at King Fahd University of Petrélcum and Minerals (24) show
that 20% replacement of cement by a Class F fly ash in concrete cured for 90 davs
reduced permeability. Berry and Malhotra (25)cited studies of Davis to show that con-
crete pipes containing 30 or 50% fly ash as cement replacement and cured for 6
months were approximately five times impermeable than corresponding plain concrete.
ﬁolden et. al (26) reported that the chloride ion diffusion was decrcased when 30% fly

ash was used as cement replacement.

According to a recent review by Douglas (27), detailed data on permeability of
conérete with slags are not available. Douglas cited Kondo et al and Baker's work on
cement mortars to show that, with curing age, the diffusion coefTicient in slag cement
mortars diminished faster than the diffusion coefficient in a portiand cement mortar
and that slag cement mortars were 10 to 100 times less permeable to water than port-

land cement mortar.

Water permeability of a lean concrete mix { 100 kg./cu.m cement content) with sil-
ica fume of 10% by weight of total cementitious material was found to be less by four
order than that of control concrete (28). However at high cement contents the degree

of effectiveness of silica fume in reducing permeability was found to be diminished.

o e e e
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Sellevold and Nilsen (28) report that the available data indicate that the silica fume in
concrete reduces the permeability more than it improves the compressive strength i.e.,
the efficiency factor is greater with respect to permeability than with respect to com-

pressive strength.

1.3.5.2 Pore Size Distribution

Very few studies have been conducted on pore size distribution of blended
cements. Studies conductéd by Manmohan and Mehta (29) and Marsh et al (30) show
refinement of pores in fly ash and slag blended cements. The pore refinement in
blended cements is responsible for the reduced permeability to water and aggressive

ions.

1.3.5.3 Electrical Resistivity

There is no systematic data available on electrical resistivity of blended cements.
Recent literature review on supplementary cementing materials by P.K.Mehta (12)
reports only one study conducted on electrical resistivity of silica fume blended cement
by Gjorv. Gjorv (31) found that‘thc electrical resistivity of a concrete incorporating
20% silica fume by weight of total cementitious material, was about 15 times that of

the plain concrete.
1.4 CEMENT FACTORS AFFECTING CONCRETE DURABILITY

Concrete is a diphasic material comprising hardened cement paste and aggregates.

Although the aggregates constitute about 70% of concrete, it is regarded as neutral,

e e 4 e el e



19
innocuous, passive, cheap filler material. It is the hardened cement paste which is the
active component and is responsible for all the good and bad qualities of concrete.
Cement paste has a pre-eminent position in determining the most important property
of plastic concrete i.e workability and the most important properties of hardened con-
crete, strength, durability and dimensional stability. This focuses on the decisive and

critical role of cement in determining the durability performance of concrete structures.

Three cement factors can be identified which very strongly affect the concrete
durability in the Gulf region:
(i) cement compositional variables
(i) cement properties aflecting the alkalinity of concrete

(iii) cement characteristics affecting the physical structure of concrete.

1.41 CEMENT COMPOSITIONAL PARAMETERS AND CONCRETE
DURABILITY

It is of considerable significance that cement is not a unified chemical entity. It
comprises of four distinctly separate phases C,S, C.S, C,A and C,AF, which hydratc,

generate products of hydration and contribute to concrete propertics in accordance

with their individual characteristics and properties.

Cement compositional variables affect concrete durability in two ways: '
(i) through the chloride cdmbining capacity of its phases and hydra-
tion products.
(ii)  through the formation of products which cause expansions/ crack-

ing as well as degradation of cohesion/strength of hardened cement

paste.
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1.4.1.1 Chloride Combining Capacity

(a) C,A Factor :

Corrosion of reinforcement is promoted by free dissolved or unbound chloride ions
present in the pore fluid of concrete. Chlorides which are chemically bound or strongly
adsorbed by cement phases and hydration products are innocuous or passive in terms
of corrosion action on concrete reinforcement. In view of the fact that the corrosion
of reinforcing steel in the Gulf region is entirely chloride oriented, the complexing of
free chlorides with cement is a reaction of great significance in concrete. The combining

of chlorides with cement phase/hydration products is akin to chloride removal from its

hazardous role of steel corrosion promotion.

The predominant phase of cement which complexes with chlorides is tricalcium

aluminate (C,A) forming either insoluble calcium monochloroaluminate
(3Ca0.Al, O,. CaCl,. 10H,0) or calcium trichloroaluminate
(3Ca0. Al,. O,. 3CaCl,. 32H,0) also called Friedel's salt. This implies that high C,A

cements would tolerate more chlorides without corrosion initiation and should offer

higher chloride corrosion resistance than low C, A cements. This beneficial effect of
the C, A content on corrosion resistance has been established by Rasheeduzzafar et al

(32) and is confirmed by other studies (33-36).

In the pore solution study carried out by Page and Vennesland (37) on a medium
Type 11 7.2% C; A cement, two levels of chloride additions (0.6 and 1.6% calcium

chloride) were made. In a second study carried out by Diamond (38) a 9.1% type 1

OPC was used and chloride levels of 0.05, 0.2, 0.5, 1.0, 1.5 aﬁd 2.0% by wight of
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cement derived from calcium chloride and were inducted. Sodium chloride was also
used to study cation effect for chloride concentration corresponding to 1.0, 0.5, 0.2%

calcium chloride.

The comparison of these two data show about a 100% differential in the values of
equilibrium chloride concentrations remaining free in the pore solution. This differen-
tial obviously cannot be explained by their relatively small differential of C; A content

(7.2% and 9.1%) in the two cements used.

In addition to the inconsistency, these data are also limited to only medium C, A

contents giving no information on the free chlorides which would be available in low or

high C, A cements.

However, in this significant chloride combining mechanism there are several unre-
solved issues which need further investigation. Firstly, the relationship between C, A
content and chloride removal is affected by several parameters and is not understood

quantitatively. Some of these interactive parameters are discussed below:

(i) Chloride Combining Capacity of C,A in the presence of sulfates :

C,A has great reaction affinity for sulfate ions and is known to combine preferen-

tially with sulfates in the presence of chlorides (39). Schwiete et al (40) investigated the
order of combination of aluminates in cement pastes containing calcium hydroxide,
gypsum and calcium chloride. The combination of sulfate and chloride occurred in the
following order : formation of the trisulfoaluminate hydrate until the sulfate was con-
sumed, formation of the chloroaluminate hydrate until the chloride was consumed and
formation of the monosulfoaluminate hydrate from the trisulfoaluminate and excess

aluminate or aluminoferrites present. C, A combination with sulfates results in the

U
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initial formation of trisulfoaluminate hydrate (C,A.3CaS0O,.32H,0) which converts
over a period of days to weeks into a monosulfoaluminate hydrate
(C,A.3CaS0O,.32H,0) (41). Since 3-4 percent gypsum (CaSO,.2H,0) is added to
cement to regulate its time of set, stoichiometric calculations show that about 2.5 per-
cent C,A will be needed for combination with 4 percent gypsum to form trisulfoalumi-
nate, if it is the stable product of hydration. However, about 6 percent C,A will be

preferentially consumed in the complete combination of 3-4 percent gypsum into
monosulfoaluminate hydrate, if trisulfoaluminate hydrate is unstable due to the pres-

ence of unconsumed C,A. This implies that in low C;A cements having C,A less than
6 percent, no C,A will be available for chloride removal. In high C,A cements, only
the balance C,A which has not been used in sulfate reactions would be available for

chloride removal.

The interactive effect of sulfate ions on chloride removal is also of great practical
significance for the corrosion durability of concrete substructures such as founda-
tions in the Gulf States. On the Gulf scaboard the unique situation on construction
sites is usually characterized by concomitant presence of high chloride and sulfate con-
centrations in soils and groundwater. Foundations are concurrently subjected to sul-
fate attack and chloride induced rebar corrosion. In such a situation the reduction in

the chloride removal capacity of C;A by sulfates is of considerable practical signifi-

cance.
(ii) Type of chlorides :

Chlorides derived from calcium chloride have been shown as having higher com-

plexing ability with C, A than chlorides derived from sodium chloride (42). Further,

e ame e e e e
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calcium chloride based chlorides cause higher pore solution concentration of OH™ ions
than sodium chloride based chloride (42,43). Calcium chloride is the most commonly
used accelerator and deicing salt, whereas the sodium derived chlorides are commonly

induced into concrete through sea-dredged sand and seawater.
(iii) Chloride Binding Capacity Limits of C, A :

Another fact of considerable significance is the limiting chloride binding capacity
of C,A. Studies carried out at King Fahd University of Petroleum and Minerals (44)
showed that the differential in the corrosion resistance performance in terms of time-to-

cracking of a high C,A (9.5%) and low C,A (2.8%) cement was reduced as the chlo-

ride content of the concrete is measured. This indicates a definite chloride binding limit

of a specified C; A content in cement. However, a view has been expressed without

evidence (45) that the chloride present, up to several percents by weight of cement, is
distributed in a specific ratio (depending on various parameters) between the solid
cement phases of hydration products and the pore solution of the hardened cement
paste. This implies that when the chloride included is greater, the volume of combined
bound chloride would also be higher. No data exist on the chloride binding limits of

various C,A contents, and rescarch in this area is needed to elucidate this relationship.
(iv) Stability of Calcium Chloroaluminate Compounds :

In the Gulf region concrete surfaces may be heated up to 70°C in summer months
due to dried solar radiation effect. No organised research has been carried out on the
stability of calcium monochloroaluminate and trichloroaluminate compounds at temp-

eratures higher than room temperatures and under the influence of carbonation.

(v) Manner of Occurrence of Chlorides :
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There are two mechanisms by which chlorides enter concrete. In the Gulf condi-
tion, significant chlorides may be induced by the constituent materials at the time of
mixing and subsequently at very early ages through the brackish curing water. This pri-
mary chloride is, therefore, present in concrete when cement hydration reactions are
vigorously proceeding and, it seems, would have a significantly better chance of com-
plexing with hydration products of C,A or other phases of cement such as C,S. On the
other hand chlorides could also permeate into hardened mature concrete from external
environment when the hydration process is advanced kor completed and the structure is
in service. Such secondary chlorides are inducted into concrete through de-icer salts or
through chloride bearing soils and groundwater and marine environments. In such a
situation it may be presumed that with advanced or virtually completed hydration, the
exteﬁt of chloride combination would be less. Also, probably the combination com-
pounds formed would be less stable. Onc investigation (46) confirms the presence of
calcium chloroaluminate and hence the chloride combination in concrete wherein chlo-
rides diffused at a later age. However there are also indications that in such cases chlo-

ride combination occurs to a significantly lesser extent.

There is no organised research data available to elucidate the differential in the
chloride binding capacity of primary and secondary chlorides in cements of different

types, which vary with respect to the C,A content.

(b) Chloride Binding Capacity of Alite Phase of Cement

While the effect of C3A is the dominaﬁt mechanism for the removal of free chlo-

ride ions from pore water, other processes also contribute, because even cements that

do not contain C; A have been found to exhibit significant chloride binding capacity
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(36,47). There is, however, little quantitative information available in the literature con-

cerning the relative influence of cement minerals other than C, A. In the case of ferrite
phase, C,AF, reactions leading to the formation of calcium chloroaluminate and chlo-

roferrite hydrates have been shown to occur (35) though their practical importance in

binding free chloride ions is reported to be small(39).

As regards to calcium silicates, specially the alite (C, S) phase of cement, there is
significant controversy about its effectiveness in chloride removal. Ramachandran
(48,49) has suggested that a high proportion of the chloride ions contributed by the
admixture are'rapidly removed from the solution phase, forming an interlayer chemi-
sorbed cdmplex within C-S-H gel. More recent investigation by Ramachandran et al
(50) also confirms that in mature pastes of C,S , hydrated at a water/solid ratio of 1.0
in the presence of calcium chloride, a significant proportion of chioride ions becomes
bound to hydration products. However, this later work indicates that the extent of

binding by C,S is considerably lesser than suggested by Ramachandran in his earlier

studies (48,49). Sidney Diamond and Lopez-Flores (51) in a 1981 study, however,
appear to negate Ramachandran’s conclusions. Using high pressure sampling technique
(52), it was found that in cement pastes, made with calcium chloride addition and w/c
ratio of 0.4 to 0.5, high concentration of dissolved chloride ions in pore liquid were
retained throughout fairly long periods of hydration. In another study Sidney Diamond
(38) has , however, confirmed that he has observed many times the presence of chloride
within local regions of calcium-silicate-hydrate (C-S-H) gel hydration product in exam-
ining concrete exposed to salts by energy-dispersive X-ray analysis in a scanning elec-
tron microscope: He is of an opinion that it is extremely likely that a portion of the
chloride removed from solution is resident within (or perhaps in part adsorbed on)

C-S-H gel hydration product within the pastec. However, in a 1985 study carried out
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on chloride binding capacities of alite (C,S) phase using the technique of pore fluid
chemistry, Lambert et al (53) have concluded that "the quantity of chloride ion that

became incorporated into hydration products of alite was insignificant”.

(c) Influence of Blending Admixtures on Chloride Binding Capacity

Silica fume, blast furnace slag and fly ash are the three blending admixtures which
have a high potential of usage in the Gulf region for the production of durable con-
crete. It would therefore be of considerable interest to investigate the effect of these
additions on chloride removal mechanisms. Formulation of high performance blended
cement is a relatively recent development and scant organised research data are avail-
able on this aspect. In a 1983 study by Page and Vennesland (37) using the technique
of pore fluid chemistry, it was found that with increasing percentage of cement by silica
fume replacement (10 to 30 percent), the capacity of the cement to bind chloride ions,
introduced during mixing, declined. They have hypothesized that this may be due to
the increased solubility of Friedel’s salt at reduced pH levels caused by silica fume addi-
tion. A recent study carried out by Kawamura and Kayyali (43), has developed data
pertaining to the effect of fly ash on chloride ion concentrations in pore fluid. They

found that fly ash has little effect on chloride ion concentration in pore solution of

mortars below the dosage of 2% CI™ as Ca Cl,. However, the addition of fly ash con-

siderably reduced CI™ concentration in mortars treated with NaCl at 1 and 2 % chlo-

ride levels.

Both the aforesaid studies have developed only limited data, specially with respect

to the eflect of these admixtures on different cement types in terms of C,A factor. The

study by Page was carried out on a 7.18% C,A cement whereas the Japanese study on
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bﬂy ash was carried out on a 3.73% C; A cement. The C,A content of the first study is
relatively low where as that of the second investigation is too low for any significant
chloride binding role of C,A in the presence of these admixtures. In view of their high
usage potential it would be of great interest to sec the chloride binding effect of varying

C,A cement contents in conjunction with these three blending materials.

1.4.1.2  Formation of Products Causing Expansion and Degradation of Con-

crete

Deterioration of concrete in sulfate bearing soil and groundwater can take place in

either or both of the following manners:
(i) Overall expansion and cracking due to formation of ettringite

(3Ca0.Al, O, .3CaS0O, .32H, O) as a result of reaction between suifate

ions and the hydration products of C, A, mainly calcium monosulfoalu-

minate (3Ca0.Al, O, .CaSO, .10H, 0).

(i1) Eating away or softening of concrete due to the conversion of hydration
product Ca(OH), to gypsum as a result of reaction of calcium hydrox-

ide with sulfate ions.

In terms of cement composition, there has been a definite perception of a general

correlation between C, A content and sulfate resistance for quite sometime now. An

increase of C, A beyond 8 percent results in a sharp increase in the sulfate attack.

Another factor which controls sulfate resistance of plain cements is the ratio of

two silicates (C,S/C,S) which constitute about 75% of cement by weight. When the

content of the two aluminates (C,A and C,AF) is relatively constant, the ratio of the

L e ———— e e
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silicates (C,S/C.S) controls the quantum of calcium hydroxide in hydrated cement
paste as well as the rate of early age hydration and strength development. High
C,S/C,S cements result in higher proportions of calcium hydroxide and higher
amounts of gypsum on exposure to sulfates. The formation of gypsum results in sof-
tening of concrete. In order to evaluate the influence of C,S/C,S factor on the sulfate
resistance of cements, Rasheeduzzafar et al (20) carried out tests on cements designated
as cements 6 and 7. Cement 6 had C; A of 9.3% and C, S/C, S ratio of 2.57 while
cement 7 had C; A of 11.9% and C, S/C, S ratio of 7.88. The results showed that at
an immersion age of 150 days, the strength loss due to sulfate attack for cement 7 (C,
S/C, S : 7.88) was 1.8 times that for cement 6 (C;S/C,S : 2.57). It is obvious that
such a big difference in sulfate deterioration can not be attributed to the relatively
small difference in tile C,; A contents of the two cements alone. It is most likely due to
the higher proportion of C, S and a lower C, S content of cement 7 in comparison to

these values in cement 6.

1.4.1.3 Deteriorations Due to Alkali-Silica Reactions

Damage due to alkali-silica reaction has received considerable attention in the
‘Middle East (5,6) and over the years the problem has assumed global concern. The
deteriorations caused by the alkali-silica reactions as a result of reactions between
ccment alkalies and reactive aggregates results in profuse map cracking, pop outs, gel

exudations and discoloration of concrete surfaces.

It is now generally recognised that the development of high concentrations of

alkali hydroxides in the pore solution of concrete is the first and the most vital step in
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the sequence of responses which precede and eventually lead to the visible manifesta-

tions of alkali-silica reaction deteriorations.

In terms of suppression of alkali-silica reaction (ASR), it is now widely recognised
that microsilica possesses a remarkable ability to actively remove alkali hydroxides
from the pore solution, thereby virtually eliminating the physico-chemical responscs
resulting in the expansion and cracking of concrete. Although slag and fly ash also sup-
press ASR, their role as alkali removers is unclear, and the mechanism by' which they

act remains unresolved and controversial.

1.4.2 CEMENT PROPERTIES AFFECTING ALKALINITY OF CEMENT

The chloride concentration that can be tolerated by steel before corrosion is initi-
ated is dependent on the electrochemical potential of the steel and more significantly
on the pH of the surrounding cement paste. While it is certainly of interest to establish
the equilibrium chloride ion concentration that would remain indefinitely in the pore
solution of a given cement, it ié reasonably well established that the depassivation of
steel, whére it occurs, is a function not only of chloride ion concentration but also of
OH" concentration as well. Hausmann (11) has suggested a threshold C1 /OH~ value
of 0.60, Hausmann'’s tests were carried out on simulated pore solution of pI1 less than
that obtainable in cement. Gouda (54) has also carried out tests on artificial solution
of varying pH values and has suggested different: threshold Cl/OII ratios for different
pH values. Both their studies were carried out on simulated solutions and there is no
concrete derived data as yet which establishes the threshold chloride values for steel
corrosion in concrete. There are difficulties in.establishing a critical chloride level in the

absence of an authentic concrete based Cl / OH threshold value.



30
Two studies (38,53) carried out on CI"/OH™ ratio in pore solution of plain
cements are related to medium C, A cements (9.1% and 7.2%) and give widely diver-

gent results with 100% differential.

It is a matter of considerable practical significance that both chloride binding

capacity (and hence free chloride content in pore solution) and the pH (and hence the
OH" concentration of the pore electrolyte) are strong function of the cement composi-
tion. The pH and consequently the OH™ concentration of the pore solution would be
significantly affected by the addition of blending materials such as silica fume, fly ashes
and blast furnace slag because of the calcium hydroxide consumption (37,55) in secon-
dary reaction between the reactive silica of the pozzolanic material and the calcium
hydroxide of hydrated cement. This significant modification of the OH™ concentration
in conjunction with the effect of blending materials on chloride binding capacity will
completely alter Cl.'/OH' ratio in the pore solutions of the blended cements. No study
has been carried out to evaluate the Cl / OH ratios in low and high CA cements

which are of considerable importance for this region because o their high sulfate and

chloride resistances respectively.

1.43 CEMENT CHARACTERISTICS AFFECTING PHYSICAL STRUC-
TURE OF CEMENT

Physical structure of cement paste and concrete, signifying its impermeability to
aggressive ions, moisture and gases, is a cornerstone of several mechanisms which
explain the high durability performance of certain special modified cements. Imperme-
ability and dense structure as a physicgl factor has received scant attention compared

to chemical factors which are being extensively investigated currently in durability
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studies. Two examples illustrate this contention.

The first example is from the data developed in preliminary tests of this research
program on a plain and microsilica blended cements. The parent cement used for both

the cements was a 14% C, A cement. The data show that in spite of a 36 time higher

CI"/OH" ratio for the pore fluid of microsilica blended cement compared to plain
cement, its corrosion resistance performance is 3 times better. This corrosion perform-
ance position is a total reversal of the pore solution chemistry indication, which show

the microsilica blended cement to be 36 times more vulnerable to corrosion initiation.

The second example is from research carried out by Bakker(56) on alkali-silica
expansion performance of plain and blast furnace slag cements. The alkali concentra-

tions (as equivalent Na,O) in the pore fluid of plain and 75% blast furnace slag

cements were 0.72% and 0.95% respectively. The alkali-silica reaction expansions of
these two cements in 40x40x160 mm, 0.5 W/C ratio mortar prisms made with reactive
pyrex glass were 4.0 mm/m and 0.6 mm/m respectively. The data show that although
the alkali concentrations in the pore solution of blast furnace slag cement was 1.4 times
higher, the expansions in the blast furnace slag cement specimens were 7 times lower

than for the plain cement specimens.

Both the behaviors can be explained on the basis of the physical structure of the
microsilica and the blast furnace slag cements. Microsilica blended cement concrete
was observed to be more than ten times more impermeable than ordinary portiand
cement concrete. Bakker has also explained (56) the higher alkali-silica expansion resis-
tance performance of blast furnace slag on the basis of its dense impermeablé structure.
The transport of alkali ions in two-weck old blast furnace slag cement mortar was

found to be 15 times slower than in ordinary portland cement mortar and the blast fur-
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nace slag cement mortar was found to be ten to one hundred fold more impermeable to

water than ordinary portland cement (56).

This durability performance pattern of blended cements emphasises the physi-
cal factor as pre-eminent criterion of concrete durability. The two most important
characteristic signifying the physical factor are the impermeability and the electri-

cal resistivity of concrete.

The mechanisms of both the dominant and most widely prevalent causal factors,
rebar corrosion and sulfate attack, generating concrete deterioration in the Gulf envi-
ronment are extremely permeability oriented. Sulfate attack occurs when sulfate solu-
tions permeafe into the concrete matrix, ahd rebar corrosion cells are developed and
activated by the diffusion of chlorides and oxygen to the steel-concrete interface. Chlo-
rides depassivate the steel and oxygen depolarizes the cathode, thereby creating condi-

tions for the onset of corrosion.

Rebar corrosion being an electrochemical process, the flow of corrosion current is
a strong function of the electrical resistivity of concrete. Electrical resistivity of con-
crete predominantly depends on the moisture conditions and the denseness of concrete

structure (57,58).

In terms of permeability, the most important factor is the pore size distribution
and not the total porosity (29). A larger number of smaller pores resulting from seg-
mentation of larger linked pores significantly reduces permeability to water and mois-
ture and jonic transportation into concrete. Relatively little work has been done on

pore size distribution evaluation of blended cements.

Electrical resistivity data for plain concrete is also scant, and virtually no data exist

on the electrical conductance characteristics of blended cements.

e mee e e e e
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Chapter 2

2. OBJECTIVES AND RESEARCH PROGRAM

Research carried out at King Fahd University of Petroleum and Minerals (23) on
concrete durability indicates that the corrosion resistance performance of plain cement
is a strong function of its C,A content. Higher C,A content improves corrosion resis-
tance performance. Concrete made with 14% C,A plain cement performed 2.5 times
better than a 2% C,A cement in terms of corrosion initiation time. Also, certain
blended cements performed manifold better than even the 14% C,A plain cement in
terms of corrosion resistance. A 20 and 10% microsilica blended cement concrete per-
formed 3 times better than plain 14% C,A Type T cement concrete, whereas a 70%
blast furnace slag cement and 30% fly ash blended cement performed 2.11 and 1.75

times better than the corresponding plain 14% C,A cement concrete respectively.

Likewise, in terms of expansions and resulting disruption due to alkali-silica reac-
tivity , incorporation of 10 and 20% microsilica and 60 and 70% slag reduced expan-
sions from nine times the permissible expansion to safe values ranging from one-tenth

to one-half the allowable expansion.

There is a general lack of information about the mechanisms which determine the
durability performance of certain plain and blended cements. 'Amongst the important

broad factors which influence durability mechanisms related with corrosion of rein-
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forcement and deterioration due to alkali-silica reactivity of plain and blended cements
are:

(a) the chemical environment of concrete

(b) the physical structure of concrete

The chemical environment of concrete determines the aggressivity of the pore solu-
tion affecting corrosion risk and the severity of the alkali-silica reactions culminating in
the cracking of concrete. The physical structure determines the mobility of aggressive
substances toward stcel-concrete interface for corrosion and mobility of hydroxyl ions

toward the reaction sites for alkali-silica reactivity.

From the standpoint of reinforcing steel corrosion and alkali- silica reactivity dete-
riorations, the chemical environment of concrete is characterized by the concentration
of chloride and hydroxyl ions in the pore solution of concretc. The predominant fac-
tors which affect the concentration of the aforesaid ions in the pore solution are those
which influence the chloride binding capacity of cement and its alkalinity. The fol-
lowing factors may be identified as affecting chloride binding capacity of cement and
its alkalinity:

(i)  compositional characteristics of cement in terms of C,A and alkali
contents.
(i) concomitant presence of sulfate ions
(iii) temperature
(iv) mode of occurrence of chlorides
(v)  level of chloride contamination
(vi)  Presence of mineral admixtures such as microsilica, blast furnacc

slag and fly ash.
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The physical structure of concrete is mainly governed by the pore size distribution

of the hardened cement paste. A refinement of the pore size distribution retards the
mobility of aggressive substances such as chlorides and oxygen as well as increases the
electrical resistivity of concrete, thereby réducing the flow of corrosion current. The
single most important factor which brings about desirable changes in the physical
structure of cement paste is the inclusion of mineral admixtures such as microsilica,

blast furnace slag and fly ash.

The objective of this research is to study the effect of the following factors on the
chemical environment and physical characteristics of concrete in an effort to evaluate
their influence on the mechanism of corrosion resistance and alkali-silica reactivity:

(i) C,A content of cement

(ii)  alkali content of cement
(iif) level of chlorides
(iv)  sulfate-chloride interaction
(v) temperature of concrete
(vi)  mode of occurrence of chlorides (internal and external)
(vii)  presence of mineral admixtures such as microsilica, blast furnace

slag and fly ash.

The presence of mineral admixtures such as microsilica, blast furnace slag and fly
ash significantly modifies the basic compositional characteristics of cement. Cements
formulated by the blending of these materials are called blended cements. The study

therefore includes a study of durability mechanisms of plain as well as blended cements.

The details of the program are given in Table 2.1.



2.1 SPECIFIC OBJECTIVES AND RESEARCH PROGRAM

2.1.1 Chloride Binding Mechanism in Plain Cements

Tests have been conducted to study the effect of C,A content, alkali content,

level of chlorides, concomitant presence of sulfates, temperature and the mode of
occurrence of chlorides on chloride binding mechanism and alkalinity of plain cements.

The detailed program is given in Table 2.2

2.1.2 Determination of Threshold CI"/OH™ Ratio in Plain Cements

CI"/OH" ratio is a rough measure of corrosion risk of reinforcing steel in con-
crete. Data on threshold C1"/OH™ ratio for depassivation of steel in concrete is not
available on actual concrete. Hence, this study attempts to quantify the threshold
CI"/OH™ ratio of steel in cement mortar using three different C,A plain cements. The

details of the program are shown in Table 2.3.

2.1.3 Chioride Binding Mechanism in Blended Cements

Tests have been conducted to study the mechanism of chloride binding in Type I
and Type V cements blended with microsilica, blast furnace slag, and fly ash on a par-

tial replacement basis. The details of the test program are shown in Table 2.4.
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2.1.4 Mechanism of Reduction of OH™ lIons from Pore Solution in Blended

Cements

OH" ion concentration decreases the .aggreésivity of pore solution for corrosion of
reinforcement whereas it increases the risk of alkali-silica reactivity and its consequent
deterioration. Pore solution extruded from chloride-free pastes of Type 1 14% C,A
cement blended with several levels of microsilica, blast furnace slag and fly ash has
been analysed for OH™ ion concentrations. The details of the test program for corro-

sion and alkali-silica reactivity study are 4given in Table 2.5.

2.1.5 Effect of Physical Characteristics on Durability Mechanisms

Physical structure characterized by the pore size distribution affects the mobility of
aggressive substances into concrete as well as the electrical resistivity which control
corrosion current flow. This study evaluates the pore size distribution of plain and
microsi]ic:;l, blast furnace slag and fly ash blended cements and their effect on perme-
ability, chloride ion diffusion, electrical resistivity and oxygen diffusion. Thesc data
éxplain the significantly improved durability performance mechanism of blended
cements in spite of enhanced aggressivity of the pore solution. The detailed program is

shown in Table 2.6.
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Chapter 3

3. METHODOLOGY OF RESEARCH

In the course of this research following tests have been conducted:

(1)  corrosion monitoring tests to .evaluate corrosion behavior of steel
reinforcement in plain and blended cement concretes in terms of cor-
rosion rates in active corrosion state,

(ii) mortar bar expansion tests to quantify deteriorations due to alkali-sil-
ica reactions,
(iii) pofe fluid extraction and analysis to characterize chemistry of pore

electrolyte in terms of free chloride ion and hydroxyl ion concentra-
tions in the pore solution,.
(iv)  tests on permeability to evaluate cocfficient of permeability of con-
crete to water using a rapid high pressure permeability apparatus,
(v) chloride diflusion tests to evaluate diffusion coefficient of chloride
ions through mature hydrated cement paste,
(vi)  resistivity tests to evaluate electrical resistivity of concrete,
(vii) oxygen diffusion tests to evaluate diffusion of oxygen in concrete,
necessary for corrosion process to proceed, and
(viii) pore size distribution analysis to characterize pore size and volume

distribution system in hardened plain and blended cement pastes.
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3.1 MATERIALS AND MIXES USED

3.1.1 MIXES USED

The above mentioned tests were conducted either on cement paste or concrete

depending on the test requirements. Two types of cement pastes and two types of con-

crete mixes were used.

3.1.1.1 Ceme_nt Pastes

Cement pastes used for pore fluid extraction and analysis tests were made with a
water to cementitious ratio of 0.60 by weight. The cement was thoroughly mixed with
water in a container till uniform before the molds being filled in two layers , each layer
being compacted by vibration. In case of blended cements, required quantities pf the
cement and the blending material were mixed thoroughly in dry state till a uniform
color is appeared and then mixed with water thoroughly. The mold were filled with the

paste in two layers, each layer being compacted by vibration.

For chloride diffusion and pore size distribution analysis tests, cement paste was
used with a water to cementitious ratio of 0.50. For chloride diffusion tests, same mix-
ing and casting procedure was adopted as for the pore {luid extraction and analysis
tests. However, for pore size distribution analysis tests, a different method of mixing
was adopted to ensure a more uniform mixing of the cement and the blending material.
Required quantities of the cement and the blending material were mixed in dry state in
a kitchen blender at a low spced. Water is then added and the blender run for one min-
ute intervals thrice, each time ensuring visually the proper mixing of the paste. Cylin-

drical PVC molds of 25x50 mm size were filled with the mixed paste in two layers,
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compacting each layer by vibration.

3.1.1.2 Cement Mortar

Cement mortar was used for determining expansions caused due to alkali-silica
reactions. The aggregate used was obtained by crushing and grading lump cullet Pyrex
No. 7740 in accordance with the ASTM C441 specification. The graded pyrex in the
ASTM C441 comprises equal amounts of five fractions: #4-8, #8-16, #16-30, #30-50
and #50-100 mesh.

3.1.1.3 Concrete Mixes

Same type of concrete mix was used for corrosion monitoring, resistivity and oxy-
gen diffusion tests. However, a different type of concrete mix was used for permeability
test specimens. An effective water to cementitious material ratio of 0.50, a cement fac-
tor of 600 Ibs/cu.yd. and coarse to fine aggregate ratio of 2.0 were used for the con-
crete mix used for corrosion monitoring, resistivity and oxygen diffusion tésts. The
coarse aggregate, crushed limestone, was used after washing to remove salt contamina-
tion. The fine aggregate used was beach sand. The absorption capacities of the coarse

and the fine aggregates were 2.65% and 0.50% respectively.

The concrete mix used for permeability tests had an effective water to cementitious
materials ratio of 0.55, a cement factor of 550 Ibs/cu.yd. and coarse aggregate to fine
aggregate ratio of 2.0. A smaller sized coarse aggregate was used because of the limita-
tion on the size of the specimen (the wall thickness of the hollow cylindrical specimen
was 3/4 inch). The coarse aggregate washed crushed limestone comprising of 60%

3/8-3/16 inch size and 40% 3/16-3/32 inch size aggregate. The fine aggregate was beach
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sand. The absorption coefficients of the coarse and the fine aggregate are 2.65% and

0.50% respectively.

The mixing of the concrete for all the tests was carried out in accordance with
ASTM C305. The samples were cast in two layers, each layer being compacted by

vibration.

3.1.2 CEMENTS USED

A total number of four ordinary portland cements were used in this study namely,
Saudi Kuwaiti OPC Type V (cement 1), Saudi Kuwaiti OPC Type I (cement 2), Saudi
Cement OPC Type I (cement 3) ar_ld Blue Circle Cement (U.K.) OPC Type I (cement
4). The oxide and potential Bogue compound compositions of the cements are given in

Table 3.1.

3.1.3 BLENDING MATERIALS USED

Three types of blending materials were used, namely, {ly ash, blast furnace slag,
and microsilica (silica fume). The {ly ash used was an ASTM Class F of bituminous
origin and was obtained from U.K. The blast furnace slag used was supplied by Atlan-
tic Cement Company, U.K. and microsilica was obtained from Elkem Chemicals, Nor-
way. The compositions of fly ash, blast furnace slag, and microsilica used are given in
Table 3.2. In .all the tests, only one cement replacement level was used for fly ash and
blast furnace slag, which were 30% and 70% by weight for the fly ash and the blast
furnace slag respectively. However, two cement replacement levels of 10% and 20% by

weight were used for microsilica.
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3.2 EXPERIMENTAL METHODS

3.2.1 CORROSION MONITORING TESTS

3.2.1.1 Corrosion Initiation Time

Corrosion initiation tests were conducted on triplicate specimens to determine
threshold CI"/OH"™ ratio in plain cement mortars made with different C,A cements.

Primastic cement mortar specimens 2x2x12 inch (50x50x300 mm) with a 1/2 inch (12
mm) diameter steel bar embedded centrally, as shown in Fig.3.1 and Plate 3.1, were
cast and cured for the 14 days prior to partial immersion in 5% NaCl solution. A water
to cement ratio of 0.55 and sand to cement ratio of 2 were used. Corrosion was moni-
tored by obtaining half cell potential. The threshold potential for corrosion inititaion
was taken at -270 mV (SCE). Immediately after initiation of corrosion, the specimens
were taken from the chloride solution and pore solution extracted from the mortar sur-
rounding the steel bar. For this, the specimens were cut to a cross-section of Ix1 inch
(25x25 mm) by a cutting blade, as shown by the hatched area in Fig. 3.1. Dry cutting
was employed and care was taken not loose moisture from the specimens during cut-
ting. The specimens were transferred to.p]astic bags immediately after cutting, scaled
and crushed to small pieces. The crushed material was then immediately transferred to

the pore solution expression device and pore solution extracted.

3.2.1.2 Corrosion Rates

Corrosion rates were measured for the plain cement concretes and blended cement
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concretes using fly ash blended cement, blast furnace slag cement, and 10% and 20%
microsilica blended | cement concretes. Corrosion rates were measured on triplicate
4x2.5x12 inch (100x62.5x300 mm) concrete prismatic specimens containing a 1/2 inch
(12 mm) diameter stee] bar embedded centrally. The specimen is shown in Fig. 3.2 and
Plate 3.2. The specimens were cast in aluminium molds .and were covered with a wet
burlép after one hour. The specimens were demolded after 24 hours and cured in pota-
ble water for 28 days before they were partially immersed in 5% sodium chloride solu-
tion. The specimens were recovered from the sodium chloride solution after 1200 days
of exposure for corrosion rate measurement. At the time of corrosion rate measurc-
ment, the half cell potential measurement record showed the reinft orcing steel in all the

plain and the blended cement concretes to be in a state of active corrosion.

The corrosion rates were determined using Tafel plot technique. At the open cir-
cuit potential (corresponding to half cell potential E_.), the measurement of corrosion
current 1 is rendered impossible by the equilibrium of charges between anodic
cathodic regions, resulting in a zero net measurable current. This necessitates the
application of finite incremental potential scans between the specimen and reference
electrode, in a range of say £250 mV from E_,., in both the anodic and cathodic
directions. Each of these potential scans provides a net measurable current differential
between anodic and cathodic regions, corresponding to the applied potential scan. A
plot, called Tafel plot, can then be drawn between incremental potential scans and the
corresponding currents. The typical Téfel plot comprises of two curves of identical
shape, and the identical linear portions of the anodic and cathodic plots are extrapo-

lated backwards to intersect at co-ordinates (E__,I_ ). This enables evaluation of | -

which when substituted in the following equation gives the corrosion rate:



S0

3.27xI__XE.W
d

Corrosion Rate ( m/year) =

where,

I...= Corrosion current density ( A/cmz),

E.W= Equivalent weight of steel (gm),

d= Density of steel (gm/cm 3).

The instrumentation comprised EG & G Model 273 Potentiostat/Galvanostat with IR
compensation option, a computer and a printer. A stainless steel frame was used as
counter electrode. Fig. 3.3 is a schematic representation of the test set-up. The poten-

tial scan was applied at an incremental rate of 0.2 mV/sec in the range (E.-250 mV)
to (E .+ 250mV). IR drops between the reference and the working electrode ( steel

embedded in concrete), are automatically compensated by the system using current
interrupt technique. Softcorr Model 332 was used for data acquisition and analysis.

This program uses a chi-squared minimization technique for data interpretation.

3.2.2 PORE SOLUTION EXTRACTION AND ANALYSIS

Pore solution study was carried to study the efTects of variouslparameters on free
chloride ion and hydroxyl ion concentrations in the pore solution of hydrated cement
pastes. The various parameters studied are C,A content of cement, level of chlorides,
concomitant presence of sulfates, temperature effect, presence of blending materials
and effect of alkali content of cement. Also, OH"™ concentrations were measured in the

plain and blended chloride-free cements to study alkali-silica reactivity.
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3.2.2.1 Specimen Preperation for Pore Solution Extraction

Cement paste specimens with a water to cementitious material ratio of 0.60 was
used for all the pore solution tests. Deionized water was used for the preparation of
cement pastes. AR grade sodium chloride, sodium sulfate, calcium chloride and sodium
hydroxide were used. The required quantities of the salts were pre-dissolved in the mix
water. Cement paste specimens were prepared by using a staﬁdard Hobart mixer and a
mixing procedure in accordance with ASTM C305. After mixing, the specimens were

cast in 49mmx75mm impermeable cylindrical PVC molds. The molds were sealed and

stored at 20£2°C. Pore solution was extracted after six months of curing in sealed

containers.

3.2.2.2 Pore Solution Expression Device

(i) Description of the Device

The pore solution expression device used is similar in design to that described by
Longuet (52) and Barneyback and Diamond (59). A cross-section of the device is
shown in Fig. 3.4. Plate 3.3 shows a view of the pore solution'expression device. It
consists of a support cylinder, a platen and a plﬁriger. All the components of the device
are made of high strength alloy steel and are heat treated. The die body is designed as a
jacketed cylinder. A teflon disc is used to seal the top of the specimen p]a_lced in the
bore of the die. The top of the platen is scribed with a drain ring intersected by the
fluid drain. A heavy plastic tubing is inserted in the fluid drain which is projected out
of the dic body. Pore solution is collected by inserting a syringe into the enéi of the

plastic tubing.
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(i) Procedure for Pore Solution Expression

Before each pore solution expression cycle, all the parts of the device were cleaned
by distilled water and acetone. A thin layer of PTFE spray (commercially available as
ROCOL MRS non-silicone spray) was applied on the mating surfaces of the platen
and the die body and on the shaft of the piston. The platen was placed centrally on the
base of compression testing machine of 200 kN capacity. The die body is slided gently
across the mating surface until located against the two fixed pins. The final locking pin
was then inserted in position. The specimen was loaded into the bore of the die body
with the as-cast bottom in contact with the platen. The teflon sealing disc was inserted
into the bore with gentle taps with a soft faced rubber hammer onto the top of the
specimen. The piston was inserted into the bore. Before applying load to the piston, a
disposable sterilized 10 ml syringe was attached to the plastic tubing of the fluid drain.
Load was applied to the piston at a slow rate of 0.4 kN/sec up to a load of 50 kN so as
to preve.ntvthe die body lifting. Afterwards, a loading rate of 1 kN/sec was used. As the
loading proceeded, the plunger of the syringe was drawn back to create a slight vacuum
which could draw the expressed pore fluid into the syringe. Although a maximum pres-
sure of 375 MPa was used, in most of the cases a pressure of 225 MPa was sufficient
to draw 3 to 6 ml. of the pore fluid. The maximum pressure was sustained for about §
to 10 minutes. In some cases, the maximum pressure had to be sustained for longer
periods of about one hour to draw the required quantity of the fluid. If sufficient quan-
tity of the fluid was not collected on the first loading cycle, one or two more loading
cycles were applied between half and full pressure. The pore fluid was transferred to

sealed plastic vials for analysis.

After the desired quantity of the pore fluid was collected, the load was removed

and the piston and the die body assembly was slided off. The specimen was removed
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from the die body bore by applying pressure in the testing machine. The hollow base
cylinder was placed on the platen of the testing machine and the die body and the pis-
ton assembly was placed centrally above the base cylinder. Load was applied to the
piston slowly. A loading rate of 3 kN/sec was found to be convenient. With the appli-
cation of the load, the specimen was slowly moved downwards till it was ejected out of
the bore. The load application was stopped and the piston, the die body and the base
cylinder removed from the machine. The piston was removed by rotating and gently
pulling out of the die body bore. If the piston could not come out manually, it was
removed by applying pressure in the testing machine. To do so, the hollow base cylin-
der was placed in position on the platen of the testing machine. The collar of the pis-
ton was removed. The die body was placed centrally on the base cylinder. The plunger
was placed centrally on the top of the piston shaft and load applied till the piston shaft
came out and dropped into the-base cylinder. To avoid any damage to the piston shaft,
a piece of soft cloth was inserted in the hollow cylinder bore. When the piston is
removed from the die body bore, all the parts of the device were removed from the
machine and cleaned with distilled water and acetone. All the mating parts were
sprayed with the PTFE spray before reuse. The parts of the device had to be coatcd

with a thick layer of the spray coating during its storage.

3.2.3 DETERMINATION OF OH™ AND CI- CONCENTRATIONS IN
PORE SOLUTION

0.2 to 0.5 ml of the pore solution was diluted with deionized water to 10 ml. OH
ion concentration was measured by titration with 0.01 M nitric acid using phenol-
phthalein as indicator. The pH of the pore solution was calculated from the measured

OH"™ concentration as:
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pH= 14+log, JOH™]

where [OH™] = Hydroxyl ion concentration in M/L.

Chloride concentrations in the pore solution were determined by a microprocessor
ion-analyzer in conjunction with a solid-state chloride ion activity double junction ref-
erence electrode. The values obtained were regularly checked by titration using the

Gran plot method (60).
3.2.4 PERMEABILITY TEST

3.2.4.1 Description of the Apparatus

Permeability of concrete to water was measured using a high pressure permeability
apparatus developed in this study. The permeability measurement is based on the prin-
ciple of Darcy’s law of flow through porous media. Water was forced to flow through
concrete under a constant pressure and the coefficient of permeability was measured

when a steady state of flow was reached.

The permeability apparatus is shown in Fig. 3.5 and Plate 3.4. It consists of a
pressure vessel where the specimen is placed, a pressure gage to mecasure the water
pressure in the pressure vessel. The pressure is applied with the help of a nitrogen cyl-
inder connected to the air cylinder. A ram forces the water into the pressure vessel. The
apparatus is fitted with several valves, the functions of which are described below.
The specimen used was a hollow concrete cylinder (Fig. 3.5), 2.75 inch external diamec-
ter, 1.25 inch internal diameter and 3 inch height. The specimen was sealed at top and

bottom with 1/2 inch thick plexiglass disc using an epoxy.
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3.2.4.2 Operation

The specimen was placed in the pressure vessel and the pressure vessel was filled
with distilled water. Air bubbles, if any, were removed from the vessel. The pressure
vessel was f{ixed in place by bolting loosely. Water was pumped into the system with

values A and B open and C shut. This pumped water into the pressure vessel.

When it was ensured that the vessel was full with water, the bolts were tightened
firmly. The valve C was opened and water pumped in. This would pump water into the
vessel and water could come out from the valve C. When the water coming out from
valve C was in the form of a continous stream; the pumping was stopped. Valve A was
shut and water pumped in to move the ram to right. When the ram moved to the
extreme right position, pumping was stopped. Valve B was shut and valve A was
opened. Pressure was applied from the nitrogen cylinder to move the ram to the
extreme left position, This flushes oﬁt the water out from the system through valve C
and hence, any air trapped in along with the water. The pumping in and flushing out of
the water was repeated for three to four times. Finally, air release valve D, and valves
B and C were shut and desired pressure was applied from the nitrogen cylinder. The
pressure could be read from the pressure gage attached to th pressure vessel. Immedi-
ately after the application of the pressure, the reading on the scale and time were
recorded. The readings of time and the ram movement were noted with different inter-
vals of time. For a normal permeability concrete, it took about 24 hours for the com-
pletion of the test. A pressure of 300 psi was used for all the specimens tested except

for the specimens of 6-month age for which a pressure of 600 psi was used.

Volume of water injected into the specimen through its walls was computed from
the ram movement, which calibrated to the volume of water being forced in. The data

was plotted to obtain a q vs t curve (q being water injected into the specimen through
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its walls and t being the interval of time). The slope of the straight line portion, (dq/dt)
of the curve was taken as the steady state slope. K, the coefficient of permeability was

calculated using Darcy’s law.

3.2.5 CHLORIDE ION DIFFUSION

Chloride ion diffusion wﬁs measured using a chloride diffusion cell on hydrated
cement paste discs as shown in Fig. 3.6 and Plate 3.5. The discs were cut from the cen-
tral portion of 4 inch (100 mm) dia. cylindrical specimens cured in water for the
required period. The discs were 8 mm thick. An impermeable ring of epoxy was cast
around the disc so that its diameter was 5 inch (125 mm). The specimen was fixed in

the difTusion cell and chloride ion diffusion through the disc was measured.

The diffusion cell was similar in design to that used by Page et al (61). The diffu-
sion cell consists of two chambers, A and B, made up of impermeable plexiglass. The
specimen disc was fitted between the two chambers with the help of rubber ‘O’ rings
and closely spaced bolts. Before starting the test, it was ensured that the assembly was
free from leakage from one chamber to the other as well as from the chambers to out-
side. 5M sodium chloride solution was filled in chamber A and saturated calcium
hydroxide solution was filled in chamber B. Concentration of chloride ions was meas-
ured in the chamber B at suitable time intervals. Variation of chloride ion concentra-
tion in chamber B was plotted against time from which difTusion coeflicient of chloride

ions D into the hardened cement was computed as follows:
DA
dCz/dt = —‘71— (Cl _C2)

C, =chloride ion concentration in chamber A (M/L)

C, = chloride ion concentration in chamber B (M/L)
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A =area of cross section of the disc (cm?)

V =volume of solution in B (cm?)

L =thickness of the disc (cm)

D =diffusion Coefficient (cm?/sec.)

dC,/dt = slope of the concentration vs time curve

3.2.6 MEASUREMENT OF ELECTRICAL RESISTIVITY

Electrical resistivity was measured on 3x6 inch (75x150 mm) concrete cylinders
after curing periods of 28, 60 and 120 days. A 4 terminal null balancing ohm meter
(commercially available as Nilson 400) was used to measure the electrical resistance
directly. It measures the resistance in the range of 0.0l1ohm to 1.1 mega ohms. The
sample, cylinder was held between two terminals with the help of a frame. The resistiv-
ity meter unit generates a low voltage 97 Hz square wave current between the termi-
nals. The detector senses the voltage drop between the terminals, compares it with the
internal standard resistors and indicates a difference on the null detector. When the
null detector was balanced, the resistance of the sample between the terminals was read
directly. Resistivity of the sample R (kOhm-cm) was calculated as follows:

R=rA
i

where, r= measured resistance (kOhm)

L= length of the sample (cm)

A= area of cross-section of the sample (cm?).
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3.2.7 MEASUREMENT OF OXYGEN DIFFUSION

The principle used in the measurement of diffusion of oxygen through concrete
was that when a potential in the range of -650 to -900 mV SCE is applied to a steel
plate embedded in concrete by means of a potentiostat, the most likely reaction on the

steel surface is the oxygen reduction according to the following equation:

30,+H,0+2e —>20H"

The current caused by this reaction is therefore a direct measure of the amount of oxy-
gen reacting at the embedded steel plate. The oxygen flux was calculated from the

I-time curves, when a steady-steate current is reached using Faraday’s law:

1
J(Oz) = -rﬁ?-’

where I = steady state current density,
n = 4,

R = Faraday’s constant (96494 Coulombs/mole)

Oxygen flux measurements were carried out on dub]icate concrete specimens after
a curing of three months in potable water. The test specimen and the experimental set-
up are shown in Fig. 3.7. The test specimen was a concrete prism 4x2.5x12
inch(100x62.5x300 mm) with a stee] plate 2.5x0.125x8 inch (62.5x3x200 mm) embedded

inside. The edges of the steel plate were painted with an epoxy paint to leave an
exposed surface area of 12 in’ (75cm?) on each side. A potential of -850 mV SCE
was applied to the steel plate embedded in the concrete specimen. The values of cur-

rent were recorded using a data logger till a constant current was achicved. The tests

were carried out under complete submersion condition.
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3.2.8 ALKALI-SILICA REACTIVITY TEST

3.2.8.1 Test Specimen

The test was conducted in accordance with ASTM 227. The specimens comprising
2.5%2.5x28.5 mm mortar bars have been used to test expansions resulting from the
alkali-silica reactions. Standard reactive aggregate in accordance with ASTM C441
was used, comprising of graded pyrex glass obtained by crushing and grading lump cul-
let pyrex Glass No. 7740 procured from Corning, USA. The grading of the aggregate

was adopted to meet ASTM C227 requirements.

One OPC and four blended cements were prepared. The OPC contained 14% C,A.
The blended cements used were 30% fly ash, 70% blast furnace slag and 10 and 20%
microsilica blended cements. Appropriate amounts of NaOll were added to raise the
Na,0O content of the parent cement to 1.2%. Thus, Na,O content of each blended
cement comprises the contributions made by the OPC and the blending material. The
specimens were made by proportioﬁing the dry materials for the test mortar using 1
part of cement to 2.25 parts of graded aggregate by weight. The amount of mixing

water was such as to produce a flow of 105 to 120% (as determined in accordance with

ASTM C109).

3.2.8.2 Storage of Test Specimens

The specimens were stored in specially designed and fabricated containers to fulfill
the requirements of ASTM C227. The containers were made up of stainless steel. A

tight seal between the container wall and cover is maintained to eliminate loss of mois-
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ture. The inner sides of the container were lined with absorbent towel cloth to act as a
wick and to ensure that the atmosphere in the container is quickly saturated with water
vapor when it is sealed after the specimens are placed therein. The specimens were
supported in a vertical position on a galvanized welded network such that the lower
end of the bar is approximately 1 inch (25 mm) above the surface of water. The stor-

age containers were kept in an oven at 38° C.

3.2.8.3 Expansion Measurements

Expansion measurements were made every week after cooling the specimens in
accordance with ASTM C227. The measurements of length change were made using a
length comparator fitted with a sensitive dial gage in accordance with ASTM C490.
The procedure followed for measuring changes in length followed were in accordance

with ASTM C1012.



Table 3.1: Composition of Cements Used (X by weight)

Cenent No. 1 2 3 4

Ca0 64.20 65.03 64.07 64.70
Sioz 21.90 20.90 22.900 19.92
A1203 3.98 5.26 4.08 6.54
Fe 5,03 4.80 3.75 4.24 2.09
S03 1.71 2.54 1.96 2.61
Na 20 - - - - 0.19 0.28
K20 - - - 0.36 0.56
Equivalent Na,0 0.58 0.60 0.43 0.65
C3S 54.30 55.83 54.57 54.50
C2s 21.80 17.80 21.91 16.00
CaA 2.43 7.59 8.52 14.00

CyAF 14.61 11.41 12.90 6.50
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Table 3.2: Physical and Chemical Characteristics of Fly Ash,
Blast Furnace Slag and Microsilica Used
(X by uweight)

Adnixture Fly Ash Slag Microsilica
cag 2.00 43.70 0.10
Si02 51.30 35.40 97.20
3120, 24.10 7.80 0.18
Fe20; 12.60 0.52 0.08
S03 0.84 1.13 0.05
Na20 0.32 0.39 0.07
K20 3.06 0.11 0.35

Equivalent Na,0 2.33 0.u46 0.30
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Plate 3.1 : Specimen Used for Threshold C1~/OII” Ratio Determination
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Plate 3.2 : Specimen Used for Corrosion Rate Measurements
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Plate 3.5 : Chloride Diffusion Cell
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Chapter 4
RESULTS AND DISCUSSION

4.1 DURABILITY PERFORMANCE OF PLAIN AND BLENDED
CEMENTS

4.1.1 CORROSION RESISTANCE PERFORMANCE OF STEEL IN
PLAIN AND BLENDED CEMENT CONCRETE

The corrosion process of steel reinforcement in concrete comprises of two distinct
phases (62,63) : the corrosion initiation period and corrosion propagation period. The
corrosion initiation time and the subsequent corrosion rate of steel in concrete together

determines the corrosion resisting characteristics of concrete.

Corrosion is initiated when chloride ions permeate through concrete cover and
reach the steel surface in sufficient quantity required to cause depassivation of the
stecl. Hausmann (11) on the basis of corrosion tests carried out on steel exposed to

artificial concrete-simulated environment of Ca(OH),, suggested a threshold CI" /JOH"

value of 0.6 for the depassivation of steel. Diamond (38), using results of tests con-
ducted by Gouda (54), has proposed a value of 0.3 for alkaline condition of a typical
concrete pore solution. in a concrete free from chlorides inducted during its manufac-

ture, corrosion initiation of steel reinforcement depends on the chemical environment
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of its pore solution in terms of alkalinity and chloride-binding capacity as well as its

physical structure.

Once the corrosion of steel is initiated, corrosion proceeds at a rate which depends
on the pore solution composition (CI"/OH™ ratio), electrical resistivity of concrete,
and diffusion of oxygen and moisture to the steel surface for a given service environ-
ment. The corrosion propagation leads to cracking and spalling of concrete causing ser-

viceability failure.

Since corrosion initiation time and subsequent corrosion propagation of steel rein-
forcement together determines the corrosion resisting charactéristics of a concrete, cor-
rosion initiation data on plain and blended cements developed by Rasheeduzzafar et al
(23) in the same laboratory are reproduced here. The four plain cements and the blend-
ing materials which were used in the present study for the corrosion rate measurement

were used for the corrosion initiation time measurement by Rasheeduzzafar et al (23).

The corrosion rate measurement tests carried out in the present study used the
same concrete specimens as used by Rasheeduzzafar et al (23) for corrosion initiation
time measurement. To evaluate the corrosion initiation time, prismatic concrete speci-
mens 4.2x2.5x12 inch(100x62.5x300 mm) containing a 1/2 inch (12 mm) diameter steel
bar embedded centrally, were cured for 28 days in potable water. The specimen were
then immersed partially in 5% NaCl solution in tanks located in thc controlled labora-
tory environment at 23 to 25°C. Corrosion was monitored by obtaining half cell
potentials on a Hewlett Packard 3054 DL data acquisition system, in conjunction with
a saturated. calomel electrode. The threshold potential for corrosion initiation was
taken at -270 mV (SCE). Triplicate specimens were tested and the average values of the

half cell potential were plotted against exposure time. Corrosion initiation time is
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taken as the exposure time at which the half cell potential reaches the -270 mV (8CE)

value.

4.1.1.1 Corrosion Initiation Time

Fig. 4.1.1.1 shows the potential measurement record of steel in plain cement con-
cretes developed by Rasheeduzzafar et al (23). Fig. 4.1.1.2 shows the corrosion initia-

tion times of the steel in 2,9, 11 and 14% C,A cement concrete. It can be scen that the
corrosion initiation times in the 9,11 and 14% C,A cement concretes were 1.75, 1.93

and 2.45 times more than that in the 2% C,A cement concrete.

Assuming that the physical structure of the four plain cement concretes were simi-
lar, the corrosion initiation times would depend on the chloride-binding capacity of
these cements. Fig. 4.1.1.3 shows the potential measurement record and Fig. 4.1.1.4
shows the corrosion initiatio.n times of steel in plain and blended cement concretes
developed by Rasheeduzzafar et al (23). The fly ash, blast furnace slag, 10 and 20%
microsilica blended cement concretes performed 1.75, 2.11 , 3.0 and 3.04 times bectter

~ than the plain cement concrete in terms of corrosion initiation time.

4.1.1.2 Corrosion Rates

Corrosion rates of stecl were measured in the post-initiation period using Tafcl
plot technique. Duplicate specimens were used for corrosion rate measurement in plain
cement concretes whereas triplicate specimens were used for the blended cement con-

cretes. Typical Tafel plots of steel in the plain and the blended cement concretes are

shown in Fig. 4.1.1.5 through 4.1.1.12. Corrosion rates in plain and blended cement
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concretes are given in Table 4.1.1.1 and 4.1.1.2 and Figs. 4.1.1.13 and 4.1.1.14. It can
be seen that the corrosion rate of steel in plain cement concretes is more or less con-
stant and does not show any definite relationship with the C,A content of the cements.
However, corrosion rate of steel in blended cement concretes is different than in the
plain cement concrete. In the 30% fly ash and the 70% blast furnace slag blended

cement, the corrosion rates drop from 0.97 to 0.60 and 0.62 mpy respectively.

In the 10% microsilica cement concrete, the corrosion rate falls by about 24%
only to a value of 0.74 mpy. However, in 20% microsilica blended cement concrete, the

corrosion rates increases to 1.13%.

Although the corrosion rates of steel in blended cement concretes is different than
in the plain cement concrete , the difference is not significant compared to the variabil-

ity normally encountered in corrosion rate measurements.
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4.1.2 ALKALI-SILICA REACTIVITY IN PLAIN AND BLENDED
CEMENTS

Mortar-bar expansion data up to a period of six months for the plain parent
cement (control) and the microsilica, slag and fly ash blended cements are plotted in
Fig.4.1.2.1. The final six-month expansions are shown in Fig. 4.1.2.2 to facilitate quan-

titative comparison.

The hydroxyl ion concentrations and the pll values of the pore solutions extruded
from various plain and blended cements containing different levels of alkalies are given

in Table 4.1.2.1.

It must be noted that the measured values represent changes in the OH™ concen-
trations only, without taking into account the volume of pore solution due to its chem-
ical consumption during the formation of chemical hydrates. The proportion of chemi-
cally bound water in mature hydrated cement pastes of constant water/solids ratio
decreases in blended cements. Also, the “evaporable water”, which is the residual capil-
lary water after its progressive reduction by the ongoing process of cement hydration,

increascs as the replacement level by blend material increases.

The mortar-bar expansion results show that for the plain parent cement (equiva-
lent Na,0O 1.2%), the expansions began immediately with no incubation period with
the highest rate obtainable for the first 20 days, thereafter decreasing gradually to a
low value. A highly unacceptable final value of 0.865%, 8.65 times the allowable 0.1%
value, was measured at the end of the six-month period for the plain cement. Replace-

ment by 10% and 20% microsilica (1.11 and 1.02% alkalies) decrcased the six-month
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expansion values to 0.023% and 0.009% respectively. For the 60% and 70% blast fur-

nace slag cements (equivalent Na,O values 0.76% and 0.69% respectively), the corre-

sponding values were 0.04% and 0.028%. Expansion with 30% fly ash blended cement
is at the 6 months permissible limit (0.1%) and in view of the fact that the reactivity of
the aggregate is unusually high and the alkali content is also high, this performance

should be acceptable.

The measured OH™ concentrations in the pore solution ranged from a maximum
of 946 mM/L for the high 1.5% alkali content to a low of 13. mM/L for the 25%
microsilica blended cement with 0.65% alkali content. The corresponding pH levcls

ranged from 13.98 to 12.82.

Microsilica, slag and fly ash inductions reduced hydroxide ion concentrations sig-
nificantly. The reduction, however, was drastic (for example, from 946 mM/L. to 16
mM/L for the 1.5% alkali cements) with 25% microsilica. Also, in medium 0.9% alkali
cements, 60% blast furnace slag appears to be an alkali remover comparable to 10%
microsilica. However, in the case of high 1.5% alkali cements, éven 10% microsilica is
appreciably more effective in removing hydroxide ions than 60% slag. It is seen that in

the case of 1.5% alkali plain and blended cements, whereas 10% microsilica reduces

OH" concentration from 946 mM/L to 533 mM/L, 60% slag reduces it only to a level
of 708 mM/L. 20% microsilica is manifold more effective as an alkali oxide remover
than even 70% slag for the whole range of alkali contents included in this program.
This is specially so for the high 1.5% alkali cement where 25% microsilica is 37 times

as effective as 70% slag.
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4.2 CHEMICAL ENVIRONMENT OF PLAIN AND BLENDED CEMENTS
4.2.1 CHLORIDE BINDING MECHANISM IN PLAIN CEMENTS

4.2.1.1 Effect of C,A Content of Cement

(i) Equilibrium Chloride Ion Concentrations in Pore Solution

Table 4.2.1.1 gives the free chloride concentrations measured in the pore water for

243, 7.59, 8.52 and 14% C3A cements. The unbound chloride concentraticns were

measured for four chloride levels of 0.3, 0.6, 1.2 and 2.4% by weight of cement. The
free chloride concentrations in the pore water are plotted in Fig. 4.2.1.1 as a percentage
of chloride concentration in mix water for the four cements and the four chloride treat-

ment levels.

From the data of Table 4.2.1.2 and Fig. 4.2.1.1, it is seen that the free chloride

concentrations in the pore water decrease significantly with increasing C 5A content of

cement. Typically, for a 0.6% chloride treatment level, the unbound chloride concen-
trations were 74.4, 38.7. 32.0 and 18.1% of the total chloride in the mix water for the

2.43,7.59, 8.52 and 14% C 3A cements respectively. It must be noted that these values

represent changes in the chloride concentrations only, without taking into account the
changes in the volume of the pore solution due to its chemical consumption during the

formation of cement hydrates. Hence these concentrations per se do not represent the
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actual amount of chlorides bound by the solid hydration prbducts.

The unbound chlorides for the four cements as percentage of total chlorides are
given in Column 5 of Table 4.2.1.2. Here the total mass of chloride unbound by the
hydration products is calculated on the basis of “evaporable water” which is the resi-
dual capillary water after its progressive reduction by the ongoing process of cement
hydration. The original mix water of 60 g./100 g. of cement is reduced to quantitics
shown in-column 4 of Table 4.2.1.2 as “evaporable water”, which forms the basis of
calculating total unbound chloride. The data of Table 4.2.1.2 aund Figs. 4.2.1.2 and

4.2.1.3 show that the unbound chloride fraction decreases significantly as the C 3A

content of cement increases. Typically, for the 0.6% chloride treatment level, the

. unbound chlorides for 243, 7.59, 8.52 and 14% C 3A cements are 50.7, 24.6, 20.6 and

11.6% of the total chlorides respectively. The decrease in the unbound chloride is

attributable to the increase in the formation of Friedel’s salt with increasing C 3A con-

tent of cement as shown by DTA patterns in Fig. 4.2.1.4.

The unbound chloride-C 4 A relationships in Figs. 4.2.1.2 and 4.2.1.3 show that for

the four chloride additions of 0.3, 0.6, 1.2 and 2.4% there is 4.94, 4.37, 2.53 and 1.51
fold decreasc in the free unbound chloride content of the pore solution with an increase

in the C_A content from 2.43 to 14%. It is noteworthy that the C oA effect is spe-

cially beneficial for binding chlorides in the range of 0.3% to 0.6%, which is weli
within the range of chloride induction through inadequately prepared constituent con-

crete materials and brackish curing water.
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(ii) Influence of the Level of Total Chloride Content in Concrete

The data pertaining to bound and unbound chlorides for the four cements with
level of chloride addition increasing from 0.3% to 2.4% are shown in Table 4.2.1.3 and
Fig. 4.2.1.5. Assuming that other cement hydrates do not combine with chlorides,
these data show that the amount of chlorides which will complex with cement will

depend on the C_A content of cement and the amount of chloride inducted into the

concrete. For each of the four cements, with increase in chloride addition, more chlo-
rides are bound, but far more chlorides also remain free. As an example, for the 8.52%

C 3A cement, when initial chloride addition is increased from 0.3% to 2.4%, the bound

chlorides are quadrupled, but the free chlorides increase 31 fold, and thg ratio of bound
to unbound chloride decreases from 6.32 to 0.84. Thus, the data of Table 4.2.1.3 (col-
umn 7) and Fig. 4.2.1.5 show that for each of the four cements, although the absolute -
amount of the bound chloride increases, the ratio of bound to unbound chlorides
decreases with increasing levels of chloride addition. The chioride binding increases
almost linearly up to a chloride treatment level of 0.6% beyond which it tends to level

out specially for cements 1, 2 and 3. 14% C 3A cement 4 shows a higher rate of chlo-

ride-binding up to 1.2% chloride addition as against a chloride level of 0.6% shown by
other three cements 1, 2 and 3. Fig. 4.2.1.5 shows that the ratio of bound to unbound
chlorides decreases significantly with increasing level of chloride addition. For 2.43,

7.59, 8.52 and 14% C 5 A cements the ratios of bound to unbound chloride are respec-

tively 6.77, 6.56, 7.5 and 14.4 times more for the lower level of 0.3% chloride addition
compared to 2.4% chloride addition. These data also show that as the total chloride
content increases, the chloride-binding performance ratio between higher and lower

C 3A cements decreases sharply. In terms of bound to unbound chloride ratio, the 6.9
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fold superiority of the 14% C oA cement over the 2.43% C 4A cement at the 0.3%

chloride addition level, drops to 3.2 for 2.4% chloride addition; also, a differential of
higher than 2 in the ratio of bound to unbound chlorides between the 14% and

7.59/8.52% C 3A cements at 0.3% chloride addition, almost vanishes at 2.4% chloride

treatment level.

This behavior in terms of chloride binding is explained by the fact that C3A or

any other cement hydrate can complex only with a limited amount of chlorides. As the
quantity of chlorides progressively exceeds this complexing capacity, more and more

chlorides would be left uncombined.

This conclusion is also supported by the exposure site test data developed at King
Fahd University of Petroleum and Minerals by Rasheeduzzafar et al (44). Two

cements, one Type I (C 2A* 9.5%) and the other Type V (C 3A: 2.8%) were included
in the exposure site program with chlorides of 1, 2, 4, 8, 16 and 32 lbs/cu.yd. (0.6, 1.2,
2.4, 4.8, 9.6 and 19.2 kg/m®) inducted into the concrete through mix water. The expo-

sure site specimens were 4;8/-)(4%)(14 inch ( 120x120x350 mm) prisms each containing

four completely embedded 1/2 inch (12.5 mm) diameter plain grade 60 stecl bars, one
at each corner, at a clear cover of 1 inch (25 mm), also maintained at the top and bot-

tom. All the specimens in the test series designed to evaluate the effect of C3A content

on corrosion werec made with a water cement ratio of 0.50 and cement contents of 550,

~ 650 and 750 lbs/cu.yd. (330, 390 and 450 kg/m®). Corrosion monitoring of the speci-

mens was carried out using two techniques: (i) time required for the appearance of the
first crack, and (ii) metal loss measured as loss in weight of the steel bar after the

removal of corrosion products. Both time to cracking and metal loss data after 1200
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days of exposure showed that C 3A complexes only with a limited quantum of chlo-

rides. As the amount of chlorides becomes excessive, the benefits of the complexing -

characteristics of C 3A become less perceptible. This is shown in Fig. 4.2.1.6 by a pro-

gressively reduced differential in the performance ratio of Type I to Type V cement,
using loss of metal as corrosion criterion. Similar results were obtained from time to

cracking data.

(iiif) CI"/OH™ Ratio in Pore Solution

In spite of their critical importance, chloride concentrations alone do not deter-
mine decisive corrosion risk. It is now well recognized that depassivation of steel is a
function of the ClI” /OH™ ratio in the pore solution rather than chloride concentrations
alone, and this parameter can be regarded as a rough measure of relative corrosion risk
in the alkaline chloride bearing pore solutions of concrete. Hausmann (11) on the basis

of mild steel corrosion tests in concrete-simulated artificial Ca(OH), solution of pli

around 12.5, has proposed a threshold depassivation C1"/OH " ratio of 0.60. However,
this value cannot be considered to be adequately representing conditions in real con-
crete, primarily because the pH levels of real concrete pore solutions are significantly
higher than 12.5. Table 4.2.1.1 shows that for a sodium chloride-hearing cement, the
pore solution pll varies from 13.40 to 13.73. In a later work, Gouda (54) carried out
tests similar to Hausmann’s in solutions where maximum NaCl threshold concentra-
tions have been evaluated for six pH values ranging from 11.8 to 13.95. Diamond (38)
has carefully scaled these data and has converted the results into CI"/OH ™ ratios for

easier comparison. These values are given in Table 4.2.1.4. These data showing

CI"/OH" ratio of 0.57 for pH 11.75 and 0.78 for a pH of 12.1 indicate reasonably
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good agreement with Hausmann'’s value of 0.6 for a pH of 12.5. However, the alkaline
conditions of a typical concrete pore solution are much more closely represented by a

pH of 13.3, which corresponds to a C1"/OH~ value of 0.30.

This indicates that the Hausmann’s criterion of 0.60 is not adequately representa-

tive of the conditions in real concrete, and hence Diamond recommends a depassiva-

tion C1"/OH" threshold value of 0.30 to be more appropriate for concrete.

(iv) Threshold Chloride Values

CI"/OH" ratios corresponding to various levels of chloride addition for cements 1,
2, 3 and 4 have been plotted in Fig. 4.2.1.7. A CI"/OH" ratio of 0.30 proposed by
Diamond (38) has beeh adopted to signify onset of depassivation and corrosion. Table

4.2.1.5 shows the threshold chloride contents for the 2.43, 7.59, 8.52 and 14% C 3A

cements in terms of unbound water-soluble and total acid-soluble chlorides.

All the four cements have chloride addition from the same sodium cation source.

" Cements 1, 2 and 4 have very similar alkali contents; cement 3 with 8.52% C 3A,

which has a lower alkali content of 0.43%, is shown to have chloride-binding bchavior

very similar to cement 2 with a C 3A content of 7.59%,, thereby discounting a signifi-

cant effect of alkali difference in this range of values.

In view of this position, it is seen from the data of Table 4.2.1.4 that the C 3A

content of cement has a very significant role in chloride binding and in determining
threshold chloride content. For sodium chloride addition the level of total acid-soluble

chloride tolerable in the Type I 14% C 5A cement 4 (1% by weight of cement) is about
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Table 4.2.1.2: Percentage of Unbound Chlorides for Different C;A Cements

Cement |C3A Content |Cl-Addition |Evaporable |Unbound C1-
No. of Cement (¥ by weight |Water (¥ by weight
(% by weight) | of cement) |(% by weight| of Cl add-
of cement) ition)
1 243 0.3 40.1 33.1
1 243 0.6 40.8 50.7
1 243 1.2 394 61.8
1 243 2.4 38.0 76.9
2 7.59 0.3 38.7 ' 15.9
2 7.59 0.6 38.2 24.6
2 7.59 1.2 39.8 40.3
2 7.59 2.4 38.0 55.5
3 8.52 0.3 38.2 13.7
3 8.52 0.6 38.6 20.6
3 8.52 1.2 38.4 37.6
3 8.52 2.4 38.0 54.2
4 14.00 0.3 38.4 6.7
4 14.00 0.6 38.4 11.6
4 14.00 1.2 38.2 24 .4
4 14.00 2.4 38.0 50.8
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Table 4.2.1.4; critical €1~ /OH Ratios for Onset of

Depassivation
Point PH Estimated C1-/0H"

Ratio

1 11.8 0.57

2 12.1 0.48

3 12.6 0.29

4 13.0 0.27

5 13.3 0.30

6% (13.95) (0.09)

* Validity of this point considered
dubious.
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Table 4.2.1.5: Threshold Chloride Values for Different C3a Cements

Cement |CiA CTontent |Alkalies as Threshold Chloride
No. of Cement Eguivalent (¥ by weight of
(3 by weight N:ZO Content { cement)
of cement) |of Cement
(¥ by weight) |{Free €1~ |Total c1™
b § 2.43 0.58 0.135 0.35
T2 7.59 0.60 0.165 0.62
3 8.52 0.43 0.170 0.65
4 14.00 0.65 0.215 1.00

ACE 318- 83 : 0.15 % Water-soluble (free) chlorides

CpP 110

RILEM

: 0.35 % total acid soluble chloridés

: 0.40 % total acid-soluble chlorides
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Fig. 42.1.4:DTA Curves of 2.43% and 14% (3A Cement Pastes
Treated with 1.2% Chlorides.
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2.8 times the corresponding threshold chloride for the Type V 2.43% C,A cement

(0.35% by weight of cement). In terms of free water-soluble chlorides, this ratio is 1.60.

It is of interest to compare currently prevailing permissible chloride values with the
chloride threshold levels developed in this study. Chloride limits in national codes vary
widely. ACI 318-'83 allows a maximum water-soluble free chloride ion content of
0.15% for reinforced concrete exposed to chloride in service. The British Code, CP 110,
allows an acid-soluble total chloride ion content of 0.35% for 95% of the test results
with no result greater than 0.50%. The Norwegian Code, NS 3474, allows an acid-solu-
ble chloride content of 0.6%, RILEM permits 0.4% and the revised Australian Stan-

dard for Concrete Structures, AS 3600-1988, allows an acid-soluble total chloride con-

tent of 0.80 kg/m3 of concrete (0.22% by weight of cement for a typical concrete mix).

Threshold limits of Table 4.2.1.4 for cements up to 8% C,A agree very well with

the ACI limit of 0.15% wéter—so]uble chlorides as well as with the CP 110 limit of
0.4% total acid-soluble chlorides. The ACI and CP 110 limits in terms of free and total
chlorides respectively, appear to be quite reconcilable. IHowever, these and the Austra-

lian Code limits appear to be conservative for concretes made with high C 3A cements.

4.2.1.2 Effect of Alkali Content of Cement

To study the effect of alkali content of cement on OH™,Cl™ concentrations and
hence C1I"/OH" ratio in the pore solution, a high alkali cement was formulated bv

adding NaOH to the 14% C,A cement 4 to raise its equivalent Na,O content from
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0.65 to 1.2%. The high alkali cement so formulated and the 14% C,A cement 4 were

used for this study.

(i) OH™ Concentration in Pore Solution

OH" ion concentrations of pore solution of medium and high alkali content are
shown in Table 4.2.1.6 (column 6) and Fig. 4.2.1.8, which show that the OH~ concen-
tration in the pore solution of the high alkali cement is around 1.4 times that in
medium alkali cement for all chloride levels. However, for the chloride-free pastes, the
OH" ion concentration in the high alkali cement is twice that in the medium alkali
cement. The pH values increase from an average value of 13.72 to 13.88 when the

alkali content is increased from 0.65 to 1.2%.

(ii) CI” Concentration in Pore Solution

Chioride ions remaining free in the pore solutions of the medium and the high
alkali cements are shown in Table 4.2.1.6 (column 5 and 10) and Fig. 4.2.1.9. An

increase in the equivalent Na,O content from 0.65 to 1.2% doubles the unbound chlo-

rides in the pore solution for all the threc chloride levels. Tritthart (64) tested chloride
binding in an ordinary portland cement treated with different chloride salts. NaCl,
CaCl,, MgCl, and HCI acid were used to induct 1% chloride by weight of cement.
The different chloride salts used, resulted in different pore solution alkalinity. The free
chlorides in the pore solution were found to be proportional to the alkalinity of the

pore solution. Thus, the results of the present study are in agreement with those of

Tritthart (64).
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Results of DTA tests (Fig. 4.2.1:10) conducted on hydrated pastes of the two
cements tested containing 1.2% chloride show that the Friedel’s salt (calcium chloro
aluminate) peak at around 300° C is smaller in the high alkali cement than in the
medium alkali cement. Increased chloride ion concentration and reduced Friedel's salt
formation in the high alkali cement show that, the solubilitv of Friedel's salt is
increased with increasing alkalinity of the pore solution. Roberts (33) tested the solubil-
ity of pure calcium chloro aluminate compound in different <olutions at different temp-
eratures. The solutions included 0.5% NaOll, 1.0% NaOH, 0.5% KOH and 1.0%

KOl all containing crystalline Ca(OH),. Hlis results showed that the solubility of cal-

cium chloro aluminate was increased and Cl™ ions were liberated to the solution when
the concentration of the alkali hydroxides was increased from 0.5 to 1.0%. The increase
in the Cl™ ion concentration with incrcasing alkali content, in the present study, can
thus be explained by the phenomenon of increase in the solubility of calcium chloro

aluminate with an increase in the pore solution alkalinity.

(iii) CI"/JOH" Ratio in Pore Solution

An increase in alkali content of ¢cement concomitantly increases the OH™ and CI’
jon concentrations of the pore solution, the net effect being a slight increase in the
Cl' JOH" ratio. Fig. 4.2.1.11 shows the Cl /OH  ratio for the medium and high alkali
cements for different levels of chloride, which indicate an average marginal increase of

about 25% when the alkali content increases from 0.65 to 1.2%.

The marginal increase in the ClI"/OH ~ ratio introduced by the increase in the
alkali content of cement therefore is not expected to change the reinforcement corro-

sion behavior of concrete significantly.
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Eqv. Na,: 0.65%

tqv. Nayo: 12%

! . ] 1 1 ]
0 200 400 600 800 1000

TEMPERATURE (°C)

Fig. 4.2.1.10: DTA Curves of Hydrated Cement Pastes of Medium
High Alkali Cements.
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4.2.1.3 Effect of Sulfates

To study the effect of sulfates on pore solution composition of chloride-bear-

ing plain cements, cements 1, 2 and 4 with C_A contents of 2.43%, 7.59% and 14%
p 3

were used. The levels of chloride addition used were 0.6% and 1.2% by weight of

cement, derived from sodium chloride. In addition, two levels of SOa additions,

derived from sodium sulfate, were made to each of the 0.6 and 1.2% chloride-bearing

cement pastes in such a manner that the total SO 5 content of the cements were raised

to 4% and 8% on a weight basis.

(i) Alkalinity of Pore Solution

Table 4.2.1.7 (columns 6 and 7) and Figs. 4.2.1.12 and 4.2.1.13 show the effect of

sulfate addition on alkalinity of pore solutions of hydrated cement pastes. For the

0.6% chloride-bearing paste the addition of 4% SO, increases the OH™ concentration
2.9, 2.0 and 1.6 folds for the 2.43%, 7.59% and 14% C 4A cements respectively. The
resulting increases in the pH values are from 13.42 to 13.89 for the 2.43% C A
cement, from 13.59 to 13.90 for the 7.59% C,A cement and from 13.70 to 13.91 for
the 14% C_A cement. Doubling the SO s content to 8% registers only marginal

increases in the OH™ concentrations and the pli values of the pore solutions for the

three cements. For example, with an increase in the SO 5 content from 4 to 8% in the
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0.6% chloride-bearing paste, the OH"™ concentrations increased from 770 mM/L to 786

mM/L. for the 2.43% C 3A cement, from 786 mM/L to 960 mM/L for the 7.59% C A
cement, and from 812 mM/L to 980 mM/L for the 14% C 3A cement. An increase in

the pore solution alkalinity due to the addition of sulfates is also observed in cement

pastes treated with 1.2% chloride level. Ilowever, for both levels of chloride addition,

OH" concentrations in the pore solution of the 1.2% chloridc-treated cements were

observed to be relatively lower compared to 0.6% chloride-treated cements.

The increase in the OH™ concentration in pore solution with sulfate addition is
due to the formation of sodium hydroxide (NaOIl) as a result of reaction between

sodium sulfate (Na_SO,) with calcium hydroxide (Ca(OH),) liberated during cement

hydration:

Ca(OH) , T Na 250, —---- 2NaOH + CaSO .

According to the above reaction, Ca(OH) » 1s consumed and NaOH is formed.
The consumption of Ca(OH),, due to sulfate addition is confirmed by DTA and TGA
test results. For example, in the case of 2.43% C 3A cement containing 1.2% chlo-
rides, a comparison for the DTA patterns of the 1.7% SO  and 8% SO 5 Pastes show
that the Ca(OH)Z content in 8% SO paste is less compared to 1.7% SO 5 paste.

TGA tests show that the Ca(OH) » is reduced from 31.2 to 27.6% (Tig. 4.2.1.14).

| (i) Chloride Ion Concentration in Pore Solutions

The free chloride ion concentrations in the pore solution of the hydrated cement
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pastes are given in Table 4.2.1.7 (column 5). In Table 4.2.1.8 (column 4) chloride ion
concentrations are given as percentages of initial chloride ion concentrations in the mix
water. It is seen from the data of Table 4.2.1.8 that the chloride ion concentrations in
the pore solutions of some pastes are more than the chloride ion concentrations in the
mix water. This indicates that, in these cases, the amount of water consumed in the
hydration of cement is more than the amount of chlorides bound by the hydration
products. In order to make an allowance for the amount of water chemically combined
during hydration, the chloride ion concentrations are converted into chlorides remain-
ing unbound in the pore solution using only the evaporable water content of the hyd-
rated cement pastes. In column 6 of Table 4.2.1.8 these unbound chlorides in the pore
solution are expressed as the percentages of total chlorides added to the cement pastes.
The data of Table 4.2.1.7 (columns 4 and 6) and Figs. 4.2.1.15 and 4.2.1.16 show that
in all the three cements and for both chloride treatment levels of 0.6 and 1.2%, chloride
ion concentration in pore solution increases with the addition of sulfates. In the 2.43%

C,A cement for both chloride levels, the unbound chlorides in the cement pastes con-
taining 8% SO s are 1.5 times the unbound chlorides in the cement pastes in which no
sulfate was added. For the 7.59% C 3A cement, 8% SO a addition results in 2.5 and

1.7 fold increases in the unbound chiorides for the 0.6% and 1.2% chloride bearing

astes respectively. Likewise, for the 14% C_A cement, 8% SO_ addition causes 4.1
p P Y 3 3

and 2.4 fold increascs in the unbound chlorides for the 0.6% and 1.2% chloride-treated
pastes respectively. Holden et al (26) observed a similar effect of sulfate addition on

chloride binding capacity of cements. Three plain cements with C 3A contents of 1.9%,

7.7% and 14.3% were used in their study. Chloride and sulfate additions of 0.4% and
1.5% respectively by weight of cement, derived from sodium chloride and sodium sul-

fate, respectively, were made. The cements contained an average base SO 5 content of

. e —— o e -
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3%, making total sulfate content of the cements around 4.5% after 1.5% sulfate addi-
tion. In all the three cements, an increase in the free chloride ion concentration in the

pore solutions was observed due to the sulfate addition.

Increase in free chlorides in the pore solution due to sodium sulfate addition may
be attributable to either an increase in the pore solution alkalinity or to the preferential

combination of C_A with sulfate ions in comparison to chloride ions, thereby inhibit-
ing the formation of Friedel’s salt (3CaO.A1203CaCIZ.IOH20). Addition of SO _ as

sodium sulfate significantly increases the alkalinity of the porc solution of the hydrated
cement pastes. Tritthart (64) has carried out a pore solution study of hydrated cement
pastes treated with 1.0% Cl1~ derived from four different chioride sources, NaCl,

CaClz , MgCl » and HCl. Results of his study showed the chloride ion concentration

in the pore solution to be a function of the alkalinity of the pore solution; chloride ion
concentration increases with higher alkalinity. The inhibiting effect of alkali content of
a cement on its chloride binding capacity has also been shown by Rasheeduzzafar et al
(65). It has been shown that the unbound chlorides in the pore solution of a Type V

cement (C,A: 2.43% and equilibrium Na,O content: 0.58%) and a Type I cement
(C,A: 7.37% and equilibrium Na,O content: 1.19%) are fairly close due to the differ-

ence in the equivalent alkali contents of the cements. The increase in the chloride jon
concentration duc to the addition of sulfates in the present study, may thercforc be
partly attributed to an increase in the pore solution alkalinity caused by sulfate addi-

tion.

The other relevant factor which may cause a lowering of the chloride binding in

cement pastes containing sulfate is the possibility of preferential complexing of C A of

the cement with sulfates compared to chlorides. This would result in a decrease in the
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C 5 A available for the removal of chlorides by the formation of Friedel's salt.

To confirm the reasons for the mitigation of chloride binding in sulfate-bearing

cement pastes, DTA and TGA tests were carried out on the 2.43% C3A cement con-

taining 1.2% Cl” without added sulfates, as well as on pastes containing 1.2% CI~

with 8% SO 5- The DTA curves of these two cement pastes are shown in Fig. 4.2.1.14.

In Fig. 4.2.1.14, a well defined peak of Friedel's salt clearly exists around 300° C for
the paste specimen containing 1.2% Cl~, with no added sulfates; however, no such

peak is observed in the specimen containing 1.2% CI~ with 8% SO 5 These results

show that SO 5 addition significantly reduced the formation of Friedel’s salt which has

possibly resulted in an increase in the Cl™ concentration in the pore solution (Table
4.2.1.7 and 4.2.1.8). Whether the mitigation in the formation of Friedel’s salt is due to

the preferential binding of C 4A with SO 5 Or duc to an increase-in the pore solution

alkalinity, is not clear; or it may be due to both causes since they are not mutually
exclusive. Kawamura et al (43) has carried out a pore solution study on cement pastes
with and without fly ash, treated with different levels of CI™ derived from NaCl and

CaCl,. The results show that in both plain and fly ash cement pastes, more riedel’s
salt was detected by DTA in samples containing CaCl » than NaCl. The pore solution
analysis showed that the pore solution alkalinity of CaCl , trcated paste was lower

compared to the alkalinity of the paste treated with NaCl. Results of Kawamura ct al
(43), therefore, indicate that the mitigation of Friedel’s salt formation may at least
partly be attributed to an increase in pore solution alkalinity. The exact mechanism of »
formation of Friedel's salt and the factors affecting chloride binding in céments arc

matters which have yet to be resolved fully.



(ifi) C_A -Chloride-Sulfate Interaction

The above data show that free chloride ion concentrations in the pore solution of

a hydrated plain cement depends not only on the C 2A content of the cement, but also

on other factors such as pore solution alkalinity (64,65) and the concomitant presence
of sulfates. The unbound chloride concentrations in the pore solutions of the three
cement pastes with various additions of chlorides and sulfates used in this study, arc

shown in Figs. 4.2.1.17 and 4.2.1.18 as a function of the C 5A content of cement. The

data of Figs. 4.2.1.17 and 4.2.1.18 show that the unbound chlorides decrease as the

C 3A content of the cement is increased, for chloride-treated cements as well as for

cements which contain both chlorides and sulfates concomitantly. Also, the unbound
chlorides increase as the sulfate addition is increased. The performance ratio of Type 1

14% C_A cement against Type V 2.43% C 2A cement, defined as the ratio of the

: unbound chlorides in the pore solutions of the two cements is shown Fig. 4.2.1.19. It

can be seen from Fig. 4.2.1.19 that at a chloride level of 0.6%, the performance of the

Type 1 14% C 3A cement in terms of chloride binding is 4.4, 2.4 and 1.7 times better
than the performance of the Type V 2.43% C oA cement, for the sulfate additions of 0,

4 and 8% respectively. Ilowe\}er, for the chloride treatment level of 1.2%, the perform-
ance ratios drop to 2.5, 1.8 and 1.6 for the sulfate additions of 0, 4 and 8% respec-

tively. These data indicate that the beneficial effect of C 4A content in reducing the

pore solution free chlorides decrease as the level of chloride and sulfate addition is

increased.
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(iv) CI"/OH™ Ratio in Pore Sol_ution

The effect of sulfate addition to a chloride-treated cement paste is to increase the
pore solution alkalinity as well as to decrease the chloride-binding capacity of the

cement paste. However, the interactive combined effect is not a consistent increase or

decrease in the CI"/OH"™ ratio. Figs. 4.2.1.20 and 4.2.1.21 show the effect of SO3

addition on CI"/OH"™ ratio of 0.6% and 1.2% chloride-treated cement pastes. It can
be seen from Figs. 4.2.1.20 and 4.2.1.21 that the effect of increase in sulfate addition
from 4 to 8% is a consistent marginal increase in the. CI" /OH™ ratio for all the
ce_rﬁents. However, for sulfate addition up to 4%, the C1"/OH™ ratios of the pore
solutions are either less or more than the values obtainable in corresponding cements

treated with chlorides only. For 2.43% and 7.59% C 3A cements, 4% SO 3 addition

lowers the C1"/OH" ratio of the pore solution for both chloride levels of 0.6% and

1.2%. However, for the 14% C 3A cement, the addition of 4% SO s increases the

cr /OH" ratio of the pore solution, for both the levels of chloride. Holden et al (26),

in a pore solution study on three cements C oA :1.9, 7.7 and 14.3%) used a chloride

addition of 0.4% in conjunction with a sulfate addition of 1.5%. They observed an
increase in the C1"/OH™ ratio in the pore solutions of all the three cements in the

presence of sulfates. The SO 5 content of the cements used by them was around 3.0%,

so that the total SO 5 content of the cements after 1.5% addition was around 4.5%.

The analysis of the results on CI"/OH " ratio of the pore solution of the present study

shows that the effect of sulfate addition can either result in an increase or a decrease in
the C1"/OH" ratio of the pore solution. The change in the ClI"/OH™ ratio is governed

by the relative ratios of increase of CI” and OH™ ions in the pore solution due to sul-
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fate addition. If due to sulfate addition the CI~ concentration of the pore solution
increases at a faster rate than the OH™ concentration, the net effect would result in an
increase in the C1"/OH™ ratio. Table 4.2.1.9 shows the rate of increase in the OH"

and CI” concentrations of the pore solution due to 4% sulfate addition to the 0.6%
chloride-bearing paste. Results of Holden et al (26) are also presented in Table 4.2.1.9

for comparison. It can be seen that in cements 5, 6 and 7 used by Holden et al, with
the addition of sulfate the rate of increase in the Cl~ concentration exceeds the ratc of
increase in the OH™ concentration in the pore solution. This causes a resultant
increase in the C1"/OH" ratio of the pore solutions. However, in cements 1, 2 and 4
used in the present study, with the addition of sulfate, the increase in the Cl” concen-
tration is more than in the OH™ concentration only in cement 4. In cements 1 and 2,
the increase in the CI” concentration is less than that in the OH™ concentration, with
sulfate addition. Therefore, unlike an increasc in the CI"' /OH™ ratio of the cement 4,

sulfate addition causes a reduction in the CI"/OH ™ ratio for cements 1 and 2.

A closer look at the rate of increase of OH™ ion concentrations in the pore solu-
tions of cements 1, 2 and 4 show that, the increasc in the OH~ concentration is

inversely proportional to the equivalent alkali content of cement. The lower the equiva-
lent alkali content of cement, the higher the increase in the OH™ concentration, as a
result of sulfate addition. Similar behavior can also be noticeable for cements 5, 6 and
7, where levels of chlorides and sulfates are different from the present study. Data of
Table 4.2.1.9 also show that the increase in the Cl” concentration, due to sulfate addi-

tion, is proportional to the C 3A content of cement, for a given level of chloride and

sulfate in the cement paste. This would imply that the increase in the free Cl” concen-

tration of the pore solution due to sulfate addition is different in different C A
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Table 4.2.1.9: pates of Increase of C1- and OH~ Ion Concentrations
due to Sulfate Addition

Cenent| C3;A Content Eq.xazo OH™in (C+S)# Cl~”in (C+S)%
No. of Cenment Content
KX by seight)| of Cement CH™ in (C)# Cl7in (C)%
(X by weight)

1 2.43 0.58 2.9 1.3

2 7.59 0.60 2.0 1.5

y 14.00 0.65 1.6 2.4

5X 1.91 0.54 2.0 2.3

6X 7.70 0.63 1.8 2.6

7% 14.30 0.86 1.6 3.7

X Results of Holden et al (26)

# (C+S): (0.6% CI+4% SO,

¥ (C):

addition) for cements 1,2,4 and

€0.4% CI+4.5% SO3; addition) for cements 5,6,7

(0.6% C1™

addition) for cements 1,2,4 and

(0.4% CI” addition) for cements 5,6,7
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2.43% CG3A Cement with
12% (" and 8% SO05

—2.43% A Cement
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200 400 600 800 1000
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Fig. 42.1.14 DTA Curves of 2.43% (3A Cement with Chloride and
(Chloride + Sulfate) Additions.
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cements. In view of the interplay of these several factors, the addition of sulfates in
chloride-bearing concretes would not necessarily result in an increase in the Cl~ JOH™
ratio of pore solution. For given chloride and sulfate levels in concrete it would rather

depend upon the interactive effect of the equivalent alkali content and the C 2A con-

tent of the cement.

4.2.1.4 Effect of Temperature

To study the effect of temperature on OH™ and Cl~ concentrations and hence

CI"/OH" ratio in the pdre solution, cements I, 2 and 4 (C,A contents: 2.43, 7.59 and

14%) were used. Two levels of temperature, 20° C, which simulate room temperature,

and 70° C, which simulates concrete surface temperature during a typical summer day
in the Middle East, were used. Three levels of chloride addition, 0.3, 0.6, and 1.2% by

weight of cement, were used. The chlorides were derived from NaCl.

(i) Chloride Ton Concentration in Pore Solution

Table 4.2.1.10 shows the equilibrium pore solution compositions of the threc
cement pastes treated with different chloride levels and cured at temperatures of 20 and
70° C. Figs. 4.2.1.22 through 4.2.1.24 show the chlorides remaining unbound in the
pore solutions of the cement pastes cured at the two aforesaid temperatures. It is scen
from the data of Table 4.2.1.10 and Figs. 4.2.1.22 through 4.2.1.24 that in all the three

cements, [ree chlorides in the pore solution increase when the temperature is increascd
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from 20 to 70° C. This increase in unbound chlorides is more in high C,A cements
compared to low C,A cements. For the 0.3% chloride treatment level, when the curing

temperature is raised from 20 to 70° C the unbound chlorides increase by 2.2, 4.2 and
9.1 times for the 2.43, 7.59 and 14% C,A cements. The corresponding values for the
1.2% chloride level are 1.2, 1.8 and 2.65 for the 2.43, 7.59 and 14% "‘C,A cements
respectively. Arya et al (66) carried out a pore solution analysis study on a 9.9% C,A
cement cured at temperatures of 8, 20 and 38° C. His data show an increase in chloride
binding of the cement with an increase in the curing temperature. They attribute this
to faster reaction rates-at higher temperatures. owever, results contrary to those of
Arya et al were observed by Roberts (33), whose data show that cements hydrated at
elevated temperatures bound lesser chlorides ‘compared to a cement which hydrated at
the normal temperatures. Roberts conducted his tests on a Type V (CA: 1%) and a
Type I (C,A: 9%) cement. The tests involved shaking of the cements with CaCl, solu-
tion at 25, 50 and 90° C, then filtering at various periods up to 7 days and analysing
the filtrates for chlorides. Equilibrium chloride concentrations were achieved after 4
days and for cement filtrates cured at 50 and 90° C free chlorides for Type I cement
were found to be 2.3 and 3.7 times more than for the filtrates cured 25° C. However,
the corresponding ratios for the Type V ccment were significantly lower than those for
Type I cement, both being equal to 1.1. Results of the present study are in good agree-
ment with those of Roberts (33) which also show that the temperature effect of relcas-
ing additional free chlorides into the pore solution is more pronounced for the Type 1
than for Type V cement. The predominant phasc of cement which complexes with
chlorides is tricalcium aluminate (C,;A) forming either an insoluble calcium mono

chloro aluminate (3Ca0.Al,0,.CaCl,.10H,0) or calcium trichloro aluminatc

(3Ca0.A1,0,.3CaCl,.10H,0), also called Friedel's salt. DTA results have shown the
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formation of Friedel's salt in both 2.43 and 14% C,A cements treated with 1.2% CI°
(Fig. 4,2.1.4). An increase in the free chlorides of the pore solution due to an increase
in the curing temperature can be attributed to the decomposition of Friedel's salt at

higher temperatures such as 70° C temperature uscd in this study.

Roberts (33)'tested the effect of temperature on the solubility of pure monocal-
cium chloroaluminate compound and found that the solubility in water and in solu-
tions of calcium sulfate, calcium hydroxide and alkali hydroxides, increases with
increasing temperature. The aforesaid solutions typically simulate concrete pore solu-

tion.

Fig. 4.2.1.25 shows the relationship between unbound chlorides and C,A content
of cement for curing temperatures of 20 and 70° C. Cement pastes cured at 20° C
show a decrease in the unbound chlorides in the pore solution with increasing C,A

content. For chloride treatment level of 1.2%, the unbound chlorides reduce from 62 to

24% when the C A content is increased from 2.43 to 14% for the normal temperature
curing. This shows for 1.2% chloride treatment, the 14% C,A cement is 2.5 times
more effective in removing chlorides than the 2.43% C,A cement at the normal temp-
erature curing of 20° C. However, for the cements cured at 70° C, the decrease in the
unbound chlorides with an increase in the C,A content from 2.43 to 14%is relatively
much smaller, from 75.5 to 64.7%. This shows that at higher tempcratures such as 70°
C, the 14% C,A cement is only 1.2 times more effective than the 2.43% C,A cement
in removing chlorides from the pore solution. The reduced differential in the unbound
chlorides in the high and low C,A cements at 70° C may be due to an increase in the
solubility of Friedel’s salt in the cement pastes cured at higher temperatures. Thus cven

in high C,A cements, higher temperatures would possibly inhibit the formation of
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Friedel’s salt, thereby reducing their effectiveness in binding chlorides.

(ii) Hydroxyl Ion Concentration in Pore Solution

Figs. 4.2.1.26 through 4.2.1.28 show the hydroxyl ion concentrations in the pore

solutions of the three cements cured at 20 and 70° C. Increase in curing témperature
from 20 to 70° C causes a drop in the OH™ concentrations from 0.26 to 0.12 M/ for
the 2.43% C,A cement; from 0.40 to 0.15 M/L for the 7.59% C,A cement; and from
0.50 to 0.20 M/L for the 14% C,A cement. The effect of temperature in reducing OH"

concentrations may be ascribable to the hydroxyl ions entering into reaction to balance
the anions removed due to the additional liberation of chloride ions into the pore solu-

tion.

(iii) CI"/OH™ Ratio in Pore Solution

The effect of temperature on CI"/OH™ ratio of the pore solution is shown in Fig.
4.2.1.29. The concomitant elevation of free chlorides and the depression of OH™ con-
centration with increase in temperature, raises the CI"/OH "~ ratio of the pore solution
significantly. As an example, for the 14% C,A cement treated with 0.3% chlorides, the
CI"/OH" ratio increases 19 fold due to an increase in temperature from 20 to 70° C.
Fig. 4.2.1.29 shows how the CI"/OH" ratios multiply manifold for all the three chlo-
ride levels when cements are cured at 70° C instead of 20° C. The increase in
CI"/OH™ ratio with temperature is observed to be most drastic for the lowest chloride
treatment level of 0.3%. Also the increase in the CI"/OH" ratio is more marked for

the 14% C,A cement than for the other two lower C,A cements. This further
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emphasizes the point that in terms of corrosion environment the high C;A cements are

more adversely affected by temperature increase than the low C,A cements.

The ppré solution chemistry of cement pastes cured at higher temperature shows
that the corrosion behavior of steel in concrete exposed to high temperature would be
different as compared to concrete exposed to normal temperatures. The increase in
CI"/OH" ratio at higher temperatures indicates that the corrosion initiation time of
steel in concrete would be decreased and corrosion rates would be increased signifi-

cantly.

4.2.1.5 External Chlorides

To study the chloride-binding in plain cements when the chlorides are present as
external chlorides, chloride was inducted into cement pastes after a hydration of 28
days. Plain cements 1,2 and 4 were used. Cement paste specimens were cast in 49x75
mm cylindrical PVC molds, without any chloride addition. The specimens were allowed
to hvdrate sealed in the molds and demolded after 28 days. 6 mm thick discs were cut
from the cylindrical specimens. No lubricating liquid was employed for cutting. The
discs were immersed in 10% NaCl solution, containing 0.5 M NaOH and crystalline
Ca(OH),. The alkalies were added to the solution to avoid any leaching of alkalies
from the samples, so that the unbound chlorides in the pore solution could be com-
pared with those obtained in case of internal chlorides, at about equal pore solution

alkalinity. Three discs were taken out after an immersion period of 10 days and porc

solution extracted. The pore solution was analyzed for CI” and O~ concentrations.
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Another disc was used for finding the total soluble chlorides in the sample by acid

digestion method.

The pore solution composition and the unbound chlorides are given in Table
42.1.11. The acid-soluble total chloride contents in the 2.42. 7.59 and 14% CA
cements were 3.19, 3.18 and 2.87% by weight of cement respectively. As seen in Table
4.2.1.11, the unbound chlorides decrease with increasing C,A content of cement. The
unbound chlorides were 88.5, 82.9 and 79.3% for the 2.43, 7.59 and 14% C,A cements

respectively. To compare the chloride-binding of the cements for internal and external
chlorides, the unbound and bound chlorides for internal and external chlorides are
given in Table 4.2.1.12 and Fig. 4.2.1.30. The unbound chlorides for cements treated
with internal chlorides are obtained from Fig. 4.2.1.2 by extrapolation for total chloride

content.s of 3.19, 3.18 and 2.87% for the 2.43, 7.59 and 14% C,A cements. These val-

ues are 86, 63 and 59% for the 2.43, 7.59 and 14% C,A cements respectively.

The OH™ concentrations in the pore solution of the 2.43, 7.59 and 14% C,A
cements treated with external chlorides were 382, 402 and‘4l6 mM/L respectively. The
average values of the OH"™ concentrations for the 2.43, 7.59 and 14% C,A cements for
cements treated with internal chlorides were 260, 360 and 510 respectively (Table
4.2.1.1). 1t is seen that the pore solution alkalinity in the 2.43 and 7.59% C,A cements

were more for specimens treated with extefnal chlorides compared to the specimens
trecated with internal chlorides. Since it is known that an increase in the pore solution
alkalinity decreases chloride-binding (64,65), the increascd pore solution alkalinity in
the 2.43 and 7.59% C,A cements would cause a decrease in the chloride-binding in the
samples treated with external chlorides. The pore solution alkalinity in the 14% C,A

cement is less for the samples treated with external chlorides compared to those treated
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with internal chlorides. This would cause an increasc in the chloride-binding in the
samples treated with external chlorides. However, it is seen from the data of Table
4.2.1.12 and Fig. 4,2.1.30 that the chloride-binding in all the three cements was less for
the samples treated with external chlorides compared to those treated with internal
chlorides. The ratios of bound chlorides in the samples treated with internal chlorides
to those in the samplcs treated with external chlorides were 1.2, 2.2 and 2.0 for the
2.43,7.59 and 14% C,A cements. Such a difference in the bound chlorides for samples
treated with internal and external chlorides is not expected from the difference in the
pore solution alkalinity. It is also seen from Table 4.2.1.12 and Fig. 4.2.1.30 that
whereas the bound chlorides increase by 2.9 times when the C,A content of cement
increases from 2.43 to 14% in the samples treated with internal chlorides, it increases
by 1.8 times only, for the corresponding increase in the C,A content in the samples
treated with external chlorides. Thus, the removal of chlorides due to increasing C,A
content is less effective in situations when chlorides are inducted after significant degrece
of hydration. Arya et al (66) also found similar observation showing a decrease in chlo-

ride-binding differential between different C,A cements when the chlorides werc

inducted externally after an initial curing period of 2 days compared to when the chio-
rides were inducted through mix water. They observed that the bound chlorides for the

Type 1 (9.9% C,A) and Type V SRPC were 38.5% and 28.3% respectivelv when the

cements were treated with internal chlorides. When the chlorides were inducted after an
initial curing of 2 days the bound chlorides were found to be almost equal, 50% and
47%, for the Type I and Type V cements respectively. It should be noted that thc
bound chlorides for cements treated with internal and external chlorides of the study of
Arya et al (66) can not be compared with those of the present study, as the total chlo-

rides were different for the samples treated with internal and external chlorides. In

e ———— e e e -
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their study, The total chloride content of the samples treated with internal chlorides
were 1.0% whereas that for the samples treated with external chlorides was around
1.64%. The amount of total chlorides also has a significant effect on chloride binding
(see Fig. 4.2.1.5); as the total chlorides increase the proportion of total chlorides which
are bound decreases. In the study conducted by Arya et al, the chloride solution in
which the specimens were immersed for induction of external chlorides, no alkalies
were added to avoid the drop in the OH™ concentration due to leaching out of cement
alkalies. Therefore, there is a strong possibility of cement alkalies being leached out,
thereby considerably decreasing the pore solution alkalinity. Arya et al (66) did not
report data on OH™ concentrations. Therefore the bound chlorides of samples treated
with internal and external chlorides in the results obtained by Arya et al can not be
compared since neither the total chlorides nor the pore solution alkalinity is the same

for the cements treated with internal and external chlorides.

The decrease in the bound chlorides in samples treated with external chlorides

compared to those treated with internal chlorides may be attributable to the formation

~ of hydration products of C,A namely mono sulfoaluminate and calcium aluminate

hydrates, and possibly C-S-H gel, which has also been shown to bind chlorides (48),
befdre the induction of chlorides. This possibly inhibits the formation of calcium chio-
roaluminates and chemisorption of chloride ions in the C-S-11 gel. The data also show
that the reduction in chloride-binding when the chiorides are subsequently inducted
after hydration is more pronounced in high C,A cements than in low C;A cements,

indicating a higher degree of inhibition of the Friedel’s salt in the former.
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- Fig.4.2.1.30  Bound chlorides in different C,A cements for inter-
nal and external chlorides.
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4.2.2 CHLORIDE BINDING MECHANISM IN BLENDED CEMENTS

4.2.2.1 Microsilica Blended Cement

Two parent plain cements, cements 1 and 4, and two levels of microsilica,10 and

20% were used. The chloride additions used were 0.3, 0.6 and 1.2% by weight of

cementitious material. OH™ and CI™ concentrations, and hence CI"/OH™ ratio in the

pore solution were measured after a curing period of 6 months.

(i) OH™ Concentration in Pore Solution

The OH™ concentrations in the pore solutions of the plain and the microsilica

blended cement pastes made with 2.43% and 14% C,A cements are shown in Table |

4.2.2.1 and Figs. 4.2.2.1 and 4.2.2.2. It is seen from these data that the OH"™ concentra-
tions in the pore solutions of the microsilica blended cements are significantly lower

compared to the parent plain cements.

The OH™ concentrations in the pore solutions of the 14% C,A plain cement
(cquivalent Na,O :0.65%) are 524, 503 and 534 mM/L. for the chloride additions of
0.3, 0.6 and 1.2%. OH™ concentrations were also measured for the chloride-free plain
and microsilica blended cements made with the 14% C,A parent cement. The OH"

concentration in the chloride-free plain cement is 328 mM/L. This shows that the

addition of NaCl in the range 0.3 to 1.2 chloride causes about 1.6 times increase in the






