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ABSTRACT

Reinforced concrete structures are affected by various durability problems during their
service life. Deterioration due to corrosion of steel reinforcement and degradation of
concrete due to sulfate attack are the most significant durability probléms encountered in
reinforced concrete structures and have major financial implications around the world.
Concrete durability problems are the major cause of concern all over the world especially
in the coastal areas where the structures are subjected to both chloride induced
reinforcement cotrosion and snlfate artack, and mechanism of deterioration may become
more complex because of ingress of bath chloride and sulfate ions. Chloride and sulfate
ions can either be present in the concrete ingredienis (internal) and/or penetrate into the
hardened concrete from outside environment (extemal). The corrosion behaviour of steel
reinforcement and the performance of concrete may vary significantly in the conjoint
presence of chloride-sulfate jons as compared to that in the presence of only chloride and
sulfate ions. In this rescarch work, a comprehensive experimental investigation has been
carried out to study the effect of conjoint presence of chloride ions and sulfate ions along
with the associated cation type on corrosion behaviour of steel reinforcement in
electrolytic concrete powder solution (ECPS) and in concrete by incorporating different
types of cement, steel and water-cement (w/c) ratio. In addition, to analyze the effect of
chemical composition of the electrolytic concrete powder solution on corrosion behaviour
of steel reinforcement, the ionic concentration, pH and conductivity of the concrete
powder solutions were detennined. Further, the performance of concrete by incorporating
different types of binder and water-binder ratios (w/b ratio) under different exposure
conditions in sulfate and conjoint chloride-sulfate envirorument was assessed. To evaluate
the changes in phase composition of hardened concrete in the presence of chloride and
sulfate ions, various microstructural techniques such as X-ray diffraction (XRD). Field
emission scanning electron microscopy (FESEM). and Fourier transform infrared (FTIR)
spectroscopy analyses were also carried out.

In the present research work, the entire experimental program was divided into three
series. In series [ the effect of chloride and conjoint chloride-sulfate contamination on 28
day compressive strength of concrete; microstructural changes occuired in concrete due
to the presence of chloride and conjoint chloride-sulfate ions; ionic concentration. pH and

conductivity of electrolytic concrete powder solution; and corrosion behaviour of steel in
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electrolytic concrete powder solution (ECPS) have been investigated. For this purpose,
two types of cement namely: ordinary Porlland cement (OPC) and Portland pozzolana
cement (PPC). and two types of thermo-mechanically treated (TMT) steel bars of
diameter 12 mm namely Tempcore TMT and Thermex TMT steel bars were used as the
steel reinforcement. The concrete mixes were prepared with two w/c rados of 0.45 and
0.5. Chloride and sulfate salts were admixed at the time of preparation of concrete in the
mixing water as percentage by mass of cement content. Sodium chloride (N2Cl) was used
as the source of chloride ions, whereas sodium sulfate (N2:SO4) and magnesium sulfate
(MgS0,) were used as the sources of sulfate jons. The concentrations of NaCl used were
104 5% and 7% and those of Na;SO4 and MgSO, used were 3%, 6% and 12% each by
mass of cement content. A total of 1056 cube specimens of size 150 mm were prepared
from 88 conecrete mixes {i.e. from control mix and mixes contaminated with varying
concentrations of chloride and composite chloride-sulfate salts) with twelve replicate
specimens from each mix. The cube specimens were subjected to moist curing till the age
of 28 days from the day of preparation. After chat, three replicate specimens from a given
concrete mix were tested to determine the 28 day compressive strength and remaining
nine replicate specimens were kept in laboratory exposure condition till the period of 56
days for obtaining the concrete powder. From the obtained concrete powder, electrolytic
concrete powder solutions (ECPS) was prepared. The obtained electrolytic concrete
powder solution was chemically analyzed to detenmine its ionic concentration, pH and
conductivity. The electrochemical tests such as potentiodynamic polarization test and
linear polarization resistance (LPR) test on bare stecl specimens were conducted in
electrolytic concrete powder solution. A total of 704 bare steel specimens were prepared
and tested. From the potentiodynamic polarization test on bare steel specimens in ECPS,
anodic polarization curves were obtained and these were used to idemtify different zones
of corrosion namely active zone, passive Zone and pitting zone. From these zones of
corrosion, corrosion potential {Ecer), 2ct/pass boundary potential and pass/pitt boundary
potential were determined. From LPR test. the variations in cotrosion potential and
corrosion cuirent density of steel reinforcement in electrolytic concrese powder solution
were evaluated. The resulis of 28 day compressive strength of cube specimens prepared
from OPC and PPC concrete admixed with chloride and chloride-sulfate ions at w/c ratios
of 0.45 and 0.5 indicated that the varying concentrations of chloride and chloride-sulfate
ions have significant effect on compressive strength of concrete. The results of
microstructural changes occurred in concrete due to chloride and chloride-sulfate
vii
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contamination (studied through XRD, FTIR and FESEM analyses) showed the formation
of various compounds and also indicated the variations in the formations of these
compounds due to the effect of cement type. concentrations of chloride salts and sulfate
salts along with the associated cation type. The résuits obtained from the measurement of
ionic concemtration, pH. and conductivity of electrolytic concrete powder solution
indicated that the change in ¢ement type, W/c ratio, concentrations of admixed NaCl,
N2,80, and MgSO, and cation type associated with sulfate ions i.c. Na® and Mg™" affect
the electrolytic conerete powder solution chemistry. From the results of potentiodynamic
polarization test on bare steel specimens in ECPS. it is found that the presence of sodium
sulfate in chloride environment has mitigated the effect of chloride ions on reducing the
passivity of both types of steel reinforcement. On the other hand, the presence of
magnesium sulfate in chloride environment has stimulated the effect of chloride ions on
ceducing the passivity of steel reinforcement for Tempcore TMT steel whereas Thermex
TMT steel performed betier in the conjoint presence of NaCl and MgS0Oy, in maintaining
the passivity as compared to that in the presence of only NaCl. From the effect of cation
type i.e. Na* and Mg"* associated with sutfate ions, it is inferred that the range of passive
zone of both Tempcore TMT and Thermex TMT steel is more in NaCl plus Nay30,
environment as compared to that in NaCl plus MgSO. environment for both types of
cement and w/c ratio. This implies that Mg-oriented sulfate attack is more aggressive in
the presence of chloride ions in reducing the passivity of steel reinforcement as compared
to Na-oriented sulfate attack. From the results of LPR test on bare steel specimens in
electrolytic concrete powder solution, it is observed that Tempcore TMT sieel. OPC and
wic ratio of 0.5 showed lower corrosion current density in NaCl and NaCl plus MgSO,
environment. thereby likely to exhibit longer corrosion propagation period. Similarly in
NaCl plus Na,SO, environment, Tempcose TMT steel, PPC and w/c ratio of 0.5 are likely
to exhibit longer corrosion propagaiion period. Further. therc exists a good correlation
between passivity range and corrosion parameters (corosion potential and corrosion
current density) of steel reinforcement in NaCl, NaCl plus Na; SOy and NaCl plus MgSO,

contaminated electrolytic concrete powder solutions.

In series [1. the corrosion behaviour of steel reinforcernent embedded in chloride-sulfate
contaminated concrete and subsequently exposed to chloride-sulfate environment was
investigated by measuring corrosion potential and corrosion cutvent density at the age of

90, 180 and 270 days from the day of preparation of the specimens by using linear

viii

TH-2120_10610424



polarization resistance (LPR) technique. For this purpose prismatic reinforced concrete
specimens of size 72 mm * 72 mm * 300 mm with a steel bar of 12 mm diameter placed
centrally with a concrete cover of 30 mm on all the sides and at the bottom were prepared
using ordinary Portland cement {OPC). Portland pozzolana cement (PPC). OPC plus 20%
fly ash (OPC+20FA) and OPC plus 30% fly ash (OPC+30FA) at a w/b ratio of 0.5.
Tempcore TMT and Thermex TMT steels were used as the steel reinforcement. Chioride
and sulfate salts were admixed at the time of preparation of concrete in the mixing water
as percentage by mass of binder content. The admixed concentrations of NaCl were 3%,
5% and 7% and those of NaxSO, and MgSO, were 3% and 6% each, A total of 312
prismatic reinforced concrete specithens were prepared from 52 concrete mixes (i.e. from
control mix and mixes contaminated with varying concenirations of composite chloride-
sulfate salts) with three replicate specimens from each mix and for each type of steel.
After 28 days of moist curing, the prismatic reinforced concrete specimens were remmoved
from the curing tank and were kept in the laboratory exposure condition for a period of 90
days from the day of preparation. After that, the specimens were exposed to nonnal water
and composite chloride-sulfate solutions {concentration of salts in the solution same as
that admixed at the time of preparation of concreie specimens) with alternate wetting-
drying cycles (each cycle comprising of 7 days of partial immersion in the test solution
followed by 14 days of drying in the laboratory condition). From the results it is observed
that the probability of occurrence of steel reinforcement corrosion in concrete increased in
the presence of chloride and sulfate ions for all types of binder and steel reinforcement.
From the variations in corrosion current density, it is observed that the comosion current
density of both types of steel in blended cement concrete specimens were lower than
those in OPC concrete specimens in the conjoint presence of NaCl plus Na;SO,. whereas
the opposite variation was observed in the conjoint presence of NaCl plus MgSO, i.e, the
corrosion cumrent density values in OPC concrete were lower than those in blended
cement concrete specimens. Further Tempeore TMT steel exhibited lower corrosion
density as compared to Thermex TMT steel in the composite chloride-sulfate

environment.

In series L, the effect of sulfate ions and that of composite chloride-sulfate jons on
deterioration of concrete have been investigated through the measurement of change in
weight and compressive strength of cube specimens after 360 days of exposure to these

aggressive ions. Further to examine the effect of sulfate ions and conjoint sul fate-chloride
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ions on the microstructure of hardened concrete. XRD and FESEM analyses were also
conducted. Cube specimens of size 150 mm were prepared with different types of binder
such as OPC. PPC and OPC plus fly ash at different replacement levels (20% and 30% by
"mass of binder content) and w/b ratios of 0.45 atd 0.5. A twotal of 912 cube specimens
were prepared from different concrete mixes. The specimens were subjected to moist
curing in curing tank till the age of 28 days from the day of preparation and were then
kept in the laboratory condition for a period of 7 days. After that, the specimens were
exposed to normal water, sulfate solutions and cOmposite chloride-sulfate solutions. The
concentrations of NaCl used in the preparation of exposure solutions were 3% and 5%
and those of Na:SOy and MgSO; used were 3%, 6% and 12% each. The exposure
solutions were prepared by dissolving the required quantitics of Na;504, MgSO,, NaCl
plus Na;SO, and NaCl plus Mg304 in water. From each concrete mix, three replicate
cubes were subjected to a given exposure solution with alternate wetting and drying
eycles comprising of 7 days of full immersion in the exposure solution followed by 14
days of drying in the laboratory condition and another set of tiree replicate cubes were
continuously immersed in the exposure solution (jll the end of exposure period. The
results indicated that the effect of sulfate attack in terms of weight loss of concrete was
more prominent in sulfate and composite chloride-sulfate exposure solutions when the
sulfate ion is associated with Mg"™" cation as compared to that associated with Na™ cation.
While comparing the effect of exposure solutions on compressive strength of concrete, it
is observed that the reduction in compressive strength of concrete decreased in the order:
MgSO4 > NaySO; > NaCl plus MgSO. > NaCl plus NaxSO.. This implies that chloride
ions mitigate the sulfate attack on concrete when concomitantly present with sulfate ions.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Concrete is of increasing importance for all types of construction around the world, due to
its versatility, low maintenance cost during service life and energy efficiency [I). In
addition to general construction, construction activity has also been extending to coastal
areas because of the increasing number of oil and seabed mining operations. A large
portion of these installations has been made from Portland cement concrete and there are
greater demands of it for increased safety and long-term durability [2]- Performance of
concrete is generally judged by its strength and durability properties [3]. ACI Committee
201 defined concrete durability as; its resistance to deteriorating influences, which may
through inadvertence or ignorance reside in the concrete itself, or which are inherent in
the environment to which the concrele is €Xposed [1]. Concrete is a complex composite
material, whose internal structure and properties can change over time. [t is generally
recognized that the environmental degradation of concrete infrastructure is a major
concem to the construction industry around the world {4]. Specifying concrete merely on
strength considerations while ignoring nusmber of other factors essentially related to
durability will cause a gross mismaich between the specifications for concrete and the
characteristics of the environment and would result in a number of problems of varying
severity [5].

Concrete is a composite material comprising of cement, aggregates, chemical admixtures,
mineral admixtures and water [2]. It is a versatile material with its own special properties.
Cement paste is the active constituent of concrete and the performance of concrete is
mainly determined by the characteristics of cement paste. The major constituents of
unhydrated cement are tricalcium silicate (C;S: 3C20.SiO2), dicalcium silicate (Cz8:
2Ca0.8i0,), tricalcium aluminate (C;A: 3Ca0.ALOs) end tetracalcium aluminoferrite
{C4AF: 4C80.ALO;.FerO;). When the required amount of water is added 1o the concrete
mix, hydration of cement takes place through chemical reactions that result in formation
of hydration products. The hydration of cement is exothermic in nature and results in the
hardening of concrete as it progresses. Normally, gypsum is added to the cement clinker
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to control the early setting and hardening behaviour of cement [6, 7). The hydration of
major compounds i.e. calcium silicates such as C38 and Cs8 forms calcium silicate
hydrate (C-S-H), which occurs as fine fibrous growths and calcium hydroxide (Ca(OH)a),
which occurs as platy hexagonal crystals [8). These hydration products bridge the
individual particles, fill up the capillary pores, bind the aggregates together, and promote
the formation of rigid microstruciure and strength development of concrete [9). The
minor compounds such as C3;A and C4AF react with gypsum (CaS04.2H,0). which is
interground with Portland cement clinker as setting time regulator, to form first a
trisulfoaluminate (3Ca0.AL0O;.3Ca80,4.32H,0) also called as primary ettringite. which
appears in thin needles and then a monosulfoaluminate (3Ca0.3CaS04.12H;0). which
appzars in platy crystals [10]. The hydrated cement paste exhibits capillary porosity with
the pores partially filled with the pore solution. The pore solution of concrete is highly
alkaline with a pH value between 12-14, which is due to the presence of calcium
hydroxide along with small amounts of NazO and K50 [9].

Reinforced concrete structures are affected by various durability problems during their
service life. Corrosion of steel in concrete is a serious durability problem encountered in
remforced concrete structures around the world [3). Corrosion of steel reinforcement
initiates due to its expasure to aggressive agents that may be found in nature such as in
Some groundwater, soil, seawater; and also exposure to industrial effluents. The most
aggressive ions that affect the long term durability of reinforced concrete structures are
the chloride and sulfate ions [11]. Corrosion deterioration in bridge decks, parking
structures, coastal structures etc. are some of the significant durability problems
encauntered in civil infrastructure. The repair and maintenance of the corroded reinforced
conerete structures incurs huge cost. For instance in United States of America, it was
estimated in the year 1989 that mare than $20 billion are needed for repair of corroded
steel-reinforced concrete bridges [12). According to a Federal Highway Administration

(FHWA) comosion cost study in the year 2002, the estimated total cost of corrosion is

$276 billion per year, which makes 3.1% of the national Gross Domestic Product (GDP)
i US.A. [13]. In UK, the Department of Transport estimated a total repair cost of £616.5
million due to the damage caused by corrosion in motorway bridges [14).

Keeping in view the detrimental effect of degradation processes, it should be realized that
2 basic understanding of these processes is needed by all involved in the design and
construction of reinforced concrete structures [10]. Careful consideration of all potential
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deterioration mechanisms a1 the design stage can permanently protect the steel
reinforcement embedded in concrete against corrosion during normal service life of

reinforced concrete structures, even under aggressive environmental conditions [15].

1.2 PASSIVATION OF STEEL IN CONCRETE

The highly alkaline environment in concrete results in the formation of a tightly adhering
thin protective film of iron oxide of few nanometers thick on the surface of reinforcing
steel, which passivates the steel and protects it from corrosion [16. 17, 18). This passive
layer is composed of more or less hydrated iron oxides with varying rtios berween Fe®

3+ . .
and Fe™ [18). The passive layer is dynamic in nature 1.6 it will breakdown and reform

ad lasts long under favorable conditions {17]- This protective layer on the surface of

reinforcing sicel prevents iron cations (Fe') from enteritg into the solution in the

electrolyte and acts as a basrier to prevent 0Kygen anions (O) from contacting the steel
surface [19]'

13 CORROS 10N OF STEEL REINFORCEMENT IN CONCRETE

C-':!I'I‘l:lﬁiot\ is the destructive attack of 8 metal by chemical or electrochemical
with itg environment [20]. Steel is (hermodynamically unstable on earth’s atmosphere a.nd
always has (e tendency ;0 revert to the lower cpergy state such as oxide and hydroxide

by TaCtions with oxyeen and water [21] Corrosion of steel in concrete can oceur, if the
o is not properly designed for the service
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chloride ions [6]. Onee corrosion is initiated, it is the electrical conductance of the
concrete that controls the rate of corrosion.

Corrosion is often indicated by rust spots, which appear on the extemal surface of the
concrete, or by cracks in the concrete cover developed by the expansion of the corrosion
products. The corrosion products occupy a much larger volume than the original steel,
Depending on the composition and degree of hydration, the volume of the corrosion
products can be 2 to 6 times greater than that of the original steel [18]. The products of

corrosion is a mixtures of iron oxides such as Fe,0,, Fe(OH),, Fe(OH),, Fe{OH);.3

H,0, whose volumes are 2, 3, 4, and 6 times respectively greater than the parent steel

[18]. As the corrosion progresses, the corrosion products continue to accumulate and

produce tensile stresses, which generate cracks in the concrete cover and resulis in
spalling in the localized area or complete delamination of concrete.

14 ELECTROCHEMICAL MECHANISM OF STEEL REINFORCEMENT
CORROSION

Corrosion of reinforcing steel is an electrochemical process involving a galvanic cell,
wherein chemical energy is converted to electrical energy [20]. Once corrosion is
initiated, it progresses almost at a steady rate and shortens the service life of the
reinforced concrete structure, by causing surface cracking and subsequently spalling of
the concrete cover [23]. The rate of corrosion directly affects the extent of remaining
service life of a corroding reinforced concrete structure, The corrosion occurs because of
the difference in the electrachemical potential on the steel surface, which forms anodic
and cathodic regions, connected by an electrolyte in the form of concrete pore solution
[23] The electrode at which the oxidation occurs {or +ve electricity leaves the electrode
and enters the electrolyte) is called as anode, and that at which the chemical reduction

oceurs is called as cathode [20], The reactions at anodes and cathodes are referred as half-
cell reactions [16).

The overall process of corrosion is complex. In the corrosion process, due to the

difference in the potential between anodic and cathodic regions, positively charged metal
ions at the anode pass into the solution as Fe™ and the free electrons {¢’) pass along the
steel into the cathode. These electrons are absorbed by the constituents of the electrolyte
and combine with water and oxygen to form hydroxyl ions. The hydroxyl ions complete
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the electric circuit by moving back lo the anodic site. where they combine with the
ferrous fons (Fe "} to form terric hydroxide i.e. the rust product [6, 9, 20). The schematic
diagram of electrochemical mechanism of corrosion of steel in concrete is shown in Fig.

L.1[24] and the elecirochemical reactions are described as follows [6]:

Fe—s Fe* +2¢- (1.1
140, +2H,0 - HOHY (12)
Fe* +2(0H)" = Fe(OH), (13)

(14

4F
B(OH}: + EH:O + 03 — 4Fe(OH),

¢

D, o}
\H’O"—m ¥
CONCRETE COVER RUST
\ s *
0 os /_’,.’—-" 2(01-[}'-!—1-‘:"" — Fe{CHh
\ S OH" . 1‘
pe- S T} a2e”
*H, - 4 ~CURRENT jFe—Fe¢ =+
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\

L
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Fig1. Basic corrosion process of steel reinforcement 10
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conditions to make corrosion impossible can be obtained from thermodynamics. M.
Pourbaix developed a summary of thermodynamic data in the form of equilibrium
potential-pH diagrams that relate to the electrochemical and comrosion behavior of meials
i agueous environment [25, 26). The Pourbaix diagram of iron in water at 25 °C is
illustrated in Fig. 1.2. The Pourbaix diagram is useful in identifying potential-pH domains
i.c. domains of immunity, passivity and corrosion as shown in Fig. 1.2.
In potential-pH diagram (Fig. 1.2), the domains of stability of various substances
considered are bounded by lines that represent conditions of equilibrium for the different
reactions involved. In the Pourbaix diagram (Fig. 1.2), the ventical lines represent the
chemical reactions involving H™ and OH" ions, sloping lines denote electrochemical
reactions involving H' and OH' ions and horizontal lines represent the electrochemical
reactions without participation of H” and OH" ions. In the equilibrium potential-pH
diagram for the Fe — HO system at 25 °C shown in Fig. 1.2, the concentrations of
dissolved ions other than H* and OH are teken as 1 pmol/l and the solid phases are
assumed to be pure [26];.

In the corrosion domain, the soluble ions are stable and are likely to be associated with
corrosion, since the anodic reactions leading to the formation of Fe** or FeO.OH" are
thermodynamically favoured and the reactions are as follows [26];

Fe =Fel* 4+ 2e- (1.5)

Fe+30H™ =FeOOH™ +H,0+ 2" (1.6)

In the passive domain, the oxides, Fe;Ox and FexOy are stable and aro likely to exhibit a
condition of passivity, since significant corrosion may be stifled due to the anodic
formation of a protective oxide layer on the metal surface and the reactions are as follows
[26];

3Fe+4H,0 = Fe,0, +8H" + 3¢~ (1.7
2Fe+3H,0=Fe,0, + 6H" +6¢" (1.8)

[n the immune domain, Fe is stable and immune from corrosion, since the metal is

thermodynamically unable to undergo anodic reactions [26].

The equilibrium potential-pH diagrams provide useful information for predicting the
conditions under which the particular reactions are likely to influence the corrosion
behaviour of the metals. However, these diagrams do not convey any information on the
kinetics of the possible reactions [26).
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Fig. 1.2 Pourbaix diagram for Fe - H,O system 2t 25 °C [20, 25, 26]
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cathodic. For cathodic polarization, electrons are supplied to the metal surface and the
buildup of the electrons due to slow reaction rate results in a negative potential change
[25].
The potential of the working electrode is measured with respect to a reference electrode
and the current is applied through an auxiliary electrode. The polarization curves are
determined by the corrosion monitoring instrument i.e. potentiostat [15). The polarization
curves provide gquantitative information about instantaneous corrosion rate of working
clectrode through Tafel extrapolation method. Further from the linear polarization
tesistance technique, the polarization curve for a few millivolts around the corrosion
potential provides quantitative information about instantaneous corrosion rate through the
measurement of polarization resistance [15],
The polarization curves may also provide information about the morphology of attack
(generalized corrosion or passivation and pitting) and the effects of different
depassivating substances may also be compared through the determination of pitting or
breakdown potential. The polarization curves also provide information about the
protection potential (thermodynamic information) and protection current density (kinetic
information) for the steel reinforcement, To obtain the polarization curves, polarization
may be applied by any one of three methods viz. potentiodynamic, potentiostatic or
galvasnostatic. The potentiodynamic and potentiostatic polarization methads are based on

measurement of current at controlled potential, whereas galvanostatic polarization method
is based on measurement of change in potential at fixed current [15].

The concrete is a complex composite material. The characteristics of concrete and its
elecirolyte dominantly affect the corrosion process. In addition to the moisture content
that affects conductivity and imperviousness of concrete that affects polarization. the
characteristics of non-uniformity of concrete from place to place also affect the corrosion
process to a greater extent [28]. Due to this variability in the electrolytic environment of
concrete and its high resistivity, it is complicated 1o conduct polarization study on steel
embedded in concrete [29]. However, the polarization curves can be detormined
indirectly by conducting polarization study on steel reinforcement in simulated concrete

pore solutions.

TH-2120_10610424



CHAPTE|

1.7 CAUSES OF STEEL REINFORCEMENT CORROSION IN CONCRETE

As already slated earlier, the most significant causes of corrosion of reinforcing steel in
concrete are carbonation and presence of chloride ions at the steel reinforcement level in

conecrete,

1.7.1 Carbonation Induced Steel Reinforcement Corrosion in Cancrete
Carbonation is the reaction of carbon dioxide with the hydrated cement [6]. The

Atmospheric carbon dioxide enters the pores of concrete and dissolves in the pore water to

form catbonic acid, which in turn reacts with calcium hydroxide (Ca(OH)y) to form

insoluble calcium carbonate (CaCO;) as shown in Eq. 1.10 and Eq. 111 [17}
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reduced as the hydration proceeds [34]. Not all the chloride ions that are in or penetrate
into concrete remain free in the pore solution. Some of the chloride ions are bound with
the cement hydrates through a chemical reaction to form calcium chloroaluminate
(Friedel’s salis) {35 - 37], while others get adsorbed on various hydrates of cement [18].
Thus, only a portion of the chloride ions remains free. Equilibrium conditions tend to
establish between free chloride ions and bound chlorides, depending on the composition
of the cement and its binding capacity [18]. The binding of chloride ions is affected by
the associated cations of the chloride sources for instance, in case of calcium chloride
(CaCly), the binding of chioride ions is higher than that in case of sodium chloride (NaCl)
[38]. It is the free chloride jons in the pore solution that are mainly responsible for
causing damage (o the concrete structures by disrupting passive layer of reinforcing steel.

The disruption of the passive layer takes place when the concentration of chloride ions in
the vicinity of the reinforcing stee! exceeds the threshold value [39, 40] and it depends on
various factors such as cement type, concrete mix proportion, water/cement {w/c) ratio,
CsA content of the cement, blended materials, chloride binding, steel type/steel surface

condition, concentration of hydroxyl ions, temperature, relative humidity and source of
chloride ions ete,

There are three theories regarding the effect of chloride ions on corrosion of reinforcing
steel: (a) Oxide Fitm Theory- according to this theory, chloride ions penetrate the oxide
film (passive film) on stee] through pores or defects in the film eagily than other ions
(e.g, S07). Altematively, the chloride ions may colloidally disperse on the oxide film

thereby making it easier to peneirate; (b) Adsorption Theory- according to this theory,

chloride ions are adsorbed on the rebar surface in competition with dissolved oxygen or

hydroxyl ious. Thus, chloride ions promote the hydration of the iron ions and facilitate the
corrosion of reinforcing steel; and () Transitory Complex Theory- according to this
theory, the chloride ions compete with hydroxyl jons for the ferrous ions produced by
corrosion and forms a complex of iron chloride. This complex can diffuse away from the
anode, destroy the passive layer of Fe(OH); and permit corrosion to continue. The
complex of iron chloride breaks down at some distance from electrode leading to
precipitation of iren hydroxide and the chloride ions are free o transport more ferrous

ions from the anode [9, 16]. The reactions are presented in Eq. 1.12 and Eq. 1.13.

10
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Fe(OH), +xCl~ — FeCl_+xOH" (1.12)

FeCl, +XOH" — Fe(OM)_ + xCl (1.13)
Where ‘x* can be 2 or 3, depending on the oxidation state of iron. The non-homogeneous
distribution of chloride ions over the steel surface and the imperfections of the passive
on oxide film allow easy incorporation of the chioride ions and breakdown of the
passive film locally. The local active areas act as anodes where the iron will easily
dissolve at a refatively low potential and the remaining passive arca acts as cathode
where, oxygen reduction takes place at a higher potential [9).

13 SERVICE, 1ipg OF REINFORCED CONCRETE STRUCTURES
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Fig. 1.3 Initiation and propagaiion periods for corrosion in a reinforced concrete structure

(Tuutti’s model) [18]

LY SULFATE ATTACK

Sulfate attack is one of the major threats to the durability of concrete. When concrete is in

contact with the salts containing sulfate, interactions between solid phase and sulfate

solution oceur in the conerete, leading to chemical reactions and subsequently to the
deterioration of concrete [41]. The severity of attack depends mainly on the concentration
of the sulfates in the soil or in the water in contact with concrete; and also on the cation
type associated with sulfate ions [18]. Vicat, as carly as in the vear 1818, reported a
chemical attack on concrete due to the presence of sulfate jons in sea water, while in the
year 1890, Candolt established the formation of an expansive hydration product by ihe
interaction of aqueous solutions of calcium aluminates and calcium sulfate [42].
Michaelis in the year 1892, attributed the disruption of concrete when attacked by sulfate

waters, to the reaction between CsA in Portland cement and sulfate ions leading to the

formation of ettringite [42)],

Sulfate attack is initiated mainly due to the contribution of sulfate ions by the external
exposure conditions. In addition, the sulfate ions are also sometimes originated in the
concrete mix internally through contaminated aggregates, mixing and curing water, and
admixtures [43]. The different sulfate salts, which are present in the soils and
groundwater are sodium sulfate, magnesium sulfate and calcium sulfate. Since the

solubility of calcium sulfate is very low, sulfate attack is predominantly attribuied to the

12
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reaction of cement hydrates with sodium sulfate and magnesium sulfate [44]. Sulfate ions
attack some or all of the three main hydrate compounds of hardened concrete i.e. calcium
hydroxide. calcium alwninate hydrate and calcium silicate hydrate, depending on the type
of sulfate in the solution involved [42].

Action of sulfute ions on calciun hvdroxide:

Sodium sulfate and magnesium sulfate can react with the calcium hydroxide formed in
the hydration of calcium silicates to form gypsum (CaS042H;0). sodium hydroxide

(NaOH) and magnesium hydroxide (Mg(OH)2) according to the following reactions 17,
42,45, 45),

Ca(OH); + Na, 80, +2H,0 — €a80,.2H,0-+ 2N2OH (1.14)

CI(OH}" * MgSOJ +2H,0 — CaS0,.2H,0+ 2Mg(OH).
in volume that leads to expansion

(1.15)

The formation of gypsum is destructive due 10 increase
of the concrete and results a reduction in stiffness and strength of concrete [17, 45].

Acti
o ‘?f.'mgfm ¢ ions on caleinm aluminate fydrates:
The $¥Psum formed in reactions shown in Eq. 1.14 and Eqg. 1.15 can react with hydrated

@M luminates  (4Ca0.AOs 13H0),  hydrated  calolum sulfoalurainates
(3&0'&'103'03304.121-130) or unhydrated tricalcium aluminates (3Ca0.Al;03) and

‘ i i . 1.17 and
s tingie (3Ca0. AL,O; 3Ca50,.32H20). which is shot?t (8 Eq. 1.16, E¢
Eq. l.1g “7‘ 45].
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AlLO, ¢ 4.0y +16H,0 -
3:;30‘&'20: aS0O,.12H,0 +2(Cas0 .20, 1an

3Ca80, 32H,0

O {1.18)
.Al.!,o_v. + RCESOJ.ZH ‘0] +26H30 _.}3{‘30.”305-3{:3504.32]"12

3Ca0
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silicate and tricalcium silicate. The decalcification of C-S-H occurs only due to the effect
of magnesium sulfate and the reactions are as follows;

3C40.28i0,.3H,0 + 3MgSO,, +8H,0 -
¥}CaS0,.2H,0) + 3Mg(OH), + 28i0,H,0 (1.19)

The reaction shown in Eq. 1.19 produces more gypsum, which would react with the
calcium aluminates (Eq. 1.16 to Eq. 1.18) to produce more ettringite. The magnesium
hydroxide (Mg(OH),) and the silica hydrate ($i02.H;0) formed from reaction shown in
Eq. 1.19 can react together to form non-cementitious magnesium silicate hydrate (M-S-H)
as shown in Eq. 1.20 [17, 45].

4Mg(OH), +8i0, nH,0 — 4MgOSi0, 8.5H,0 +(n - 4.5)H,0 (1.20)

The decalcification of C-S-H into non-cementitious M-S-H is possible only due the attack

of MgS0,. Thus, magnesium suifate has more damaging effect on concrete than sodium
sulfate.

110 BEHAVIOUR OF CONCRETE IN CONJOINT CHLORIDE-SULFATE
ENVIRONMENT

The environmental and a:eomorphical conditions in the coastal areas contribute to @
reduction in the service lifs of concrete structures; particularly due to contamination of
30! aud groundwater with chloride and sulfate salts [19]. Both chloride and sulfate salts
?re preseat in seawater and groundwater. In the conjoint presence of chloride and sulfate
tons, the mechanism of deterioration of concrete becomes complex due to the
simultaneous interaction of these ions with hydrated cement phases. The presence of

sulfate fons may influence the chioride atrack and similarly the presence of chloride ions

may affect the sulfate attack in concrete, Further, the cation type associated with these

aggressive ions makes the mechanism even mote complex, When chloride ions are
present in the concrete, they chemically combine with C;A phase of cement and forms
calcium chloroaluminate (Friedel’s salt) as shown in Eq. 1.2 [47), thereby reducing their
deleterious effect on promoting corrosion of steel reinforcement. If sulfate ions are also
present along with chloride ions, then they compete with chloride ions to react with C;A
and produce ettringite (as shown in Eq. 1.22 and Eq. 1.23) that results in distuptive
expansion and disintegration of concrete into non-cohesive gramular mass [ 18].

14
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CHAPTE

3Ca0.ALLO, + Ca(OH), +2C17 +10H,0 =

3Ca0.A1,0, CaC’l .. 10H,0 + 20H" (1.21)
Ca(OH), + SO +2H,0 — CaSO,.2H,0+ 20H" (1.22)
3Ca0.A1,0, +3CaS0O, +32H,0 —» 3Ca0.Al,0;.3CaS0,.32H,0 (1.23)
A higher proportion of C:A in cement would reduce the corrosion inducing free chloride
from the pore solution of concrete thereby reducing the risk of corrosion. On the other

hand, { :
» t would pose a serious concrete durability problem in terms of sulfate attack.

1.11
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INTRODUCTION

reinforcement. Also to analyze the changes in phase composition of hardened concrete in
the prescuce of chloride and sulfate ions, there is a need to carry out microstructural
studies. In addition, it is also necessary to evaluate the effect of cation type associated
with sulfate jon on steel reinforcement corrosion and on the performance of concrete in

composite chloride-sulfate environment with varying concentrations of chloride and
sulfate iong,

Keeping in view the abovementioned research needs, the objectives of the present
rescarch work have been formulated as follows:

13) To evaluate the effect of chloride and conjoint chloride-sulfate contamination on
Compressive sirength of concrete.

B) To investigate the microstrcture of concrete admixed with varying concentrations of
chloride and sulfate jons through Xray diffraction (XRD), Fourier transform infrared

(FTIR) spectroscopy and Field emission scanning electron microscopy (FESEM)
analyses,

©) To study the influence of varying concentrations of admixed chloride and sulfate ions

on ionic concentration, PH and conductivity of electrolytic concrete powder solution
(ECPs),

28) To determine the ranges of potential values for different zones of corrosion namely
afive zome, passive zome and pitting
potentiodynamic  polarization study in electrolytic concrete powder solutions
contaminated with chloride and conjoint chloride-sulfate ions.

8) To swdy the effect of steel ype,

zone of steel reinforcement through

cement type, watet-cement ratio (w/c ratio) and cation
type associated with sulfate ions on passivity of steel reinforcement in electrolytic
concrete powder solutions contaminated with varying concentrations of chloride and
conjoint chloride-sulfate ions,

€} To assess the cormrosion performance of stesl reinforcement in electrolytic concrete

powder solutions preapred from different types of cement, w/c ratio and contaniinated
with different concentrations of chlogide ions and conjoint chloride-sulfate ions by
Ineasuring corrosion potential and corrosion current density.

3) To evaluate the effect of binder type and steel type on corrosion behaviour of steel
reinforcement embedded in concrete in the presence of different concentrations of

16
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CHADPTE]

conjoint chloride-sulfine ions by determining corrosion potential and corrosion current
density.

4) To study the effect of binder type. w/b ratio, concentration of sulfate ions and
associated cation type on variation in compressive strength of concrete exposed to sulfate

and chloride-sulfate environment.

I.I2ORGANIZATION OF THESIS

The research work carried out in this investigation has been organized in eight chapters.
In Chapter 1, introduction abour the reseatch atea, need and objectives of the present
research work are presented. Chapter 2 describes the review of literature of the research
work on comrosion behaviour of steel reinforcement in simulated concrete pore solution

and that embeqdeq in concrete in the presence of chloride and sulfate ions and on the

performance of concrete in sulfate and chloride-sulfate environment. Chapter 3 describes

about the detailed experimental program adopted in the present research work for
evaluating the cotrosion behaviour of steel reinforcement and performance cvaluation of

concrete. Chapter 4 presents and discusses the cesults on the effect of different

CONCENAions of ehtoride and conjoint chloride-sulfate contaminations on 28 day
Further, the results of pH,

com H
Pressive Sttength and microstructute of concrete.

mnducﬁ"it!v' and ionic concentration of electrolytic concrete powder soluuc.n (ECPS) are
ial ranges of different zones

golution (ECPS) are
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01n . .
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NCe of o n weight 2
ncrete in terms of change | .
the congy ions obga: he present research work and suggestions for further
researcy, tained from the p

a
'€ Presented in Chapter 8.

TH-2120_10610424 17



CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

In this chapter, a detailed literature review on the research work carried out by various

researchers on corrosion behaviour of steel reinforcément in concrete and in simulated

concrete pore solution exposed to chloride and sulfate environment is presented. In
addition, the repored research work on behaviour of concrete in sulfate and composite

chloride-sulfate environment is also presented. The literature review is divided into

following sections: (i) effect of chloride and sulfai® contamination on concrete pore
salution chemistry, (i) corrosion behaviour of steel
pore SOIULOR contaminated with chloride and sulfate ions:

steel reinforcement in concrete contaminated with chloride and sulfate ions;

ycinforcement in simulated concrete
(jii) corrosion behaviour of
and (1v)

deterionation of conerete jn chloride and sulfate epvircument.

22 EFFECT Qf CcyLORIDE AND SULFATE CONTAMINATION ON

CONCRETE PORE §oLyTION CHEMISTRY

Conerel® POre solution composition is useful in understanding the deleterious reactions
inn developing durability solutions [48]. The

'ble t{.’rl‘ 1 crate ald {}I
I'ESPOHSI dEterml‘atiOl'l Of COI Casses
hydmtiﬂﬂ p[D

composition of the concrete pore solution reflects the ongoing
cement 200 determyines hich solid phases are sisble and may precipitate,
phases Are unstable 54 may dissolve. The study of concrete pore solution chemistry
therefore contribygeg the understanding ©f the mechanisms as well
cement hydragigy [49] and also of the stability of different phases in relation to various
deterioration Processes geeurring in concreté- Various authors have investigated concrete

and which

as the kinetics of

pore solution che,. stry under different conditions.

Gjorv and Vennggjan o [50] through their smdy had investigated the effect of sea salt
concentration o the pH of saturated solution of C'a{OH): and extracts of hydrated
Portland Cetney, ared by ri&orously mixing ordinary Portland

The extracts were prep
for 3 hours for

cement and wqp in 1.1 proportion by w cight for 30y minutes and kept
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LITERATURE REVIEW

hydration and settling, and then the liquid phase was filtered. The salt sclutions were
prepared by mixing Ca(OH), solution or cement extracts with 20% salt suspension 10 a
total volume of 100 ml. The results of the experimental investigation indicated that the
sea salt concentrations up to 1% and 4% in saturated Ca{QH), solutions and in the
extracts of hydrated Portland cement respectively did not lower the pH to more than about
120 and subsequent increase of sea salt concentration of more than 2% and 6%
respectively resulted in a sharp reduction of pH to about 10. However, further increase in
sea salt concentration reduced the pH at a very slow rate. In addition, the authors found
that the effect of sea salt on pH depends on the availability and amount of reserve basisity

present in the solution. Tt is also observed that, as much as 20% NaCl did not reduce the
pH of saturated Ca(OH); solutions.

Yonezaws et al. [51] have studied the pore solution composition and effect of chloride
ioh on corrosion of steel in concrete. Ordinary Portland cement and water to cement ratio
of 0.5 were used in the preparation of specimens. Cylindrical mortar specimens of 22 mm
diameter and 100 length with a centrally embedded 8 mm diameter mild sieel electrode
were used for studying the electrochemical behaviour of steel. To extract the pore
solution, cylindrical mertar specimens of 40 ram diameter and 100 mm length were used
in the study. Two conditions were adopted to examine the electraochemical behaviour of
steel electrode; first, the steel electrode embedded in the mortar specimen and second, the
steel electrode directly immersed in the saturated Ca{OH), solution or 0.4 M KOH + 0.2
M NaOH solwion. The varying concentrations of NaCl [0, 0.52 M (3%)., and 2.84 M
(15%)] were added in the Ca(OH): immersion test. The same concentrations of NaCl as
that was added in the Ca(OH); solution was added to the mixing water while preparing
the mortar specimens. After 14 days of demoulding, the mortar specimens were immersed
in the Ca{OH), solution containing varying concentrations of NaCl, Corrosion potential
and polarization resistance were measured by polarizing the steel cathodically to 10 mV
from the corrosion potential at a sweep rate of 10 mV/min. During testing, the solutions
were aerated using moistened and decarbonated air. A fter testing the mortar specimens,
the steel electrodes embedded in the mortar were removed by splitting the mortar and
their surfaces and the interface between the steel and the partly remaining mortar were
examined by scanning electron microscope. For pore solution extraction, the mottar
specimens were demoulded after one day and then immersed in the test solution, and in

case of test on the specimens without immersion, the mortar specimens were placed for
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CHAPTER 2

aging in a polypropylenc conlainer in a completely sealed condition. The pore solution of
the moxiar specimens was extracied using the high pressure technique. The concentrations
of OH and CT ions in the expressed solution were analyzed. From the results, the authors
reported that the passivity of steel in mortar is sustained at much higher [CI'/(OH] ratios
in the pove solution g compared to the steel immersed directly in alkaline solutions. It is
found from the results that, one of the protective mechanisms provided by mortar is the
dissolution of calcium hydroxide crystals at the steel-mortar interface of an actively

protective Mechanijsm provided by meortar to operate. the adhesion between steel and

martar is pee ) ) for
° ry and the formation of voids at siecl-mortar interface is ECESSELY

ctive i ritical
cOrosion 1 steel reinforcement. The authors also reported that the ¢

thresho . solution
h 5 r"l"l'il*l‘l{l.,- content is not determined simply by 8 parametet O]? the pore
HAECTUON ) ragig terface conditions.

Andersson ) :cal composition of
€L al [52] thl'ﬂugh their Stl.ld}' have dﬁlﬂﬂnlnﬁd the chem
pore Sﬂlutiﬂmg a
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LITERATURE REVIEW

measured. From the results, the authors found that the difference in pH value of the
solutions is a function of cation Na* or Ca’* associated with chloride ions. The [CL'}[OH]
ratio was higher in the solutions containing CaCly due to lower pH as compared to the
solutions containing NaCl. It was observed that addition of CaCl; produces a decrease in
PH, due to the known common jon effect, which displaces the chemical equilibrium of the
Ca(OH); towards its precipitation. In the presence of CaCly, the pH values varied between
11.24 and 12.66 according to the amount of CaCl; added, despite the high concentration
of KOH that was present. When NaCl was added, only small changes in the pH value
Was observed because it only influenced the ionic strength.

Dehwah & al. [54] have conducted a study to evaluate the influence of cement alkalinity
on the pore solution chemistry and chloride-induced reinforcement corrosion. Two types
of cements were used i.e. sulfate resistance Portland cement (SRPC) and ordinary
Portland cement (OPC). Effective water-cement ratio of 0.45 was adopted. Cylindrical
cement paste specimens of 49 mm diameter and 75 mm height were used in the study. All
the paste specimens were admixed with fixed quantity of sodium chloride i.e. 0.8% CI" by
weight of cement and varying alkalinity was adjusted to 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 %
(N2yO equivalent). The cement pastes were poured into plastic cylindrical vials and
stored. The pore solution in the cement-paste specimens was exgracted using high
m‘“ pore solution expression device after 100 days of casting. The expressed pore
solution was analyzed to determine OH’, CI' and SO2%- ion concentrations. From the

results the authors reported that the concentrations of OH", CI'and SO3- ions in the pore

solution . S
of SRPC and OPC increased with increasing alkali content of the cements. The

CrI/ ‘ cth b .
‘OH' ratio decreased with mcreasing alkali content up to 0.8% Na,O equivalent, then

increas i . . - .
o ed with 5 further increase in the alkalinity. The authors attributed the increase in
“and SO2- | ; : .
SO7- ion concentrations due to increasing alkalinity, to the solubility of calcium

chloroalumingte hydrate and calcium sulfoaluminate hydrate at high alkalinities. Th",

authors also studied the effect of alkalinity on chloride-induced reinforcement corrosion

by measuring corrosion potentials and comosion current density. For this purposec,
reinforced concrete cylindrical specimens of size 75 mm diameter and 150 mm height
with a 12 mm steel bar placed centrally were used. The specimens were exposed to 5%
NaCl and varying atkalinities (0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 % Na,O equivalent). The
level of the solution was adjusted so that only 85 mm to 90 mm from botiom of the

specimen was in the solution. Corrosion potentials were messured wsing high impedance

21
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CHAPTER 2

volimeter with respect to saturated calomel electrode. Corrosion curvent density was

measured using linear polarization resistance method. The steel was polarized to £20 mV

of the corrosion potential. From the results the authors reported that the time-to-initiation

of reinforcement corrosion in the SRPC and OPC concretes increased with increasing
alkalinity up to 0.8% Na;O equivalent.
(o-initiation of reinforcement corrosion was noted. The

When the alkalinity was more than 0.8% Na;O

€quivalent, decrease in the time-
pC and QPC concrel® specimens was lowest when the

corrosion eurrent density in SR
with further increase in

alkalinity was 0.8% Na:O equivalent. However, it was increased
alkalinity, Based on the test resulis, the authors suggested that the alkali content of
coment can be increased to 0.8% NagO equivalent 19 i

concrete,

nerease the corrosion resistance of

[55] have investigated the effect of cation type

Through another study Dehwah et al
ns on pore solution chemistry.

associated with sulfate ions in the presence of chloride 10
types of cements viz. sulfate resisting Portland cement

The major test variables were six
C-A: CaA: 8.5% and OPC-B: ChA:

(SRPC; C)A: 3.6%), ordinary Portland cement {(OF
2.65%), 20% fly ash, 10% silica fume, and 70% blast funace slag as replacement by
Weight of OPC-A cement. A water—to-cemcntitious material ratio of 0.45 was used in the
‘Study. Cylindrical paste specimens of 49 1T diameter and 75 mm height were prepated.
The specimens were admixed With fixed quantity of chloride {0.8% CU) and varying
dosages of sylfate salts (1%, 2.5% and 4% SO7"). Sedium chlotide was used as source of

were used as the source of $03- ions. High-pressure

1 ions ang MgSQ, and Na;S04  o0d -
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1 4 )
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the 8 . lus NagSCh as com
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4 and inc

“oncentration was lower in the blended ceme

pared 10 that exposed o NaCl

nts 48 compared to that in the plain cements,

and pozzolanic material. The Cl"and SO

Which is d . Ca(OH)
u between
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I .
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of the pore solution and enhances the reinforcement corrosion. Thus, the authors
concluded that to improve the durability of concrete and to reduce reinforcement
corrosion, sulfate and chloride contamination should be controiled.

23 CORROSION BEHAVIOUR OF STEEL REINFORCEMENT IN
SIMULATED CONCRETE PORE SOQLUTION CONTAMINATED WITH
CHLORIDE AND SULFATE IONS

The research works carried out by various researchers on corrosion behaviour of steel

reinforcement in simulated concrete pore solutions are presented in this section.

Heariksen {56] through his study on the corrosion and protection of steel in saturated
Ca(OH): solution contaminated with NaCl, found that for the protection against
nucleation of pits, the potential of steel must be below the pitting potential. The pirting

potential varied with the chloride concentration, pH, temperature and oxygen content of
the solution.

Al-Tayyib et al. [57] have carried out an experimental investigation to study the effect of
sulfate ion on the comosion mechanism of steel in simulated concrete pore solution. The
simulated concrete pore solution was prepared from saturated Ca(OH); with pH value of
12.5 and different concentrations of Naz8O4 (0.1% - 1%) was added to study the effect of
suifate ion on rebar corrosion. Carbon steel specimens of 0.635 ¢m diameter and 1.27 cm
length was used in the study. Experiments were conducted at two temperatures i.e. at
laboratory temperature of 22° C and at elevated temperature of 50° C to evaluate the
effect of clevated iemperature on corrogion rate. A.C impedance technique and linear
polarization resistance test were conducted on the steel specimen. From the results, the
authors reported that there is an increase in the corrosion rate and decrease in polarization
resistance as the sulfate concentration increased from 0% to 0.5%. From the obtained
Nyquist plots at different concentrations of Na,SO, it was observed that the corrosion of
the reinforcing steel in concrete is not only dependent on the modification of the
snvironment in contact with the passive film but also dependent on the modification of
the film itself. Further, it was observed that the combined action of sulfate ions and
elevated temperature is more corrosive than that of chloride ions ar normal temperature
i.e. the combined effect of sulfate ions and elevated temperacure results in seven fold
increase if corrosion rate compared to that of the chloride ions at normal temperature.

23
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CHAPTER 2

Pistorius and Burstein [38)] have studied the effect of dilute sulphate on metastable and
Slab'lf pitting of type 304 stainless steel in chloride solution. The results indicated that
addition of 0.IM SO3- to a pH 0.7 solution containing |M C1 solution affects both, the
initiation and propagation of pits. It was also observed that the pit inttiation is partially
inhibited in sulphate anions. but at high potentials this inhibitory action is lost. In the
presence of sulphate, the pit propagates at lower current density.

[59] on the effect of chloride

From anothe
t study conducted by Pistorius and Burstein
wastable pits on the surface of

goncentration .
and pH on the trequency of accurrence of me

stainless steel. | . ]
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solution dec .
Feases with decrease in chloride concentration and electrolyte pH has no

observable effac \
Lon the frequency of metastable pitting.

| lini et a. to assess the localized
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counter electrode placed at the bottom of test cell. The flow of current in each specimen
was monitored and chloride concentration of 0.5% in the form of NaCl was added at
every 48 hours, till a concentration of 10% was reached. When the anodic current density
flowing in the specimen exceeded 0.5 mAJ/em’, the corrosion was considered to be
initiated. From the results of potentiodynamic test, the authors found that stainless steel
reinforcement can be in the passive condition even in the presence of a high concentration
of chloride ions whereas, low chloride content is sufficient to produce localized corvosion
on carbon steel. Thus, the stainless steel reinforcement can delay the initiation of
corrosion to a significant extent as compared to carbon steel. From the results of
poteatiostalic tests, the authors found the beneficial effect of alkalinity on chloride
induced localized cotrosion of both carbon steel and stainless steels. In saturated Ca(OH)
solution, the stainless steels exhibited a critical chloride content for corrosion initiation in
the range from 2% for low chromium AISI 410 to a minimum value of 5% for austenitic
and austenoferritic stainless steels. In the solutions simulating the carbonated concrete
pore liquid, the critical chloride concentration decreased especially for steels with low
chromium content. The authors found that in the alkaline solutions, nickel plays a
beneficial role in preventing the localized corrosion. Further, superaustenitic 254 SMO
steel was not affected by localized attack under all experimental conditions.

Saremi and Mahallati (61) have studied the effect of chloride ions on passivity breakdown
of steel in simulated concrete pore solution by conducting cyclic potentiodynamic
polarization test. The anthors observed that at (CI/OH] ratio of 0 o 0.3, repassivation of
the pits on the surface of stee] can be performed. At [CI7OH] equal to 0.6, repair of pits
is impogsible and at [CI/OH] equal to I, many pits were formed and localized corrosion
occurred. Further, localized corrosion was replaced by generalized corrasion at [CI7OH’]
ratio greater than 1.

Moreno et al. [62] have studied the effect of carbonation and chloride content on

corrosion of reinforcing steel in simulated pore solutions. The simulated solutions with
different values of pH and various chloride concentrations were used 1o simulate the pore
solution of alkaline and carbonated concrete and the effect of different levels of chloride
contamination. Potentiodynamic polarization and linear polarization resistance tests were
carried out in the study. From the results, the authors found that the carbon steel remains
passive in high alkaline solutions and in more concentrated carbonate plus bicarbonate
solution even if the potential is raised up to the potential range of oxygen evolution, but it

25
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showed generalized corrosion at all potentials higher than the free corrosion potential in
the presence of low levels of carbonates and bicarbonates. In high alkaline solution and in
more concentrated carbonate plus bicarbonate solution. chloride-induced pitting resulted
in a significance increase in the corrosion rate. whereas the pitting initiation has no
noticeable effect on the instantaneous corrasion rate in less concentrated carbonate plus
bicarbonate solution. From the potentiodynamic test, critical chloride concentration was
evaluated a5 1% in the solution with pH 13.9 and decreased significantly to 0.02% in the
saturated CalOH), solution at pH 12.5. The authors concluded that an increase in pH
coupled with high percentage of carbonate and bicarbonate has a beneficial effect on the
chloride threshold and improves the corrosion resistance of carbon steel reinforcement
against localized coppog; on.

Mammolifi ang Hansson [63] have investigated the influence of sulfate cation (Na* or

+ . .
Mg} on behavigy, of reinforcing steel in high-pH sulfate solutions. Two solutions of
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in the study. Potentiostatic linear sweeping test was carried out by polarizing the bare
steel specimen in chloride contaminated concrete powder solution extracts from 0 mV to
1500 mV with offset from corrosion potential at a sweep rate of 50 mV per minute, Free
chloride content, total chloride content and pH of chloride contaminated concrete powder
solution extracts were slso determined. From the results the authors reported that both
free chloride content and total chioride content increased with increase in admixed
chloride content and also the free chloride bears linear relationship with total chloride. It
was also found that pH values of concrete do not vary with cement type, w/c ratio, and
admixed chloride content. Further, the authors have identified the ranges of potential for
different zones of corrosion namely semi-immune zone, active zone, passive zone, and
pitting zone at various chloride concentrations and reported that the chloride content has
the strongest influence in defining different zones of corrosion of steel reinforcement as
compared to other parameters like steel type, cement type, w/c ratio and test condition.

Aal et al. [65] have measured the pitting corrosion current density of steel in Ca(OH):
solutions in the presence of aggressive lons such as chloride ions in the form of NaCl and
sulfate ions in the form of N&;SQ,. From the study, the authors observed that the pitting
corrosion cusrent starts to flow after an induction period that depends on the
concentration of both aggressive anions and passivating Ca(QH);. Further, the pitting
comosion current density reached the steady-state values that varied with the
concentration of counter acting anions. In addition, the authors observed that the
corrasive action of the aggressive anions desreased in the order: SO2-> CI'.

Zhang et al. [66] have investigated the correlation of localized corrosion behaviour and
microstructure of steel reinforcement in simulated concrete pore solutions. The solutions
that contained 0.6 mol/l KOH, 0.2 mol/l NaOH and saturation of Ca{QH), were prepared
as simulated concrete pore solutions (SP3) in the study. NaCl and NaHCO; were used for
adding CI" ion and edjusting the pH of sitmulated pore solutions. To investigate the
corrosion behaviour and interfacial stucture of steel/solution, potentiodynamic
polarization and EIS (Electrochemical impedance spectroscopy) measurements were
conducted. The authors have also conducted ex-situ characterization using optical
microscopy, SEM/EDS end SKPFM (Scanning Kelvin probe force microscopy). and in-
situ optical microscopy and AFM (atomic force mictoscopy) measurements of steel
reinforcement. For Potentiodynamic polarization measurement, potential sweep rate of 10
mV/min was applied with respect to Ag/AgCl reference electrode. From the resulis of
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CHAPTER 2

SEM/EDS analysis, the authors observed that most of ferrite, minor amount of pearlite
and some inclusion of MnS existed on the surface of steel reinforcement. The results of
SKPFM indicated a higher corrosion tendency at ferrite grain boundaries, pearlite grains
and MnS inclusions, From the corrosion study. it was observed that the corrosion
potential shifis towards a lower value with a higher chloride concentration and lower pH.

It wes also observed that the passivity breakdown potential or pitting potential is lower

with higher chigrige concentcation. The higher pH of the solution facilitates the

passivation to a passivity

of steel, whereas the higher concentration of ClI leads

breakdown at relatively lower potential. Further, the in-sity optical observations and AFM

images provided detailed information of the localized corrosion behaviour of steel

reinforcement, which were in 200d agroement with the results obtained from other

urem i
measiiMents carried out in the study.
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electron microscopy (SEM) analysis was also catried out in the study. The results of
anadic polarization and lincar polarization measurements indicated that the reinforcing
steel remains passive in the chloride free simulated concrete pore solution {saturated
Ca(OH), solution) and the corrosion current density of the steel was very low. Further the
results of Raman spectroscopy, electrochemical measurements and SEM obscrvations
showed that, the comrosion behaviour of the reinforcing steel varied considerably in the
simulated concrete pore solution with 0.5 M NaCl. In the presence of chloride ions, the
reinforcing steel did not exhibit a stable passive region and the corrosion current density
exceeded 0.1 pAfem’. The steel surface was unstable with chloride artack and localized
corrosion appeared with FeCQO; and Fe;O; as the main corrosion products on its surface.

Haleem et al. [69] have investigated the effect of chloride and sulfate ions on the rate of
breakdown of passive oxide film formed on the surface of reinforcing steel in naturally
aerated Ca(OH)» solutions. From the results, the authors reported that the initiation of
piiting corrosion on reinforcing steel by chloride and sulfate ions takes place by the way
of an adsomption mechanism. Chloride and sulfate ions compete with OH™ ions for
adsorption sites on the oxide covered steel surface. The threshold concentrations of both
Cl"and 803 anions in Ca(OH), solutions decreased the rate of oxide film thickening and
finally caused the destruction of passivity and initiation of visible pits.

Moser et al. [70] have studied the chloride induced corrosion resistance of austenitic,
duplex, and martensitic high-strength stainless steefs and a pearlitic prestressing steel in
simtlated alkaline solution and cartbonated concrete pore solutions by carrying out cyclic
potentiodynamic polarization test. The chlotide jon was added to the simulated pore
solutions at coneentrations of up to 1.0 M to simulate marine exposures. From their study
the authors found that in alkaline solutions, all the high-strength stainless steels exhibited

high corrosion resistance at chloride concentrations from 0 to 0.25 M. However, in
carbonated solutions the corrosion resistance of al

| the steels reduced except for the
duplex steel grades. :

Alhozaimy et al. (71] have carried out an experimental investigation to study the effect of
simulated concrete pore solution chemisiry, chloride ion and temperature on the passive
layer formed on steel reinforcement. Steel reinforcing bars of 32 mm diameter were used
in the study. Two test solutions viz. simulated pore solution (SPS) made with NaOH and
KOH and simulated pore solution saturated with lime (SPSL) i.e. made with NaOH, KOH
and Ca{OH); were used in the study. The thickness and phases of the passive tlm formed
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on the surface of steel reinforcement were determined wsing x-ray photoelectron
spectroscopy (XPS). To identity the phases of the passive film, Raman speciroscapy was
conducted. From the results. the authors found that the nature of the passive film formed
on the steel reinforcement bar is substantially aliered by changing the parameters of the
suroundings. such as pore solution chemistry. temperature and chloride ion
concentration. The results of XPS. Raman spectroscopy. microscopy and electrochemical
studies indicated thag (e changes in the nature of the passive film on the steel surface

under differeng conditions can produce a large variation in the corrosion and pitting

tendency Of steel reinforcement. The presence of lime in the pore solution can

significantly improye the protection properties of the passive film. {t was observed that
the phases of ungiahe oxides developed in the passive Gilm due to adsorption of chloride
ions onto the stape passive film. Further. the stable oxide phases wete transformed into

nstable oxi : .
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solution. The authors attributed the better performance of steel specimens in MgCh +
Na;80, solution to the lower comosion kinetics and greater surface coverage by the
corrosion products.

Zhang and Poursaee [74] have studied the effact of both tensile and compressive stresses
on the formation of passive film in simulated concrete alkaline environment and on
depassivation in the presence of chloride lons. The authors reported that the steel
specimens immersed in chloride-free pore solution under tensile loading passivate more
rapidly as compared with those under compressive loading, However. in chloride-
contaminated solution, the steel specimen under tensile stress exhibited more corrosion
than the steel specimen under compressive stress or under no load.

Liu et al. {75] have studied the influence of ecarbonation on chloride-induced
reinforcement corrosion in simulated concrete pore solution. Twoe simulated concrete poré
solutions i.e. Ca(OH), + KOH + NaOH solution and cement extract were used in the
investigation. To simulate different levels of carbonation, different concentrations of
bicarbonate ions were added in the solutions. Open-circuit potential measurement was
cartied out to determine the initiation of pitting corrosion and corrosion current density
was determined from EIS curves. The results indicated that in Ca(OH), + KOH + NaOH
simulated concrete pore solution, high concentration of HCQ; ions enhances the

stability of passive film and corrosion resistance of steel, whereas low concentration of

HCO; ions accelerates the corrosion. However, the HCQO; concentration in cement

extract shortened the corrosion initiation time of steel reinforcement. The authors found
that the cement extract is mare suitable than Ca(OH); + KOH + NaOH solution 10

simulate the concrete pore solution for carrying out investigation on chloride induced
steel reinforcernent corrosion.

Liu et al. [76] have investigated the corrosion behaviour and chloride threshold value
(CTV) of reinforcing steels exposed to chloride and sulphate attack in simulated concrete
pore solutions. The authors have conducted electrochemical measurements of open circuit
potential, linear polarization resistance and electrochemical impedance spectroscopy
(E1S). The corrosion initiation was determined by combining half-¢cell potential with
corrosion current density and EIS curves. The HRB335 steel specimens of 16 mm
diameter and 10 mm length were used in the experimental investigation. The saturated
Ca(OH), solution was prepared using distitled water, in which some Ca(OH):» remained
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as insoluble. Sodium chloride (NaCl), sodium sulfate (Na:804) and NaCl plus NaxSO,
were added to saturated Ca{OH), solution stepwise. 0.01 mel/l each day, as the source of
chloride and sulphate ions. The results indicated that there is a good correlation between
open circuit potential, linear polarization resistance and EIS measurements in monitoring
comosion behavior of steel. The chloride threshold value was 0.5 to 0.6 mol/l in simulated
concrete pore solution contaminated with NaCl whereas the corrosion threshold content
of sulphate ions was in the range of ¢.02 to 0.03 mol/l in pore solution contaminated with
N2;504. The concomitant presence of chloride and sulphate ions leads to higher corrosion
current density as compared 1o the specimens exposed 1o chloride ions at the
comesponding concentration, which indicated that corrosion fate of steel specimen
aecelerates when both chloride and sulphate are present in the simulated concrete pore
solution.

Scott and Alexander [77] have investigated the effect of supplementary cementitious

materials (SCMs) on (he pore solution chemistry and cotrosion of steel in alkaline

environments. The pore solution compositions of paste samples produced with ordinary
Poriland cement (PC), groung granulated blast fumace glag at replacement ratios of 25%
(SL) 50% (SM), 70% (SH), fly ash (FA) 30%, condensed silica fume (SP) 756, and &
ternary blend (TRy of 50% PC. 43% slag and 7% GF, were determined. Further, the

impact of changes in g0 pore solution chemistry of cement pastes with SCMs on the

F“ﬁ"'aﬁon and FOttosion of steel was investigated with mild steel in simulated pore
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potential values generally decreased with increase in levels of total reduced sulphur
Species, Considerable variability was observed in the chloride concentration required to
initiate corrosion, with the CIOH ratio ranging from 0.3 to 1.7. The inclusion of
Sulphides in the simulated pore solution prior to chloride addition resulted in the
formation of a passive layer under a reducing environment, which may be more
Susceptible to chloride attack resulting in a lower chloride threshold concentration
required to initiate active corrosion as compared to the sulphide-free solutions. It was
observed that 4.6 times decrease in the hydroxyl ion concentration at 0.2 M Cl resulted in
8 55 times increase in the average rate of comosion. The effects of sulphides were evident
with up 10 7 rimes increase in average corrosion rate for the sulphide containing SPS as
compared to sulphide fres solutions. Sulphides and thiosulphates, typically found in slag

b'ﬂﬁng pastes, appcared to reduce the chloride tweshold concentration and increase the
rate of cormosion in SPS.

24 CORROSION BEHAVIOUR OF STEEL REINFORCEMENT IN CONCRETE
CONTAMINATED WITH CHLORIDE AND SULFATE IONS

The studies conducted by various researchers to investigate the cotrosion behaviour of
steel reinforcement embedded in concrete in chloride and sulfate exposure conditions are
presented in this section.

Cheng et al. [78] have investigated the role of chloride and sulfate ions on reinforcing
Steel comrosion in artificial sea water and concentrated sulfate solution. Cylindrical
concrete specimens of 50 mm diameter and 100 mm length with a centrally embedded
low carbon stesl bar were prepared using Type | or Type V Portland cement and
water'cement ratio of 0.5, The cylindrical concrete specimens embedded with the steel

bar were exposed to two types of simulated corrosive environments viz. artificial sea

water and concentrated sulfate solution, Open circuit potential and corrosion rate by AC

impedance spectroscopy technique were measured, From the obtained results, the authors
reported that the chloride ions are more aggressive than sulfate ions, as the open circuit

potentials in chloride solution were more active than that in concentrated sulfate solution.

The results of AC impedance spectroscopy indicated that the sulfate ions can change the

mechanistic parameters of surface film more significantly and sulfate induced corrosion
problems may be more severe.
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Al-Tayvib and Khan [79] have studied the effect of sulfate ions on corresion of rebar
embedded in concrete, ASTM Type V (sulfate-resistant) Portland cement and water-to-
cement ratio {w/c) of 0.5 were used in the study. Three sets of reinforced concrete
specimens of size 63 mm x 100 mm x 300 mm with a 12.5 mm diameter rebar embedded
centrally were prepared. The first set of specimens were free from sulfate and chloride
ions. The second set of specimens were admixed with theee dosages of sulfate ions viz.
06, 1.2 and 1.8 kg/m*. The third set of specimens were admixed with three dosages of
chloride ions viz. 0.6, 1.2 and 1.8 kg/m’. Sodium sulfate and sodium chloride were used
as the source of sulfate and chioride ions respectively. The specimens wete cured in the
potable water for a period of 28 days and then stored in the laboratory condition for a
period of four months. Then, all the specimens were immersed in the potable water for a
period of 808 days. After that. the first set of specimens wete exposed to the potable
water, the second set of specimens were exposed to 3% SOY° solution and third set of

specimens were exposed ta 3% CI' solution for a period of 60 days. To monitor corrosion,
half-cell potential measurement and corrosion rate by linear polarization resistance

measurement were carried out. From the results, the suthors reported that the sulfate ions

are COMosive to l‘einfbr{:ing steel but their corrosivity is less than that of chloride jons.

The cortosion rate of chioride-contaminated concrete specimeiis Was 23 - 35% higher
than that of sulfate-contaminased specimens.

Al-Amoudi and Maslehyddin [19] have investigated the effect of chloride, sulfate and

chloride-sulfate solutions on comrasion of steel reinforcement embedded in ordinary

Postland cement pasie Specimens. Specimens of size 31 mm % 31 mm x 152 mm with a

centrally embedded 6 diameter steel bar were used in the study.
cured in the potab|e water for g period of 14 days and were then exposed to the four
+15.7% Cl' and 2.1%

The speciméns were

different test solutiopg viz. 15.7% CI'. 2.1% SO, 0.55% SO%°
SO + 15.7% ¢, Sodium chloride was used to provide chloride ions, while sodium

sulfate and magnesiym, sulfate were used to provide sulfate ions. Reinforcement corrosion

was monitored by evaluating the time 0 initiation of ootrosion and by measuring

corrosion current density. Corrasion potentials were measured using a high impedance

voltmeter, with respect to sprurated- calomel electrode. Corrosion cutrent density was

polarized 0 +10 py mV/s. The water-

. - ; scan rate of 0.1
of the corrosion pocennal ata

soluble chlorides ang sulfates Iso determined. The corrosion current density of steet
wenre a
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reinforcement in the specimens placed in 15.7% CI° solution was 70 times that of the
specimens placed in 2.1% SO}~ solution. The water-soluble sultate ions increased with

increase in the concentration of salts in the solutions. The results indicated that the steel
reinforcement corrosion due to chlorides is not influenced by lower concentration of
water-soluble sulfates ie. less than 0.18% by weight of cement. For sulfate concentration
higher than 0.18%, the corrosion activity was significantly enhanced. It was observed that
the paste specimens placed in pure sulfate solution (2.1% SO ) showed lower cormosior

curvent density. This indicated that the sulfate ions do not influence reinforcement
cortosion activation. The presence of chloride jons is necessary for the initiation and
propagation of reinforcement corrosion. The concomitant presence of sulfate and chloride
ions may significantly affect the rate of comosion. The reinforcement corrosion activity
was found to be higher in the specimens immersed in sulfate-chloride solution as
compared to those immersed in pure chloride solution. The corrosion rate was observed t0

be doubled when the sulfate concentration in 15.7% CI” solution was raised from 0.55%
to 2.1%,

Al-Amoudi et al. [80] have evaluated the relationship between the early-age properties
such a3 compressive strength, pulse velocity, porosity and permeability, and the long-term
Corrosion resistance of plain and blended cement concretes. The blended cements were
prepared by using two ASTM C 618 class F fly ashes and one class N natural pozzolan
each with replacement of 20% by weight and granulated blast furnace slag with 60%
replacement by weight. Water-cementitions matetial ratic of 0.45 was used in the
prep;amiun of specimens. For determining compressive strength and pulse velocity, cube
specimens of size 150 mm x 150 mm % 150 mm were used. Similarly for determining
the porosity, eylindrical specimens of size 25 wmm diameter and 50 mm height and for
determining permeability, cylindrical spacimens of size 70 mm diameter and 100 mm
height were used. For monitoring corrosion, prismatic concrete specimens of size 100 mm
X 62.5 mm X 300 mm with a 12 mm diameter steel bar placed centrally with an effective
cover of 25 mm at the bottom were used in the study, The prismatic concrete specimens
were cured in potable water for a period of 28 days and were then immersed in 5% NaCl
solution. The leve] of the solution was adjusted so that only 150 mm of the specimen is
immersed in it. The comosion activity was monitored by mesasuring the corrosion
potential with respect to saturated calomel electrode and determining corrosion current
density by linear polarization resistance test. From the results, the authors reported that
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bleading of plain cement with mineral admixtures such as pozzolan and industrial by-
products like fly ash and blast furnace slag reduces the permeability and porosity and
increases the pulse velocity of concrete. The long-term corrosion performance in terms of
corrosion rate of steel in biended cement concrete specimens was better than that in plain
cement concreie specimens atter 7 years of exposute (o chloride solution. The rate of
corrosion of steel in blended cement concrete specimens was about one-half to one-
twelfth of that in plain cement concrete specimens. Further, the statistical analyses of the
experimental results indicated very good correlation between permeability and corrosion
rate, and between porosity and corrosion rate, whereas poor correlation was obtained
between pulse velocity and corrosion rate, and between compressive strength and
cOmosion rate,

An experimental investigation was carried out by Al-Amoudi [81] to assess the
performance of reinforced concrete in mixed magnesium sulfate-sodium  sulfate
environment. The major yeg variables were ASTM C 150 Type I, Type II, and Type V
Partland cements, 10% silica fume (3F) and 20% class F fly ash (FA) as replacement by
weight of Type | and Type V cement, and 60% blast furnace slag as replacement by
weight of Type [ cemeny. Effective water-to-cementitious materials {w/cm) ratios of 0.33
and 0.5 Were Used i the snudy, Cylindrical specimens of 75 mun diameer au 150w
height With 3 centrally embedded reinforcing steel bar of 12 mm diameter were used in
the study. The embedgeq reinforcing steel bar was coated with epoxy coating at the
concrete-ait ifiterface ang ¢ the embedded end to avoid crevice corrosion. The specimens

were Cured In the Potable water for a period of 14 days and were then exposed to test
2 soncentration. Sodium sulfate

pmvide 50% of the sulfate

ersed in the solution up w
due to sulfate attack
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deterioration due to both sulfate attack and steel reinforcement corrosion. On the other
hand, the silica fume cement concrete exhibited best performance against reinforcement
corrosion despite of its inferior performance with respect to sulfate attack. Further, it was
observed that a reduction in w/cm ratio was detrimental against sulfate attack in both
plain and blended cement concretes.

Asear et al. [82] have investigated the effect of microsilica on chloride permeability and
corrosion behaviour of rebar exposed to sodium chloride and seawater environment. The
test variables wete two types of cement namely ordinary Portland cement (OPC) ASTM
Type I and sulfate resistant cement (SRC) ASTM Twpe V. The concrele mixes were
prepared with and without densified or undensified microsilica. Cylindrical specimens of
diameter 76 mm and height 152 mm with a centrally embedded steel reinforcement bar of
diameter 14 mm were used in the study. Two exposare conditions namely 5% sodium
chloride (NaCl) solution and seawater immersion were used. Different tests carried out
were salt fog test for periods of 3, 9, 18 and 24 months to find out the corrosion products
forined on the surface of rebar, salt ingress test carried out for a period of 800 days to find
the amount of chloride ion ingress in the concrete and open circuit potential measurement
using saturated calomel reference lectrode to monitor the corrosion process. In addition,
rapid chloride permeabitity (RCP) test was also carried out. From the test resulis the
muthors reported that, in the chloride environment, the blending of OPC with microsilica
decreases the comosion of rebar, whereas it enhances the corrosion in seawater
environment due to presence of SO and Mg?* ions. The blending of SRC with
microsilica suppresses the corrosion of steel reinforcement in seawater environment. in
addition, the blending of microsilica resulted in drastic reduction in permeability of
chioride ions in both OPC and SRC concretes., Further, the authors observed that the
conerete made with densified microsilica provided better corrosion protection to the steel
reinforcement than that made with undensifed microsilica.

Alonso et al. [83) have camried out an experimental investigation to find out the chloride
threshold values corvesponding to depassivation of reinforcing bars embedded in
standardized OPC mortar. Smoothed and ribbed bars were used as the steel
reinforcement. Chloride ions were added in the mixing water as NaCl and CaCls. In the
study, chloride thresholds in cement mortar were determined based on corrosion current
measurements. From the results, the authors found that the chloride thresholds values
were in the range of 1.24% to 3.08 % and 0.39% tol.16 %, by weight of cement for total
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and fiee chlorides respectively and the threshold [CI/OH ratio varied from 1.17 to 3.98.
It was also reported that the active corrosion is considered when the mean corrosion rate
current is higher than 0.1 pAjem®. Further. it was observed that there is no significant
influence of steel type on the chloride threshold value except for ribbed bars after

depassivation. for which the mean corrosion current was slightly higher.

Dehwah et al. [84] have conducted a study to assess the effect of sulfate lons and its
associated cation type on chloride induced-reinforcement corrosion in Portland cement
conctete. Ordinary Portland cements (OPC-A: C;A: 8.5% and OPC-B: CoA: 9.65%) and
sulfate resisting Portland cement (SRPC: CrA: 3.6%) were used in the preparation of
specimens, An effective water-cement ratio of 0.45 was adopted. Reinforced concrete
specimens of size 75 mm diameter and 150 mm height with a 12 mm diameter steel bar
centrally embedded with an effective cover of 25 mm at the bottom were prepared. The
stee] bar was coated with epoxy coating at the concrete-air interface and at the embedded

end (o avoid the crevice corrosion, The specimens were cured in the potable water for a

period of 28 days. After that, the imens wete kept at room temperature for ane week

and were then placed in containers containing exposure solutions. All the exposure

solutions contained 594 sodium chloride and varying concentrations (1%, 2.5% and 4%

S02-) of sodium sulfate (Na,S0,) and (1%, 2.5% and 4% SO3
(MgSO4). The specimens were immersed in the solution and the level of the solution was
adjusted so that only g5 . 90 mm from bottom of the gpecimen was in the solution for a
period of 1200 days. The einforcement corrosion was monitored by measuring corrosion

e authors found that the

-} magnesium sulfate

linear polarization 'esistance method. From the results. th
presence of suifate ions i chloride environment did not influence the time-to-initiation of
reinforcement COMTOsion, The lime-to-initiation of reinforcement corrosion in the ordinary
Portland cement concreqe specimens was marginally higher then that in the sultate-

resisting Portland Sement concrete specimens. Fu cther. it was reported by authots that the

COrmosion CutTent depgisy, , entration of sedium sulfate, fn
ity increased with increase in COM

the concrete specimey,s exposed to sodium chloride plus sodium sulfate, the corrosion
a

current density wgg 1.1 ~ 2.0 times of that in the concrete specimens exposed to only

sodivm chloride, Sitilarly, he on curtent density increased with increase in
. COTTOSi

ium s 3-
magnesi ulfate oncentration up to 2.5% 503
when SO

concentration and then decreased

© Concentragigy, incrensed from 2.5% t© 4%. In the concrete specimens exposed
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10 sodium chloride plus magnesium sulfate, the corrosion current density was 1.1 — 2.2
times of that in the concrete specimens exposed to only sodium chloride. The corrosion
current density increased with increase in exposure period. Further. it was observed that
the corrosion current density decreased with increase in C;A content in the cement, which
was attributed to the increase in chloride binding with increase in C:A content thereby
resulting in higher electrical resistivity of concrete. The rate of chloride-induced steel
reinforcement corrosion in the concrete exposed to sodium chloride plus magnesium
sulfate solutions was higher than that in the concrete exposed to sodium chloride plus

sodium sulfate solutions.

Turkmen and Gavgali [85] have carried out an experimental investigation to evaluate the
effect of mineral admixtures on physical and mechanical properties of concrete and on
reinforcement corrosion in sulfate solution. Different binders namely Portland cement
(PC), silica fume (SF) and blast furnace slag (BFS) and three water-binder ratios viz.
0.35, 0.4 and 0.45 were used in the study. Reinforced concrete cube specimens of size 70
mm with a 10 mm diameter and 200 mm hei ght steel bar placed centrally were preparcd-
Afier casting, the specimens were kept in air-conditioned environment for 24 hours and
were then kept in lime saturated water for 13 days and further cured for 14 days in an
atmosphere of 75 - 80% humidity and temperature of 30 °C, The specimens were then
cured in 5% Na,; SO solution. The workability. dry unit weight, compressive strength and
capillarity coefficient of the samples without steel reinforcement were determined. The
corrosion current density was evaluated by the linear polarization technique on aEh.
150" and 250" days. From the results, the authors reported that the slump of the concretc
increased with increasing water-binder ratio and decrcased by the use of BFS and SF
mineral admixtures. The dry unit weight of the concrete decreased with increasing water-
binder ratio and by the use of BFS and SF mineral admixtures. The concrete specimens
made with 10% SF + 20% BFS showed highest compressive strength and the lowest
capillarity cocfficient. The corrosion current density values of specimens made with BFS
were lower than those made with SF and PC. The specimens made with 10% SF + 40%
BFS with water-binder ratio of 0.35 showed lowest corrosion current density, which was
attributed to higher electrical resistivity, lower chloride diffusion rate and OH’

concentration of the solution.

Sakr [86] has investigated the effect of different percentages of CiA (tricalcium-

aluminate) of cement on the corrosion of embedded reinforcing steel bars in the presence

39
TH-2120_10610424

.,f1r

e —— e —————————



CHAPTER 2

of chiloride and sulfate solutions. The major tesi variables were five types of ASTM C 150
Pordand cements namely Type | (C A 29%). Type [l {CiA: 6%), Type Il (C:A: 10%),
Type IV (C3A: 8%) and Type V (CiA: 4%). The exposure solutions used were 5%
sodium chloride (NaCl) and 5% magnesium sulphate (MgSCy) solutions. For conducting
compressive strength test. cement paste cube specimens of size 70 mm were prepared.
For corrosion measurements. cylindrical specimens of 60. 85 and 119 mm in diameter
and 100, 113 and 125 mm in height respectively were prepared with a reinforcing steel
bar of 10 mm diameter placed at distances of 25. 38 and 50 mm from the bottom and
sides of the specimens respectively. Cotrosion tests namely half-cell potential
measurement, impressed voliage method and impressed current method were conducted
in the siidy. From the resuits, the author observed that the compressive strength of
cement specimens immersed in 5% NaCl solution was decreased by 7 - 10% and that in
% MgS04 solution was decreased by 15 - 20%. Further, it was observed that in 5% NaCl

solution, as the C1A content of cement increased from 2% to 10%. the steel reinforcement
cartosion decreased proportionately. The rate of corrosion decreased as the CyA content

in the cement increased from 2% to 6% and rapidly accelerated in the cements containing

6% to 10% of C3A content in 59 MgSO, solution. The optimum percentage of C1A to

oontrol Coosion of reinorcing stcel in both chloride and sulphate coniaining media is

6%. It was also reported that the cover thickness to the steel bar and its diameter also

affect the comosion rate of greq| reinforcement.
o role of steel and cement type on

Pradhan and Bhattacharjee [32] have investigated th
¢ variables used were three types of

chloride-induced corrosion 4, coticrete, The major 1es ‘ |
cament, 1% s of Steel, three water-cement ratios and four levels of admixed chloride
inary portland cement (OPC). Portland
types of steel viz. cold
ally treated) bars and
0.5 and 0.55 were used
1.5%,

concentrations. Three types of cement viz. ord

pozzolana cement {PPC) and Portland slag cement (PSC), three
twisted deformed (CTp, bars. Tempoore TMT (themomechanic
Thermex TMT bars; apg three water-cement (W/c) ratios wiz. 0.45,
in the study. Four differeny levels of sodijum chloride concentrations used wer‘e 0%,
3% and 4.5% by magg of cement cantent. For M easuring 28 day compressive strength,
mm were prepared. For conducting

cube specimens of Size 150 mm x 150 mm X 150
th a centrally

comosion 1ests, slab SPecimens of size 300 mm X 300 MM x 52 mm wi

embedded steel of 12 MM diameter were prepared in the study- The specimens were moist

cured till the age of g days and then kept in the ambient laboratory condition till
were
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the age of 60 days. Free chloride content, total chloride content and pH value of concrete
were also determined. The cormrosion tests were performed on the slab specimens at the
age of 60 days. From the results, the authors reported that the chloride binding was more
in PSC concrete than that in OPC and PPC concretes. Lincar relationship between free
chloride and total chloride concentrations was observed in all the three types of cement
used in the study. From the results of chloride conient, pH, half-cell potential, relative
resistivity and corrosion current density, the authors found that the corrosion performance
of steel reinforcement in PPC and PSC concrete was better than that in OPC concrete.
Further, it was reported that PSC is likely to improve the corrosion performance of
reinforcing bar in concrete in the corrosion initiation period as compared to PPC and
OPC, whereas PPC is likely to improve the corrosion performance of reinforcing bar in
the propagation period as compared to PSC and OPC in chloride contaminated concrete.
Tempcore TMT steel showed higher chloride tolerance and lower corrosion current
density values than Thermex TMT and CTD steels. Thus, the authots concluded that PSC
performed best in increasing the corrosion initiation period while PPC performed best in
extending the propagation period among the cement types and among the steel types used

in the study, Tempcore TMT steel performed best both in the initiation and propagation
periods,

Maslehuddin et al. [87) have evaluated the effect of chloride concentration in soil on
reinforcement corrosion in plain and blended cement concretes. Cements namely, Type L,
Type V and Type I plus silica fume (7% replacement by weight of Type I cement) and
water-to-cermentitious ratio of 0.4 were used in the preparation of specimens. Cylindrical
specimens of 75 mm diameter and 150 mm height with a centrally embedded steel bar of
12 mm diameter were used in the study. Concrete-air interface and bottom of the steel
bars were coated with epoxy coating to avoid crevice corrosion. The specimens wers
exposed to the soil contarninated with varying concentrations of chloride viz. 0.05%,
0.1%, 0.2%, 0.5%, 1.0%, 2.0%, and 3.0%, in the coniainer up to their mid height for a
period of 18 manths, Corrosion potential and corrosion current density were measured to
monitor the teinforcement corrosion. Corrosion poteatials were measured with respect to
saturated calomel electrode and comosion current density was eveluated by linear
polarization resistance measurement. Further, gravimetric weight loss of steel
reinforcement due to corrosion was also assessed. From the results, the authors reported

that the fime-to-initiation of reinforcement corrosion in Type V cement concrete in the
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soil was noted when it was exposed to 0.1% or higher chloride concentration, whereas in
Type | cement concrete specimens, the initiation of corrosion was noted for exposure fo
0.5% or higher chloride concentration and in the specimens made with silica fume, the
comosion initiation was observed when it was exposed to 1% or higher chlotide
concentration. The reinforcement corrosion initiation time decreased with increase in
chloride conceniration in the soil. Further. the authors observed that the corrosion current
density increased with incrense in chloride concentration in the soil. The corrosion current
density of steel in Type [ and Type V cement concrete specimens were more than 0.3
pAlem’ when exposed 1o the sail contaminated with more than 0.5% of chloride
concentration. The corrosion current density of stecl in the silica fume cement concrese

specimens Was more thap 0.3 pA/cm®. when exposed i0 the soil contaminated with

chioride concentration of |94 o more. For a particular chloride concentration, east

reinforcement corrosion wag noted in the silica fume cement concrete followed by Type |
and Type V cement concrete. Further it was reported that, gfﬂ"im‘*tric weight loss in Type
V cement concrete specimens ed to the soil was obscrved at 2 chloride

expos e
concen fide concentration ©

trakion of 0,9, OF More whereas that was observed at a chlo
0.5% Of MAre in Type | cement concrete specimens. In silica fume cement
speciens, the Ervimeric weight loss was observed when the specimens Were exposed
to 8 chloride “encentration of 1% or more.

concreéte

rrosion rate. The test
in chloride contaminated concrete by <o

i and cement
were three types of cement namely ordinary PO:'l:lm o
cement (PPC) and Portland slag cemert (PSC):

Thermex TMT
MT bars and eX
defy ) TempDOI'E T .

ormed (CTD) bars s 0.55. Slab specimens of

| reinforcement of 12

(0PC). Portland oz
rebar namely cold 1, 4

ent (w/c) ratios namely 0.45, 0.
X 52 mm with a centrally embedded St

] . o in the concrete at the
. frations admixed .
ed. Varying NaCl concen s of cement content. Lincar

d 1 year and AC

mam diameter wepa Prepa
r

time of its prepag,..
o ion were 0%, 1.5%, 3% and 4.5% by
days am
©(Le at the age of 60
impedance SPeCtrog o R) test was conducted

lab specimens
days on the 8
1o detemmine the . “PY test was conducted at the age of 60 da¥

. measurernent
Lnrmsim‘ current density. Further. gravimetric ( PyasS loss)
was conducted o, the nt density. e authors rcpﬂl'wd that the values
|

a :
of corTasion ¢y dg*‘-‘ of 1 year. From the results, L sance (LPR) technique
*NSity obtained by linear polarization
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with guard ring arrangement were in close agreement with those obtained by gravimetric
method. Further, the corrosion current density values obtained by AC impedance
spectroscopy were slightly lower than those obtained by LPR. measurement. From the
results of corrosion rate of steel reinforcement obtained by three techniques, it was
concluded that the blended cements (PPC and PSC) performed benter as compared 1o
OPC and amongst steel type, Tempcore TMT steel showed lower corrosion rate as
compared to Thermex steel followed by CTD steel against chloride induced rebar
cotrosion in concrete. Further from the results of analysis of variance (ANOVA), the
authors reported that chloride content has the strongest effect on corrosion rate followed
by cement type, steel type and wic ratio. In addition, the comrosion rate remained almost

constant with age of testing adopted in the study, which was further corroborated by the
resulis of ANOVA.

Pradhan [88] has studied the corrosion behaviour of steel reinforcement in concrete
exposed 1o chloride and composite chloride-sulfate environment. The concrete mixes
were prepared from two types of cement i.e, OPC and PPC and four w/c ratios i.e. 0.45,
0.50, 0.5 and 0.60. The corrosion behaviour of steel was evaluated by measuring half-
cell potential, relative resistivity and corrosion current density. The corrosion tests were
performed on slab specimens with a centrally embedded steel bar of 12 mm diameter. The
Sxposure solutions were prepared with varying concentrations of sodium chloride, sodium
chloride plus sodium sulfate and sodium chioride plus magnesium sulfate. From the
results the author reported that the specimens made with PPC exhibited higher values of
relative resistivity and lower values of corrosion current density as compared to those
made with OPC in all exposure solutions. Further, the author observed the opposite
behaviour between composite solutions of sodium chloride plus sodium sulfate and
sodium chloride plus magnesium sulfate in terms of variations in relative resistivity and
comosion current density for both OPC and PPC. From the results of analysis of variance
(ANOVA), the author reported that except concentration of sulfate ions; cement type, w/c
ratio and chloride ion concentration affect both relative resistivity and corrosion current
density in composite solutions of sodium chloride and magnesium sulfate. [n composite
solutions of sodium chloride and sodium sulfate, chioride ions and sulfate ions did not
have significant effect on the variations in relative resistivity, whereas chloride ion

concentration along with cement type and w/c ratio have significant effect on corrosion
current density of steel reinforcement in concrete.
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Kwon et al. [89] have investigated the long-term corrosion performance of blended
cement conerete in the marine environment. Ordinary Portland cement (OPC), Portiand
pozzolona cement (PPC), Portland slag cement (PSC) and water cement ratio (W/C) of
0,55 were used in the preparation of concrete specimens. To measure the physicochemical
properties of concrete such as compressive strength. alkalinity, free chloride content and
sulphate content and bio-louling attachment, cube specimens of size 150 mm were
prepared. For conducting AC-impedance and potentiodynamic polarization tests, cubes of
150 mm size with two rebars of 12 mm diameter and 70 mm . length embedded parallelly
just opposite to each other at a cover of 40 mm were prepared. Corrosion tate of rebar
was determined by gravimetric weight loss method. After 28 days of water curing, the
concrete cubes were exposed to three field exposure conditions such as atmospheri¢ Zone
(AZ), immersion zone (1Z) and splash zone (SZ). XRD and SEM analyses were also
carried out on concrete samples exposed under various Zones. Offshore Platform Marine
Elecrochemistry Center (OPMEC), Tuticorin, Tamil Nadu, India was selected as an
exposure station. The ambient temperature of the aunospheric zone was ranging from 25
°C to 35 °C. In the immersion zone (1Z). the concrete cubes were immersed in the sea at a
depth of 5 m. The pH value of the sea water at the place of IZ was ranging from 7.9 to 8.2
and the chloride and sulphate concentrations were ranging from 2200 to 2600 ppm. In the
splash zone (SZ), the cubes were subjected t© patural wave alternate wetting and drying
conditions. The wetting of cubes was achieved by §€2 water having a chloride and

sulphate concentrations ranging from 16000 t© 18000 ppm and the drying was achieved

in the atmospheric temperatyre ranging from 25 °C 10 15 °C. The concrete cubes were

exposed over the period of 19 years. From the results, the authots reported that strength
and alkalinity of the blenged cement concreles were relatively equal to that of OPC
concreic. [n addition, (he pH values of the blended cement concretes were above the
threshold limit recommendeq for depassivation. It was also reported that the chloride ion
penettation was siﬂﬂiﬁcantly reduced for blended cement concretes than that of OPC
concrete. XRD analysis algq showed a very similar trend- Blended cements exhibited very

high amount of bi“-f'ouling attachment. Further from electrochemical studies, it was

found that the blendeq cement concretes have higher ¢
exposUre 208 a5 CoOmpared 1o OPC concrete. The authors observed that the blended

cement CONCTEIES are gyopoin 1. from the durability point of view and highly

ortosion resistance in all three

recommended for aggras ey marine environments than OPC concrete.
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25 DETERIORATION OF CONCRETE IN CHLORIDE AND SULFATE
ENVIRONMENT

The deterioration of concrete exposed to chloride and sulfate environment is a major
concem for the service life of concrete structures. In this section. the literature review on
the effect of chloride and sulfate ions on physical, mechanical, durability and
microstructural properties of concrete are presented.

Cobhen and Benwr [45] have swdied the durability of Portland cement-silica fume pastes
in magnesium sulfate and sodium sulfate solutions. The major test variables used in the
study were ASTM Type [ and Type V Portland cements, 15% silica fume as replacement
of Type 1 and Type V Portland cements. The results indicated that silica fume addition to
Portland cement can improve resistance to sodium sulfate attack, but it significantly
reduced the resistance to magnesium sulfate attack. The authors attributed the greater
damaging effects of magnesium sulfate solution on the Portland cement and Portland
cement + silica fume specimens to the decomposition of C-S-H gel to non-cementitious
M-3-H (magnesium silicate hydrate). Further, it was observed that intensity of
magnesium attack was greater on Portland cement + silica fume specimens as compared
0 Portland cement specimens and this was attributed to the absence of magnesium
hydroxide in the Portland cement + silica fume paste, which makes the C-S-H gel more
prone to magnesium sulfate aetack.

Hasrison [90] has investigated the effect of chloride in mix ingredients on the sulphate
resistatice of concrete. The resistance to sulphate attack of concrete and montar with and
without chlovide additions was assessed by immersing the cube specimens in solutions of
nagnesium sulphate and sodium sulphate. The specimens were prepared by using
ordinary Portfand cement (OPC 832) and sulphate-resisting Portland cement (SRPC 762).
The mortar cube specimens of size 12.5 mm and concrete cube specimens of size 100 mm
were prepared in the study. Varying levels of chloride were introduced either as sadium
chloride or calcium chloride in the mixing water i.e] ¢ - 4.5% of chloride by weight of
cement was added in mortar specimens and 0 - 3.3% of chloride by weight of cement was
added in concrete specimens. The specimens were cured in the water till the age of 28
days. After that, the mortar and concrete cube specimens were immersed in water as a
control exposure and in four different suiphate salutions i.c. 1.5% SO; and 0.35% SO;
concentrations each of magnesium sulphate and sodium sulphate. The deterioration was
monitored by comparing the strength of cubes in sulphate solutions with that of similar
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cubes immersed in water for a period of 7 years for concrete and 1 year of immersion for
mortar specimens. The 28-day compressive strength was also determined. In addition, the
concrete cubes were also visually assessed at the age of 3 and 7 years. From the results
the author reported that. in chloride admixed mortar specimens afier 1 year of exposure to
sulphate solutions, the chloride had either negligible or generaily beneficial effect on the
resistance 10 sulphaie attack in both OPC and SRPC. In strong sulphate solutions (1.5%
803, magnesium or sodium sulphate). sodium chloride addition in OPC and SRPC

concretes had very litthe effect on sulphate resistance. However. addition of calcium

chloride in concrete particularly below 0.5% chloride by weight of cement, significantly

increased the degree of attack on OPC concrete and to a lesser extent on SRPC concrete

instrong sulphate solution i . in some concretes containing calcium chloride and exposed

to strong sulphate solution, the sulfate resistance of concrete was considerably reduced.

Bouen [91] bas evaluated the effect of magnesium sulface on plain and sitica fumer

bearing Portland cemeny mortar through chemical and microstructural study. The mortar

bea spEcimens of size 3 mm x |5 mm x 80 mm were prepared using ASTM Type |

Pordand CEMENC 8d Poijang cement with silica fume (10% replacement Y f
cement). After demoulding, the specimens were cured in te saturated lime water ot a
pe rsed in

wnod of 6 d&}’& Aftey ﬂ'lat, the Portland cement mortar specimens were 1mme

i o, imens
4,2% maghesium Sulfaie solution and Portland cement with silica fume mortar specim
i i : ar at
Wwere IMTERE I 2.19 ang 4.2% magnesium sulfate solutions for a period of one ye
analysis was conducted

room (Mperature, 4 g SEM
on backscatter ,
® year of exposure. ere more susceptible to

the mortar.
. . The uthor reported that Portland cemert mortars W
maghesitm Sulfage their counterpatt pastes as

fate ingress, greater £ypsum
Portland cement mortar
voids and

mass of

indicated by g;eatel‘attack and fess durable as compared w0
deposition and hi Surface deterioration, greater depth of sul
' indi Sher degree of decalcification of C-5-H gel. The s
T:ﬂlﬂﬂsil;:dl(f:led massi\,e depositinn of gypsum m-mmd aggregate, 1n air
Q cav 5.
amount of S}'Pauhnj j:pr:::;:i cement with silica fume
mortar prepared wilth Silicy o
plain morniar.

Rasheeduzzafar g
al.
XRD and SEM analyses

cerments in the m;
Xeqd : t
na . - @ an&ﬂﬂﬂﬂﬂnen g . s
ghesium-sodium sulfat and composition

were carried out .
" Cemen paste specimens to identify the morpholo
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of deteriorated products. Signs of deterioration on mortar cubes were visually observed.
The reduction in compressive strength of mortar cubes was determined in terms of sulfate
deterioration factor (SDF). The authors found that the sulfate deterioration in plain and
blended cements was characterized by scaling, spalling, and sofiening rather than
eXpansion and cracking. The deterioration was observed in all the cements after 2 years of
exposure o mixed magnesinm-sodium sulfate solution and more pronounced
deterioration was observed in blast-furnace-slag and silica-fume cements than that in
plain and fly ash blended cements. In the mixed magnesium-sodium sulfate environment,
the strength reduction exceeded 70% in all cements after 24 months of exposure. The
XRD and SEM analyses indicated that the inferior performance of the blended cements

made with silica fume and biast fumace slag may be attributed to the depletion of calcium

hydroxide as a result of pozzolanic reaction. In the absence of calcium hydroxide,

magnesium ions react more extensively with the cementitious calcium silicate hydrate
and produce gypsum and non-cementiticus M-S-H.

Akoz et al. [92] have investigated the effect of sodium sulfate concentration on the sulfate
resistance of mortars with and without silica Gume. Portland cement (PC) and Pertland
cement-silica fume (PC-SF, 10% replacement by mass of cement) and water/cementitious
maietial ratio of 0.5 were used in the preparation of specimens. The specimens were
cured in fime saturated water at 20°C (ll the age of 28 days. After that except control
specimens, all the other specimens were exposed to sodium sulfate solutions containing
varying sulfate (SO3-) concentration of 2700, 18000 and 72000 mg/l. Various physical
and mechanical properties of mortar wete determined ac different ages up to 300 days of
“Xposwre. From the results, the authors reported that low sulfate concentrations not
exceeding 13000 mg/l did not show any significant effect on the compressive strength
and flexural strength of mortars whereas at sulfate concentrations of 18000 mg/l, volume
density and volumetric water ahsorption indicated beginning of rapid detetioration of
morar at the critical exposure period. Further, the authors observed that at sulfate
cancentration of 72000 mg/1, both compressive strength and flexural strength decreased
sharply between 90 and 180 days. Silica fume replacement at 10% caused a significant

increase in sulfate resistance of mortar specimens even at higher concentration of sulfate
ions,

Lee et al. [93] have studied the sulfate attack and role of silica fume in resisting strength
loss of mortar, Ordinary Pordland cement (OPC} and silica fume (SF) with replacement
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kvels of 5%, 10%. and 13% by mass ol cement and water/cementitious materials ratios
{wiem) 0f 0.35, 0.45 and 0.35 were used in the preparation of morar specimens. The test
solutions used for supplying sulfate ions were 5% sodium sulfite (N2;30,) and 5%
magnesiom sulfate (MgSO.). The anthors conducted compressive strength test and X-ray
diffrsction (XRD) analysis on mortar samples. Differential scanning calorimetry (DSC)
test was conducted on paste samples, From the results. the authors reported that presence
of silica fume had a beneficial effect against strength loss due to sodium sulfate attack.

The best resistance to sodium sulfate attack was obtained with 8 SF replacement of 5-

10%, but even then. a strength loss of 15-20% can be expected. However, the mortars

stﬂl’nﬁﬂs wi[h silica fume were chercly damagd n the magl‘lesium sulfate
envifonment. The larger the amount of SF content, the greater was the strength loss in
mAgNESIum sulfate environment. The formation of various expansive compounds in

morar in sulfate environment was also confirmed from XRD results. It was also found

that the w/em ratio is the most critical parameter jnfluencing the sulfate resistance of

concicie,

Al-Amoudj [42] has reviewed (he studies conducted on culfate attack on plain and

blended cemens exposed to aggressive environments and based on the review, the author

elucidated nions on concrete

deletior the effect of cation type associated with the sulfate 3 . )
. 4on and the role of chloride ions on sulfate attack. From the review of varm‘us
studies, the authoe ot parﬁculﬂﬂ)’ those prepared with
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chloride and sulfate ions. Chinese standard 42.1 R (II) Portland cement similar to ASTM
type I ordinary Portland cement and 20% and 30% replacements of cement with class F

fly ash were used in the study. Water-to-binder ratios (W/B ratios) of 0.35 and 0.45 were

used in the preparation of specimens. Concrete specimens of size 40 mm X 40 mm x 160

mm were prepared and cured in a condition of 20 = 3 °C temperature and 95% of relative

humidity for a period of 60 days. Two corrosion regimes were used in the study to
investigate the damage process of concrete viz. naturally immersion regime and

accelerated regime. The concrete specimens were submerged in corrosion solutions viz.
21 g/l CI" solution (3.5% by mass of NaCl), 33.8 g/l SO! solution (5% by mass of

N2:80,) and a composite solution of 3.5% NaCl and 5% Na,SO; at room temperature for
a petiod of about 800 days for naturally immersion regime. For accelcrated regime, the
toncrete specimens were subjected to drying-immersion eycles in the same corrosion
solutions, which were used for naturally immersion regime. Water soluble chloride
content was determined at different depth intervals from the concrete surface to the inner

section, and X-ray diffraction (XRD) and SEM analyses were performed on the collected

powder samples. The relative dynamic modulus of clasticity (RDME) of specimens Was

e

determined. From the results, the authors reported that the presence of sulfate in the

[ 1 4 " n S
Omposite solution increased the resistance to chloride ingress into concretes at ecarly

exposure peri ice : ; 3

posure period, but the opposition was observed at latter exposure period. Further, 1t Was
obse - .

rved that the damage process of concrete naturally submerged in 5% NaxSOx for a !

period of 830 days is classified into three periods according to RDME: () linearly

in
creased period; (1) steady period; and (U11) declining stage. However, comparatively

onl
Y Pro-stage Il was occurred in composite solution, which indicated that the presence of

chloride i . A : e
1ons in composite solution will reduce the number of stages at the same exposure

er : ; % |

exposed to drying-immersion cycles in 5% NasSO, for a period of 500 days can b¢

classified into four stages: (1) fi

rstly decreased stage: (1) linearly increased stage: (1)
slowly decreased stage: and (1v) accelerating failure stage. For the composite solution.

only pro-stage 111 occurred for 500 days of accelerated corrosion period. The deterioration
was found to be severe in 5% Na,S0, solution as compared to that in composite solution.
This indicates that the presence of chloride in composite solution prolonged the interval
of each stage and the deterioration due to sulfate ions was retarded. The authors also

reported that addition of fly ash increased the ingress of chloride ions into concrete at the
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early exposure period but reduced it at the later period. Concrete with low W/B ratio and
suitable content of fly ash could retard the deterioration of concrete due to sulfate ions.
The XRD results indicated the formation of more amount of gypsum and ettringite in the
surface layer as compared to that in the core of the concrete. Further, the formation of
these products (gypsum and euringite) was confirmed from the SEM images.

Lee et al. [95] have carried out an experimental study on the mitigating ¢ffect of chloride
ions on sulfate attack of cement mortars with and without silica fume. The major test
variables used were ordinary Portland cement {OPC) and silica fume (SF) at replacement
levels of 3%, 10%, and 15% by mass of cement. The water—binder ratio (w/b) of 0.45 was
used for the preparation of specimens. Two types of specimens were prepared i.e. mortar
specimens and paste specimens. Mortar cube specimens of size 50 mm wers used for
compressive strength measuremnent and prismatic specimens of size 25 mm X 25 mm X
285 mm were used for expansion measurement. A polycarbonic  acid-based
superplasticizer was used in all the mortar mixtures to obtain the suitable workability. The
paste specimens were prepared using 100 g of total binder materials (OPC+SF)and 45 ¢
of deionized water without superplasticizer in plastic cylinders of 13 mm diameter. The
paste samples were used for conducting X-ray diffraction analysis and mercury intrusion
porosimetry (MIP). The test solutions used were sulfate solution and sulfate-chloride

solution. Sulfate solutions were prepared using 33800 ppm as SO ions (Na;8O4) and

sulfate-chloride solutions were prepared by using 33800 ppm as SO ions (Na2S04) and
3.5% NaCl. The monar specimens were demoulded afier 24 hours of casting and were
then cured in water for 6 days and then kept in the test solutions. The paste specimens
were demoulded after 24 hours of casting and cured in water for 6 days and then epoxy
coated on all the surfaces except the upper surface and were then kept in the test
solutions. Visual examination of mortar specimens exposed to test solutions was also
carried out. From the results, the authors reported that OPC mortar mixtures with 8 higher
w/b ratio showed the mitigating effect of sulfate attack in the presence of chloride ions.
This may be due w the increased solubility of ettringite and gypsum in the chloride-
bearing solution leading to reduction in the amount of ettringite and gypsum formed in
the cement paste and the ettringite formed in the sulfate-chloride solution is less
expansive. Further, it was observed that even low replacement of silica fume has a

beneficial effect in terms of controlling the surface damage, compressive strength loss,
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and expansion of plain mortar specimens due to its strong pozzolanic reaction and

consequently less amount of Ca(OH),.

Aye and Oguchi [96] have evaluated the resistance of plain and blended cement mortars
exposed to severe sulfate attack. Normal Portland cement (NPC). sulfate-resisting
Portland cement (SRPC) and three blended cements 25% fly ash (FA). 8% silica fume
(SF). and 8% diatomaceous earth (DE) replaced by weight of normal Portland cement
were used in the preparation of mortar specimens. Naphthalene sulphonate-based
superplasticizer, 0.8% by mass of binder was added in the mortar mixture made with
water-cement (w/c) ratio of 0.45. Mortar cube specimens of size 5 em and prismatic
specimens of size 5 cm x 5 cm X 12 em were prepared in the study. The test solutions of
10% Na;80; and 10% MgSOy concentration were used in the study. Four exposure
regimes were used to evaluate the sulfate attack viz. exposure [; specimens continuously
submerged in each sulfate solution, exposure II: specimens exposed to cyclic drying and
Wetling in each sulfate solution, the cycle consists of immersion, drying and cooling
phases, exposure II[: specimens continuously subjected to partial immersion in each
sulfate solution for 2 depth of 3 em and exposure IV: specimens partially immersed in
sulfate solution and exposed 1o welling and drying cycles. The performance of specimens
in each exposure regime was visually inspected throughout the test. To find the degree of
deterioration, compressive strength and weight loss measurements were carried out at the
end of exposure period and X-ray diffraction (XRD) analysis was conducted on powder

samples. e - ' :
Pies. To assess the pore characteristics of the mortars, mercury intrusion porosimetry

(MIP) test it :
) test was conducted. From the results, the authors reported that the addition of

pozzolan | i i
mproved the resistance of mortar to NasxSOy4 solution, however, it increased the

magni = ;
gnitude of MgSO, attack from the standpoint of chemical attack. The obtained XRD

atterns indi : irabili
p indicated the formation of compounds such as ettringite, gypsum, mirabilite and

thenardite in dj e 7
n different exposure conditions, Further, it was observed that the performance

of blended cemg : iC
1Ent mortars with fine pore structure was relatively poor under the cyclic

wetting ' i i I
g and drying exposure regimes in Na;SO, environment. However, the physical
attack by MgSO, was not apparent

was found that with respe

in both plain and blended cement mortars. Overall, it
¢t to chemical attack., MgS0y is more damaging than Na)SOy

and in case of physical attack, N2:804 was more harmful than MgSO,.

Sotiriadis et al. [97] have investigated the sulfate resistance of limestone cemient concrete

exposed to combined chloride and sulfate environment at low temperature. Normal
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Portland cement and Portland limestone cements containing 15% and 35% w/w limestone
produced by intergrinding clinker. limestone and gypsum in a pilot plant ball mill and
waler to cement ratio (W/C) of 0.52 were used for the preparation of concrete specimens.
Visual inspection, mass change and compressive strength of concrete cube specimens
immersed in chioride-sulfate and sulfate solutions stored at 5 £ 1 °C temperature were
investigated in the study. The soluwtions were prepared using commercial NaCl and
MgSO4.7TH:0 salts. For the identification of the degradation products formed as a result
of sulfate attack, XRD analysis was carried out. From the results, the authors found that
the imestone cement concrete suffered from thaumasite form of sulfate attack, along with
the formation of brucite and secondary gypsum. Further, it was observed that concrete
with limestone cement exhibited higher degree of deterioration as compared to that made
without limestone cement. The higher the limestone content of cement used, the
disintegration of limestone cement concrete was more severe and rapid. It was also found
that deterioration of concrete due to sulfate attack is more intensive for the specimens
stared in sulfate environment, as compared to those stored in the combined chloride-
sulfate environment, thereby indicating that the presence of chloride ions reduces the

effect of sulfate attack on deterioration of concrete.

Mies and Belic [98] have studied the influence of chlorides on magnesium sulphate
attack at two different temperatures (5 °C and 20 °C). In the study, mortar specimens
were prepared with ordinary Portland cement (OFCh high-sulphate resistant Porttand
cement (HSR) and 50% blast-furnace slag (BFS) as replacement of ordinary Portland
cement. Mortar cube specimens of size of 20 mm were prepared and were immersed in
the test solutions at the age of 28 days. Test solutions used were 50 g/l Na;SOq, 42.5 ¢/l
MgS0s, 50 gl NazSO;4 +350 g/l NaCl and 42.5 g/l MgS0s + 50 g/l NaCl. Visual inspection
and mass change of specimens were evaluated to examine the influence of CI' on sulphate
atack, and XRD analysis was conducted to identify the phase changes. From the resuits,
the authors reported that the influepce of C1° on MgS0: attack depends on the temperature
and binder type. It was observed that at temperatuce of 30 °C, chlorides have no effect on
deterioration due 0 magnesium sulphate attack in ordinary Portland cement and high-
sulphate resistant Portland cement mortar. The small amount of deterioration was
atiributed o the formation gypsym and ettringite. However, in BFS mortar the degree of
deterioration was Sigﬂiﬂcanuy increased when exposed to magnesium sulphate solution

with added chlorides. The pregence of BFS decreases the formation of a protecting brucite
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layer and favours decomposition of calcivm silicate hydrates to magnesium silicate

hydrates, Funther, it was observed that al 5°C, the presence of chlorides in a magnesium
sulphate environment causes increased deterioration, regardless of the binder type. The
combined attack of magnesium sulphat and chlorides at low temperatures leads to
Significant increase in deterioration of cementitious materials with OPC and HSR (as
binder) as comparcd to the deterioration at 20 °C- In addition, for mortar containing BFS
23 2 cement replacement, the deterioration was slightly decreased at temperature of 5 "C
43 compared to the deterioration at 20 °C. At § °C, the degradation results in thaumasite
f“mﬂﬁon, and was found to be almost equal for the different binders used in the study
and quite severe. Overall, it was observed that chlorides mitigate suiphate attack when
eitingite and gypsum are the main reaction products causing deterioration. When
Saumasite is formed due to sulphate attack, chlorides induce an increased deterioration.

Chen et q), [99] have investigated the resistance of concrete against combined attack of
chloride and sulfate under drying-wetting cycles. The cements used were ordinary
Portland cement; and fly ash (FA) and grounded blast fumace slag (GBFS) as 30% and
50% replacement by weight of cement respectively. Concrete specimens of size 70 mmX
70 mm x 280 mm were prepared and used for evaluating mass change, dynamic modulus
of elasticity and total chloride content. Paste specimens were prepared to conduct XRD
#nd TG/DSC analyses. Concrete and paste specimens were expased to 5% NaCl and 5%
Na;S0, solutions and combined solutions of 5% NaCl and $% N2, SO and 5% NaCl and
10% N8,SO,. The concrete specimens were first immersed in the exposure solutions at
the room tempecature for 21 b, followed by 3 h drying in the air. Then, they were dried 2t
A lemperature of 60 °C for 45 h, followed by cooling down in the air at the room
temperature for 3 h, This period of three days (72 h) represented a drying-wetting cycle.
From ¢he results, the authors reported that addition of mineral admixture such as FA and
GBFS in concrete resulted in lower chloride ingress when exposed to the 5% NaCl + 5%
N2;80y solution under drying-wetting cycles. The presence of SO2- jons in combined
solutions. can retard the chloride ingress in ordinary Portland cement concrete. It was
observed that the concrete samples with mineral admixture addition have lower porosity
than plain concrete samples after 150 days exposure in the 5% NaCl + 5% Na;SOa
solution under drying-wetting cycles. It was also observed that, the peaks for Friedel’s
salt in XRD patterns was almost disappeared for the samples exposed to 5% NaCil + 10%
Na,50, solution, indicating that the presence of SO2- jons in the chloride solution
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rataeds the formation of Eriedel’s sall. Further from the comparison of exposure to
combined solution with that to only sulfate solution, the authors observed that sulfate
sohition results in the formation of etringite, whereas the presence of CI' jons in the

sulfate solution may retard the formation of sulfate products, such as ettringite.

Wang et al. 1100] have studied the durability of concrete containing fly ash and silica
fume against combined freezing-thawing and sulfate attack. 1n the present smudy, concrete
specimens were propared with fly ash FA {10%, 15% and 23% by weight) and silica fume
SF (3%, 8% and | 1% by weight) as partial replacement of Portland cement (PC) at w/b
ratios of 0.33 and 0.38 and were exposed to 5% and 10% sodium sulfate solutions under
freczing-thawing cycles. Compressive strength. relative dynamic elastic modulus
(RDEM) and scanning electron microscopy (SEM) analysis of concrete subjected to
sulfate attack and fm&ing-thawing cycles in water and in the sulfate solutions were

evaluated. From the results, it was found that. both fly ash and silica fume improve the

resistance to sulfate attack when exposed to 5% sodium sulfate solution. Further, the

performance of silica fume concrete was better than that of fly ash concrete. The concrete

deferioratton was attributed (o the interaction between freezing-thawing and sulfate

attack. Tt was found that the resistance of concrete withoui any admixture against

combined frcezing-thaWing and sulfate attack increased up © 125 freezing-thawing

cycles and then decreaseq Fly ash and silica fume a3 concrete admixiure improved the
resistance of conctete againgy the combined freczing-thawing and sulfate aftack at 23%

fly ash and 3-8% silica fiyme by weight replacement level of cementitious materials,

leading o significant impyey, ement in concrete durability. The SEM images of concrete
specimens at a depth of 5 mm exposed to sodium culfate solutions showed the formation
of gypsum and ettringite (in the form of needle-like crystals} in the concrete, The 10%

sodium sulfate solution improved freezing-thawing resistance of concrete made with 25%

fly ash by weight replacemient level of cementitious materials than that in 5% sodium

sulfate solution, while 5 he similar improvements

in freezing-thawing

% and 10% sodjum sulfate sofution had t

tesistance of concrete made with 8% silica fume by weight

replacement level of “ementitioys matecials

26 SUMMARY OF LITER ATURE REVIEW
From the review of literagy e carried out for the present regearch work, it is observed that

various researchers by, conducted investigations o corrosion behaviour of steel
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reinforcement in simulated concrete pore solution environment. and in concrete subjected
to different exposure conditions. For studying the corrosion behaviour, the researchers
have carried out different corrosion tests on steel reinforcement in simulated pore
solutions contaminated with chloride ions or sulfate ions. In addition. few studies have
been reported in the literature to evaluate the microstructural changes in conerete in the
conjoint presence of chloride and sulfate ions. Further, very less research work has been
reported in the literature on the corrosion behaviour of steel reinforcement in concrete
powder solution extracts contaminated with only chloride ions. However, the research
work on corrosion behaviour of steel reinforcement in concrete powder solutions extracts
admixed with conjoint chloride-sulfate ions is very scanty. The concrete powder from
which the aqueous solution is extracted, is a mixture of cement hydrates, coarse
aggregates and fine aggregates and thus the aqueous solution may represent the
electrolytic pore solution of concrete more closely as compared to other simulated pore
solution such as saturated calcium hydroxide solution. Keeping this in view, there 15 a
need to carry out a comprehensive experimental investigation to study the effect of
conjoint presence of chloride and sulfate ions on electrochemical behaviour of steel
reinforcement in electrolytic concrete powder solution extracts by incorporating different
types of cement, steel and water-cement (w/c) ratio, through potentiodynamic polarization
study and corrosion rate measurement. In addition, it is also required to evaluate the cifect
of cation type associated with sulfate ions on corrosion behaviour of steel reinforcement
i eoncrele powder solution extracts in the presence of chloride ions. Further to analyze

the e : e .
ffect of chemical composition of the electrolytic concrete powder solution extracts

O corrosg L : s - I
osion behaviour of steel reinforcement, it is necessary to determine the ionic

concentrati e i ;
ntration, pH and conductivity of the concrete powder solutions. In addition from the

lit iew. it i ok i .
erature review. it is observed that limited studies have been carried out to investigate

the effec o . 3 g .
effect of conjoint chloride and sulfate ions on steel reinforcement corrosion In

concrete. From these studies, it is observed that the researchers have presented different
opinions regarding the petformance of concrete in combined chloride and sulfate
exposure conditions. Hence, there is a need 1o carry out a comprehensive experimental
investigation on reinforcing steel corrosion in concrete by incorporating different types of
binder and steel reinforcement in composite chloride-sulfate environment with varying
concentrations of chloride and sulfate ions. In addition, it is also required to evaluate the
effect of cation type associated with sulfate ions on steel reinforecement corrosion and on

variation in compressive strength of concrete in the presence of chloride ions. Further. for
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the purpose of analyzing the changes in phase composition of hardened concrete in the
presence of chloride and sulfate jons. there is a need to carry out various microstructural
techniques such as X-ray diftraction (XRD). Ficld emission scanning ¢leciron Microscopy
(FESEM), and Fourier ransform infrared (FTIR) spectroscopy analyses. Based on these
inferences, the objectives of the presemt research work have been formulated and are
aiready presented in Chapter |
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CHAPTER 3

EXPERIMENTAL METHODOLOGY OF RESEARCH

1.1 GENERAL

This chapter describes about the details of materials, specimens, exposure conditions and
test procedures adopted to achicve the objectives of the present research work.

32 MATERIALS USED
3.2.1 Cementitious Matevials

Three types of cementitious materials used in the preparation of concrete mixes are
ordinary Portland cement (OPC) satisfying IS: 12269 — 1987 [101] and ASTM Type !
[102]; Portland pozzolana cement (PPC) satisfying IS: 1489 — 1991 [103] and ASTM
Type IP [L04]; and ASTM C 618 [105) class F fly ash (FA). Fly ash was used at 20% and
30% replacement by mass of binder content (OPC + fly ash). The chemical composition
of OPC, PPC and fly ash determined by X-ray fluorescence (XRF) analysis are presented
in Table 3.1.

Table 3.1: Chemical compasition of OPC, PPC and fly ash determined by X-ray Fluorescence

(XRF) analysis
Portland
Constituent {wt. %) Ordinary Portland . oo1ana Cement  Fly ash (FA)
Cement (OPC) (PPC)
Calcium oxide {Ca0) 652 64.7 16.57
Silicon dioxide (SiCh) 192 20.52 53.24
Aluminium oxide (A1;05) 5.2 4.2 25.3
Peric oxide (FeyOy) 2.4 34 1.2
Magnesium oxide (MgQ) 3.4 1.55 1.15
Sodium oxide (Na;O) 0.3 0.35 0.13
Potassium oxide {(Ky()) 0.62 1.31 0.4
Titanium dioxide (TiO2) 0.23 0.87 053
Phosphorus pentoxide (PyOys) 0.3t 0.18 0.39
sulphur trioxide (SOy) 1.5 1.% 0.2
Loss on ignition 1.4 1.2 0.6
57
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322 Aggreoates

Locally available river sand was used as fine aggregate in the preparation ol concrete.
The specific gravity of sand was determined using the pycnometer in accordance with IS:
2386 — 1963 (part I1T) [106]. The obtained value of specific gravity of sand was 2.61. The
sieve analysis of sand was carried out as per the guidelines of IS: 2386 — 1963 (part I)
[107]. From the cumulative percentage passing values of sieve analysis it is observed thal,

the sand is conforming to grading zone I as per 1S: 383 — 1970 [108], and as per ASTM
C33/C33M-13 [109]. The grading curve of sand is shown in Fig. 3.1.

Coarse ageregates of quartzite origin were used in the preparation of different concreie
mixes. The coarse aggregates of size 20 mm MSA (maximum size aggregate) and 10 mm
MSA were used in the proportion of 1.941:1 by mass of total coarse aggregate content o
satisfy the overall grading requirement of coarse aggregate as per 1S: 383-1970 [108] and
ASTM C33/C33M-13 [109]. The specific gravity of coarse aggregate was determined
using pycnometer and wire basket method for 10 mm MSA and 20 mm MSA coarse
dggregates respectively in accordance with IS: 2386 — 1963 (part 111) [106]. The obtained
Values of specific gravity of 10 mm MSA and 20 mm MSA coarse aggregates are 2.63
and 2,64 respectively. The sieve analysis of 10 mm MSA and 20 mm MSA coars®

aggregates was carried out as per the guidelines of 1S: 2386 — 1963 (part 1) [107] and the
grading curves are shown in Fig. 3.2 and Fig. 3.3.

Sieve analysis of sand

=888
L1

10

Sieve size (mm)

Fig. 3.1 Grading curve of sand
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Sieve analysis of 10 mm MSA coarse aggregate
100 -
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Fig. 3.2 Grading curve of 10 mm MSA coarse aggregate

Sieve analysis of 20 mm MSA coarse aggregate
100 -

70 4
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100
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Fig. 3.3 Grading curve of 20 mm MSA coarse aggregate

3.2.3 Reinforcing Steel

Tempcore TMT (Thermomechanically treated) steel and Thermex TMT steel of diameter
12 mm were used as steel reinforcement. The chemical composition of Tempcore TMT
steel and Thermex TMT steel as determined by Energy-dispersive x-ray (EDX) analysis

are presented in Table 3.2,
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Table 1.2: Chemical composition of steel in wt %, determined by Energy-Dispersive X-ray
{EDX) analysis

Steeltype  Ma(%) Si(%) Ni(%) Cr(%) Cu(%) S(%) P@©®%) C(%) Fe(%)

Tempcore TMT 1.2 0.6 0.2 0.2 0.1 0.2 0.1 <0.1 Balance

Thermex TMT 1.3 0.5 0.1 0.3 0.01 002 0.01 <0.1 Balance

The entire experimental program is divided imo three series.

JASERIES |

In this series, the effect of chloride and composite chloride-sulfate contamination on 28
day compressive strength and microstructural changes occurred in concrete due o the
presence of chloride and composite chloride-sulfate ions has been investigated. Further,
the effect of chloride and composite chloride-sulfate jons on ionic concentration, pH and
conductivity of electrolytic concrete powder solution (ECPS); and corrosion behaviour of
steel reinforcement in ECPS has also been investigated.

3.3.1 Specimen Preparation

Cube specimens of size 150 mm were prepared using ordinary Portland cement (OPC)
and Portland pozzolana cement (PPC) from differsnt concrete mixes i.e. from control mix
and mixes contaminated with varying concentrations of chloride and composite chloride-
sulfate salts. Chloride and sulfate salts were sdmixed at the time of preparation of
concrete in the mixing waier as percentage by mass of cement content. Sodium chloride
(NeCl) was used as the source of chloride ions, whereas sodium sulfate (NaxS0,) and
magnesium sulfate (MgS80.) were used as the sources of sulfate ions. Sodium chloride
{NaCl} is normally present in seawater and in contaminated soil and groundwater in
varying concenteations. As already stated in Chapter 1, the chloride ions may also enter
into fresh concrede at the time of its preparation through chloride contaminated mixing
water, aggregates and chloride bearing admixtures. Further, in seawater and contaminated
groundwater, sulfate salts mostly in the form of sodium sulfate and magnesium sulfate are
also present along with chloride salts. On the basis of these factors, in the present work,
lower to higher concentrations of NaCl, Na;SO, and MgSO, were used. The
concentrations of NaCl used were 3%, 5% and 7% and those of Na,SO, and MgSOQ, were
3%, 6% and 12% each, by mass of cement content. The different combinations of the
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salts admixed in concrete are presenied in Table 3.3, The concrete mixes were prepared at
walerscement ratios {w/c ratio} ol 0.43 and 0.5. The water content in all the concrete
mixes was kept at 195 Kg/m® and all the concrete mixes were designed for workability
with slump varying trom 20 10 50 mm. The mix proportioning of concrete was carried out
using DOE method (Brilish mix design method) with some modification []. The concrete
mix proportion is presemed in Table 3.4, Tap water from the laboratory was used as
mixing water in the preparation of concrete mixes. After 24 hours of casting, the cube
specimens were demoulded and subjected to moist curing till the age of 28 days from the
day of preparation. After that, the specimens weve removed from curing tank and kept in
laboratery exposure condition till the period of crushing for obtaining concrete powder.
Separate cubes specimens were also prepared to determine the 28 day compressive

strength of different concrete mixes.

Table 3.3: Combination of chloride and sulfate salts admixed in concrere mixes by mass of

cament content

Concentration of admixed salts Abbreviation Group
3% NaCl 3NC
5% NaCl SNC Sodiumn chlonde
T% NaCl TNC
3% NaCl + 3% Na,S0, INC + 3INS
5% NaCl+ 3% Na;S0, SNC + 3INS
7% NaClH 3% Na:SQy TNC + INS
3% NaCl + 6% Na.SO, INC + 6NS
5% NaCl+ 6% Na:SO; SNC + 6NS Sodium chlonde plus sodhrm
7% NaCl+ 6% Na;80, TNC + 6NS
3% NaCl + 12% Na.SO, INC + 12NS
5% NaCl+ 12% Na.3Q, SNC + 12NS§
7% NaCl+ 12% Na,S0, TNC + 12NS
3% NaCl + 3% MgSQ, INC + 3MS
5% NaChH 3% MgSO, SNC + 3MS
7% NaCl+ 3% MpSO, INC -+ IMS
3% NaCl + 6%iM eSO, INC + 6MS
5% NaCl+ 6% MgSO, SNC + 6MS Sadiem chlm-idflz l'A_::rh.m; magnesium
Tos NaCl+ 6% MzSO, TNC + 6MS suliate
3% NaCl + 12% MeSO, INC + 12MS8
5% NaCl+ 12% MgS0), ANC + 12MS
7% NaCl+ 12% Mghs(), TNC + 12ME
6l
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Table 3.4: Mixture proportion of concrete for OPC and PPC

Water-cament ratio 0.45 0.5
Water content (kg/in’) 195 195
Cement content (kg/m?) 433.33 390
Fine aggregate (kg/m’) 614.83 648
Coarse aggregate (kg/m®) 1141.84 1152

3.3.2 Preparation of Electrolytic Concrete Powder Solution (ECPS)

The concrete cube specimens were crushed at the age of 56 days from the day of
Preparation in the compression testing machine followed by further crushing in abrasion
testing machine. The collected powder was sieved through a sieve having square mesh of
Size 150 . The sieved concrete powder was then stored in air tight plastic containers.
Fig 3.4 shows photograph of stored concrete powder samples. To prepare electrolytic
concrcte powder solution (ECPS), the concrete powder was mixed with distilled water in
1:1 proportion by mass in a beaker. The mixture was then stirred for half an hour and then
boiled for 15 ~ 20 minutes. Afler that the solution was allowed to settle and cool to the
room temperature. The solution was then filtered through Whatman no. 1 filter paper. The
obtained filtered coacrete powder aqueous solution nearly represents all the species in the
vicinity of steel reinforcement in the concrete gs it is extracted from concrete powder,
which is a mixture of cement hydrates, coarse aggregate, fine aggregate and admixed
concentrations of chloride and composite chloride-sulfate jons. The process of stitring,
heating and filtration of the solution is shown in Fig 3.5. The electrolytic concrete powder
solution was chemically analyzed to determine its ionic concentration, pH and

conductivity. The electtochemical tests on stesl specimen were conducted in this
electrolytic concrete powder solution.
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Fig 3.4 Collected and stored concrete powder samples in air tight plastic containers

Tig 3.5 Stirring, heating and filtration of electrolyvtic concrete powder solution extracted from

concrete pOWdCl

3.3.3 Preconditioning of Bare Steel Specimens

As already stated, Tempcore TMT and Thermex TMT steel bars of 12 mm diameter werc
used as steel reinforcement in the experimental investigation. The steel bars were cut o a
length of 70 mm. These specimens were drilled and threaded at one end to be mounted to
the working electrode node of the corrosion monitoring instrument. The steel specimens
were cleaned with wire brush to remove any surface scale. After that, the specimens were
coated with epoxy, leaving an exposed length of 5 mm at the opposite end of the drilled

one. The exposed surface area of the steel specimen is 1.884 cm”. The schematic diagram

of preconditioned steel specimen is shown in Fig. 3.6.
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Epoxy coating Section Y- Y
70 o *Y 12mm
12 mm o B ' —
3o dia threaded hole for
connecting to Corrosion
5 ms Exposed —Y momtonng instrument
iength

Fig. 3.6 Schematic diagram of stesl specimen

334 Test Techuiques
3.3.4.1 Compressive Strength Test

The effect of admixed chloride and composite chloride-sulfate ions on compressive
strength of concrete was evaluated by conducting compressive strength test on cube
specimens of size 150 mm made from different concrets mixes at the age of 28 days. As
already stated, the cube specimens were cured in water till the age of 28 days in a curing
tank. The specimens were then taken out from the curing tank and tested as per 1S: 516 —
1959 [110] in & hydraulicaily opersted compression testing machine. Three replicate cube
specimens of each concrete mix were tested and the average value was reported.

3.3.4.2 Microstructural Study of Concrete Powder
3.3.4.2.1 X-ray Diffraction (XRD) Analysis

In the present investigation, XRD analysis was canied out to determine the effect of
chloride and sulfate ions on phase composition of hardened concrete. Powder X-ray
diffraction was performed on Bruker D-8 Advance X-ray diffractometer with Cu Ka
radiation (A = 1.5405 A). Diffraction patterns were generated on a vertical goniometer
attached to a board focus X-ray tube with a copper target operating at 40 kV and 40 mA.
The concrete powder samples, which were obtained from different concrete mixes and
gtored after passing through 150 um sieve were used to conduct XRD analysis. The
concrete powder sample filled into the sample holder and was scanned from 5° 1o 55° (20)
at a sampling interval of 0.05° 20 per second. After obtaining the XRD patterns, the phase
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identification process involves the ealeutation of the most likely match score for a given

phase based on peak intensity and peak position. when compared with the database of
standard phases.

3.3.4.2.2 Fouricr Transform nfrared (FTIR) Spectroscopy

In the present investigation. FTIR spectroscopy was performed to identify functional
groups associated with differem products formed in concrete. Fourier transform infrared
spectrum of concrete powder sample was collected in the transmission mode using
Thermo fisher scientific Nicolet iS10 FTIR spectrometer. The sample pallets werc
prepared by mixing 250 mg of potassium bromide (KBr) with 3 mg of concrete powder
sample. Fifteen scans were recorded over a range of 4000 cm™ to 400 cm’'. Before
scanning the sample, the background spectrum was collected at ambient atmosphere to
eliminate the aunospheric effect.

3.3.4.2.3 Field Emission Scanning Electron Microscopy (FESEM)

Microstructural changes occurred in the concrete mixes contaminated with NaCl, Na:SO;
and MgSO, was evaluated by field emission scanning electron microscopy. This study
was conducted on licld emission scanning electron microscope (make: Zeiss model:
Sigma) to examine the morphology of concrete. The concrete powder sample was sprayed
on double sided carbon tape kept on the stub top and then pressed with a ¢lean glass plate
to reduce the number of loose grains. The concrete powder is coated with a thin layer of
electrically canductive material before scanning i.e. coated with gold by means of high

resolution sputter coater to protect the concrete powder from charging.

3.3.4.3 pH Measurement of Electrolytic Concrete Powder Solution

The pH values of uncontaminated electrolytic concrete powder solution and of that
contaminated with chloride and composite chloride-sulfate jons were measuréd using a
digital pH meter with pH range 0 — 14. The pH meter was calibrated before carrying ol

the measurement of electrolytic concrete powder solution.
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3.3.4.4 Conductivity Measurensens of Electrolytic Concrete Powder Solution

The conductivity of concrete depends on the presence of different ions such as Na™. K",

rad - . o 1
Ca™, OH, SOY and CT in the concrete pore solution. The conduciivity of electrolytic

concrete powder solutions uncontaminated and contaminated with chloride and composite
chloride-sulfate ions were measured using a digital conductivity meter. The conductivity

meter was calibrated before measuring the conductivity of electrolytic concrete powder
solution.

3.3.4.5 Chemicul Analysis of Electroiytic Concrete Powder Solution

The chemical composition of electrolytic concrete powder solution extracted (rom

eoncrele powder depends on binder type, water-cement ratio and concentration of
admixed chloride and sulfate ions. The electrolytic concrete powder solutions prepared
from OPC and PPC a¢ water-cement ratios of (.45 and 0.5 and admixed with varying
dosages of chloride and sulfate jons are analyzed to determine the concentrations of

cafions Le. sodium (Na"), calcium (Ca™), potassium (K*), and anions i.c. chloride (CI)
and. sulfate (SO},

The concentrations of sodium (Na™), calcium (Ca™") and potassium (K*) ions present in
the electrolytic concrete powder solution were determined using Flame photometer by
prepaning the appropriate dilute solutions in accordance with the Standard Methods for

the examination of water and wastewater published by the American Public Health
Association (APHA) (L), In the Aame

photometer, the solution under analysis is
sprayed as a mist

into a non-luminous flame, which becomes coloured according to the
characteristic emission of clements (Na: 589 nm, K: 786 nm and Ca: 622 nm). The flame
is monitored by 2 photo detector through a narrow band optical filter that only passes the
wavelengths centered around the characteristic emission of the selected element. For
analyzing the electrolytic concrete powder solution for Na®, Ca™ and K" ions, first the
automatic capillary tube of flame photometer was dipped in distilled water. Then, the
flame photometer was calibrated with standard solutions of Na® (10 ppm). Ca’™" (100
ppm) and K* (10 ppm), After calibration, the concentrations of sodium (Na"), calcium
(Ca™) and potassium (K*) ions were measured.

The water soluble or free chloride ion (CI') concentration in electrolytic concrete powder
solution was determined by argentometric method as described in the Standard Methods
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for the examination ol water and wastewater published by APHA [111]. To measure free
Ci’ ion concentration, first the titrant tor blank was determined. For this purpose, 25 ml of
the distilled water was taken in conical flask and 1 ml of potassium chromate indicator
was added to it, followed by titrating against silver nitrate {AgNO3) solution, till the
colour changes to reddish-brown. After that. the electrolytic concrete powder solution
was diluted and 1 ml of potassium chromate indicator was added to it. This selution was
then titrated against ApNO,. The water soluble or free CI” ion concentration was

determinad by using the following equation.

Cl (mg/l) =
(el 25 ml
Where, A is titrant for electrolytic concrete powder solution {ml), B is titrant for blank

(ml) and N is normality of AgNO, taken as 0.141.

The sulfate ion (SO ) concentration in the electrolytic concrete powder solution was
determined by turbidimetric method as described in the Standard Methods for the
exantination of water and wastewater published by APHA [111]. The standard sulfate
solution was prepared. The electrolytic concrete powder solution was diluted and 20 ml of
puffer solution (prepared by dissolving 30 g magnesium chloride (MgCl: . 6H:0), 5 g
sodium acetate (CH,COONa . 3H10) 1.0 g potassium nitrate (KNG3) and 20 ml acetic
scid (CHiCOOH) in 500 ml distilled water and make up to 1000 ml) was added to it and
mixed by stirring, While stirring the solution, one spooa full of barium chloride (BaCl.)
crystals was added and stirred for one minute. Then. the solution was poured in turbidity
cell of the turbidity meter to measure the turbidity. The S0 ion concentration in
clectrolytic concrete powder solution was then determined by comparing the turbidity

reading with a calibration curve, prepared by using standard sulfate solution.

3.3.4.6 Potentiodynnamic Polarization Test

The corrosion behaviour of steel reinforcement was ¢valuated by obtaining different
zones of corrosion from anodic polarization curves. For this purpose, potentiodynamic
polarization test was conducted on bare steel specimen immersed in electrolytic concrete
powder solution (ECPS) obtained trom control mix and that contaminated with chloride
and sulfate ions, in an electrochemical cell. The electrochemical cell consists of three
dectrodes, namely working electrode (WE). reference electrode (RE), and auxiliary
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electrode (AE). Bare steel specimen was used as the working electrode. A saturated
calomel electrode (SCE) and a platinum electrode were used as reference electrode and
auxiliary electrode respectively. The potentiodynamic polarization test was performed on
steel specimens using a corrosion monitoring instrument (make: ACM. Gill AC serial no.
1542 sequencer). The electrolytic concrete powder solution was poured in the
clectrochemical cell and the electrodes were immersed in the solution. The electrodes
were connected to the corrosion monitoring instrument that automatically maintains the
desired potential between working clectrode and auxiliary electrode by passing the
appropriate current between them and plots the polarization curves. The potentiod ynamic
polarization test was conducted on the steel specimen by applying the potential scan from
0 mV to 1500 mV with an offset from corrosion potential at a sweep rate of 50 mV per
minute. The schematic diagram and photograph of experimental set-up are shown in Fig.
3.8 and Fig. 3.9 respectively. Two replicate steel specimens were tested for a given
electrolytic concrete powder solution to observe the reproducibility. The photograph of

some of the tested steel specimens is shown in Fig. 3.10.

Potennostat
(@) (] O

Working electrode
(Steel specimen)

Reference clectrode
(Saturated calomel electrode)

Auxiliary elec trode
(Platinum electrode)

Concrete powder
aqueous solution

\_

Fig. 3.7 Schematic diagram of electrochemical test set-up

Exposed portion
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Stainless steel screw for

Potentiostal (corrosion — comnecling working elecrode

monitoring mstriument)
Reference electrode—8

Auxiliary electrode

Working electrode —

Electrochemical cell
(steel specimen)

Fig. 3.9 Photograph of steel specimens after completion of potentiodynamic polarization test in

contaminated electrolvtic concrete powder solution

3.3.4.7 Linear Polarization Resistance (LPR) Test

In the present research work, the performance of different types of cement and steel
reinforcement against corrosion in electrolytic concrete powder solution contaminated
with different concentrations of chloride and sulphate ions was evaluated by measuring
corrosion potential and corrosion current density. The corrosion potential provides
information about the probability of occurrence of steel reinforcement corrosion, whereas

the guantitative estimation of corrosion rate of steel reinforcement is obtained from

corrosion current density.

The corrosion current density ol steel reinforcement was determined by linear
polarization resistance (LPR) technique. For measuring corrosion potential and corrosion

current density of reinforcing steel in electrolytic concrete powder solution, the same test
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set-up (Fig. 3.8), as in case of potentiodynamic polarization test, was used. The corrosion
poteatial of steel was measured with reference to saturated calome! elecwrode (SCE).
Duting the LPR. measurement, the working electrode (steel specimen) was polarized by
applying a potential scan of +20 mV from the corrosion potential at a scan rate of 6 mV
per minute. The corrosion current density was then determined by using the Stern-Geary
equation [112-115),

i, =t (3.2)

Rl‘

Where, le; is the corrosion current density, B is the Stern-Geary constant and R, is the
polarization resistance of steel reinforcement.

The Stem-Geary constant ‘B* is given by;

{3.3)

B=- ﬂnxﬁe

z'a{ﬁn + Ba)

Where B,and B, are anodic and cathodic Tafel constants respectively. The value of B
oqual t0 26 mV for steel in active condition and 52 mV for ses] in passive condition are
wm (22, 114]. In the present ressarch work, the value of B is taken as 26 mV,
M the stecl in active condition. Two replicate steel specimens were tested for a
grven electrolytic concrete powder solution to observe the reproducibility and the average
values of comosion potential and corrosion current density are reported.

34 SERIES 1T

Temformnt In concrete admixed with varying concentrations conjoint chloride-sulfate
ons and subsequently exposed externally to these ions have been investigated.

3.4.1 Specimen Preparation

Prismatic reinforced concrete specimens of size 72 mm x 72 mm x 300 mm were
prepared using different types of binders such as ordinary Portland cement (OPC),
Pordand pozzolana cement (PPC) and OPC plus fly ash at different replacement levels
(20% and 30% by mass of binder content) at a w/b ratic of 0.5. The hinder content, water
content and aggregate contents of the concrete mix were same as that of the concrete mix
(Table 3.4) used for obtaining concrete powder. The prismatic reinforced concrete
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specimens were prepared with a steel bar of 12 mm diameter embedded centrally wi-.. -
cancrete cover of 30 mm on all the sides and at the bottom. Tempcore TMT and Thermex
TMT steel bars were used as steel reinforcement. The steel bars were cut to a length of
320 mm and cleaned with wire brush to remove any surface scale. In order to prevent
crevice corrosion. the steel specimens were wrapped with insulating tap followed by
application of epaxy coating at the locations where there is discontinuity of steel bar with
the surrounding concrete. The schematic diagram of preconditioned steel specimen is
shown in Fig. 3.11. The prismatic reinforced concrete specimens were prepared from
different concrete mixes i.e. from control mix and mixes contaminated with varying
concentrations of composite chloride-sulfate salts. For composite chloride-sulfate
contamination, the concrete mixes were admixed with different concentrations of sodium
chloride plus sodium sulfate and sodium chloride plus magnesium sulfate. The admixed
concentrations of sodium chloride were 3%, 5% and 7% by mass of binder content.
gimilarly the admixed concentrations of sodium sulfate and magnesium sulfate, each
were 3% and 6% by mass of binder content. The required quantities of these salts were
dissolved in the mixing water during the preparation of concrete mixes. The different
combinations of the salts admixed in concrete are presented in Table 3.5. All the
specimens were moist cured in a curing tank till the period of 28 days from the day of
preparation. The schematic diagram of the prismatic reinforced concrete specimen i3
shown in Fig. 3.12. The exposed length of the stee] bar inside the prismatic specimen is

150 mm.
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Table 3.5: Combinations of chloride and sulfate salts admixed in the concrete mixes by mas

hinder content

Concentration of admixed salts Abbreviation Group

3% NaCl + 3% Na,S0, 3NC + 3NS

5% NaCl+ 3% Na,SO, SNC + 3NS

7% NaCl+ 3% Na,SO, 7NC + 3NS Suiiiumaliarideplos
3% NaCl + 6% Na SO, INC + 6NS sodium sulfate
5% NaCl+ 6% Na,SO, SNC + 6NS

7% NaCl+ 6% Na;SO, INC + 6NS

3% NaCl + 3% MgSO, ANC + 3MS

5% NaCH 3% MgS0, SNC + 3MS

7% NaCl+ 3% MgSO, TNC+3MS  sodium chloride plus
3% NaCl + 6%MgSO; 3INC + 6MS sl sl fate
5% NaCl+ 6% MgS0, SNC + 6MS

7% NaCl+ 6% MgSO, INC + 6MS

320 mm

1‘ 'l" 150 mm exposed length '|

Insulated length
(insulating tape followed by epoxy coating)

.
25
105
. by Bhesl ’,mm

Fig. 3.10 Schematic diagram of preconditioned reinforcing steel specimen
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12 mm dia. steel bar

_'L‘i +
25 mm [ *
Y
300 mm 150 mm (Exposed length)
Insulating tape followed 40 mm
by epoxy coating 30 mm
¥ | &
SOmml IEQ

72 mm

Fig. 3.11 Schemaiic diagram of prismatic reinforced concrete specimen

(72 mm = 72 mm * 300 mm) centrally embedded with a steel bar

3.4.2 Exposure Condition

After 28 days of moist curing, the prismatic reinforced concrete specimens were removed
from the curing tank and were kept in laboratory exposure condition for a period of %0
days from the day of preparation. Afier that, the specimens prepared from control mix i.e.
uncontaminated concrete mix were exposed to normal water and those prepared from
contaminated concrete mix i.e. admixed with chloride and sulfate salts were exposed to
composite chloride-sulfate solutions. The composite chloride-sulfate solutions were
ptepared by adding sodium chloride plus sodium sulfate and sodium chloride plus
magnesium sulfaie in water at same concentrations {%) as that was admixed during the
preparation of concrete mixes. It is to be noted that these salts were added as % by mass
of water for preparing the exposure solutions. The prismatic reinforced concrete
specimens were subjected to exposure solutions with alternate welting-drying cycles,
after laboratory exposure, till a period of 270 days from the day of preparation. The
alternate wetting-drying cycles comprised of 7 days of partial immersion of the prismatic
specimens in the exposure solutions in plastic tanks up to a height of 230 mm from the
bottom of the specimen tollowed by 14 days of drying in the laboratory cordition. The

level of solution in the plastic tank wsas monitored at regular intervals and maintained up
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to the height of 230 mm from the bottom of the specimen. The plastic tanks were covered
with polythene sheets to prevent evaporation. Photograph of some of the reinforced
concrete prismatic specimens during wetting and drying is shown in Fig. 3.13, It is to be
noted that three replicate prismatic specimens from each conerete mix were prepared for a

given exposure solution.

Fig. 3.12 Photograph of reinforced conerete prismatic specimens during wetting and drying

3.4.3 Corrosion Monitoring of Steel Reinforcement in Concrete

The corrosj : : ) ;
corrosion of steel reinforcement embedded in prismatic specimens admixed with

co i : s d ‘ ;
mposite chloride-sulfate ions and subsequently exposed to chloride-sulfate solutions

was i G : . ; . : i
monitored by measuring corrosion potential and corrosion current density at the age

of 90, 180 and 270 days from the day of preparation of the specimens. In the present

investigation, linear polarization resistance (LPR) technique was used to determine the

COITosion current density of steel reinforcement embedded in concrete. Saturated calomel

electrode (SCE) was used as reference electrode and a pair of stainless steel plates were

used as auxiliary electrode, The schematic diagram of the experimental set-up is shown in

Fig. 3.14. The prismatic specimen, reference electrode and auxiliary electrode were
immersed in the test solution (corresponding cxposure solution), as shown in Fig. 3.14.
The steel reinforcement embedded in concrete as working electrode, reference electrode
and auxiliary electrode were connected to the corrosion monitoring instrument. The
corrosion potential of steel reinforcement embedded in the prismatic specimen was

measured with reference o saturated calomel electrode. During 1.PR measurement, the
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steel bar embedded 1 prismatic specimen was polanzed to +20 mV from the corrosion
potential at a scan rate of 6 mV per minute. The corrosion current density was then
determined by using Stem-Geary equation as mentioned in Eq. 3.3. From a given
conerete mix three replicate prismatic specimens were tested for each exposure solution
and the average values ol corrosion potential and corrosion current density are reported.

The photograph of the test set-up is shown in Fig. 3.13.

Potentiostat
o 0 ?
Reference electrode
(Samrated calomel electrode) L—‘

12 mm dia. steel bar
(Weorking electrode)

Solution level
———Stainless steel plates

(Counter electrode)

.

Lad

o gHa e———— Plastic container containing

exposure solution

R Insulating tape followed by
epPOXY coating

Prismatic reinforced concrete specimen
(72 mun % 72 mm % 300 mm)

Fig. 3.13 Schematic diagram of test set-up for corrosion potential and corrosion current density

measurenent

Potentiostat (Corvosion
monitaring instrument

Reforence electrods
(Saturated calomel electrode)
Plastic container
cONEAINING exposire
sohitron

mbedded steel bar
(Working elecwode)

Prismatic reinforead

il deal PIM‘EL{“‘*— conerels speclmtn

{Comnter electrode)

Fig. 3.14 Photograph of test set-up for corrosion potential and corvosion current densiry

measurament
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3.5 SERIES 111

In this series, the effect of sulfate ions and that of composite chloride-sulfate ions on
deterioration of concrete have been investigated through the measurememnt of change in
weight and compressive strength of concrete specimens after 360 days of exposure to
these aggressive agents.

3.5.1 Specimen Preparation

Cube specimens of size 150 mm were prepared from different concrete mixes. The
concrete mixes were prepared with different types of binder such as OPC, PPC and OPC
plus fly ash at different replacement levels (20% and 30% by mass of binder content) at
W/b ratios of 0.45 and 0.5. The binder content, water content and aggregate contents of
the concrete mixes were same as that of the concrete mixes shown in Table 3.4. Six
replicate cube specimens were prepared from each concrete mix for a given exposure
wolution. After 24 hours of casting, the cube specimens were demoulded and moist cured
in curing tank till the age of 28 days from the day of preparation.

3.5.2 Exposure Condition

After completion of mojst curing, the cube specimens were removed from the curing tank
and were then kept in the laboratory condition for a period of 7 days. After that, the
specimens were exposed to normal water, sulfate solutions and composite chloride-sulfate
solutions for a period of 360 days. The sulfate solutions were prepared by adding sodium
sulfate and magnesium sulfate separately, each at concentrations of 3%, 6% and 12% (by
mass of weter). Similarly composite chioride-sulfate solutions were prepared by adding
sodium chloride plus sodium sulfat¢ and sodivm chloride plus magnesium sulfate in
water. The concentrations of sodium chloride in composite solutions were 3% and 5% (by
mass of water) and the concentrations of sodium sulfate and magnesium sulfate were
same a3 that added for preparation of only sulfate solutions. The concentrations and
combinations of different exposure solutions are presented in Table 3.6. The weight of
each cube specimen was measured before immersing in the exposure solution. Out of six
replicate cube specimens prepared from each concrete mix. three cubes were subjected to
alternate wetting-drying cycles with 7 days of full immersion in the exposure sclution in
plastic tanks followed by 14 days of drying in the laboratory condition. Remaining three

cubes were fully immersed in the exposure solution continuously till the end of exposure
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period. After completion of exposure period i.e. 360 days, the weight and compressive
strength of each cube specimen were measured. The level of the exposure solution in the
plastic tanks was monitored at regular intervals and adjusted, so that all the specimens
wete immersed fully in the expsoure solutions. To prevent evaporation, the plastic tanks
were covered with polythene shects, Phatograph of some of the cube specimens during

wetting and drying are shown in Fig. 3.16.

Table 3.6: Concentrations and combinations of exposure solutions

Concentration of exposure solutions  Abbreviation Category
3% Na,50, INS
6% Na SO, 6NS Sodium sulfate
12% Na,;SO, I2NS
3% MgSO, 3MS
6% MgSO0, 6MS Magnesium suifate
12% MgSQ, 12MS
3% MaCl + 3% Na.80y JINC + 3NS
3% NaCl + 6% NaS0, 3NC + 6NS
3% NaCl + 12% Na,S0O, INC+I2NS  godium chioride plus
5% NaCl + 3% Na;SO, SNC *+ 3NS sodium sulfate
3% NaCl + 6% Na.S0O, SNC + 6NS
5% Na(l + 12% Wa-50, SNC + 12NS
3% NaCl + 3% MgS0, INC + 3MS
3% NaCl + 6% MgS0, INC + 6MS
3% NaCl + 12% MgSO, INC+I2MS  godium chloride plus
5% NaCl + 3%MgSO, SNC+3Ms  Wmagnesium sulfate
5% NaCl + 6% MgSO, SNC + 6MS
5% NaCl + 12% MgS0O, SNC + 12MS
77
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Fig. 3.15 Photograph of cube specimens under continuous full immersion and alternate wetting

and drying condition

3.5.3 Test Procedures
3.5.3.1 Change in Weight of Concrete

The degree of physical deterioration due to sulfate ion and that due to composite chloride-
sulfate ions was evaluated in terms of change (gain or reduction) in weight of concrete
cube specimens after 360 days of exposure to the aggressive solutions. As already
mentioned, the weight of each cube specimen was measured as initial weight before
immersing in the exposure solution. Afier 360 days of exposure to different exposure

solutions, the cube specimens were air-dried in the laboratory, and subsequently cleaned
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and wezghed. The average change in weight of cube specimen was calculated as a

percentage with respect o its initial weight and is shown below.,

Average change in weight (%) = [_“_'?l!-] %100 (3.4}
w,
Where. w, = average initial weight (kg) of three replicate cubes and w, = average weight

{kg} of three replicaic cubes afier the exposure period.

1.5.3.2 Change in Compressive Strength of Concrete

To evaluaic the extent of deterioration due to sulfate attack and combined chloride-sulfate
attack, the change in compressive strength of concrete was determined after 360 days of
exposure to sulfate and composite chloride-sulfate solutions. Companion cube specimens
exposed t0 normal waler were also tested for compressive strength after the exposure
period. Three replicate cube specimens from each concrete mix were tested and the
average value of compressive strength was reported. The average change in compressive
strength of cube specimens of a given concrete mix after completion of exposure to a
given solution was determined as a percentage with respect to its compressive strength for

the exposure to nommal water and is shown by the following relationship.

. A-B
Average change in Compressive strength (%) = [ - ]x 100 (3.5)

Where, A = average compressive strength (N/mm?) of threc replicate cube specimens
- 2
exposed 10 NOrmal warey and B = average compressive strength (N/mm”) of three

replicaic cube specimeng exposed to sulfate o composite chloride-sulfate solutions.

3.5.3.3 Microstrucey Analysis

In order 0 examine e effect of sulfate ions and conjoint suifate<chloride ions on the
MICrostrueture of hardened concrete, X-ray diffraction (XRD) and Ficld emission

scapning electron micmsmpy (FESEM) analyses were carried out on concrete powder

samples. Alter determining the compressive strength at the end of exposure period, the

tube specimens wera further crushed in the compression testing machine. The crushed

material was then Passed ihrough 2 sieve of square mesh size 150 pm. The sieved

concrete  powder sample was then gtored in  ait tight containers and used for

microstruciural analyg;q entioned in Section 3.3.4.2.1 and 3.3.4.2.3

The procedure a8 11
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were used for carrying out X-ray diffraction (XRD) and Field emission scanning clectron
microscopy (FESEM) analyses respectively. It is to be noted that in the XRD analysis the

obtained concrete powder was scanned from 3° to 50° (20).
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CHAPTER 4

EFFECT OF CHLORIDE AND CONJOINT CHLORIDE-SULFATE
CONTAMINATION ON MICROSTRUCTURE OF CONCRETE
AND ELECTROLYTIC CONCRETE POWDER SOLUTION (ECPS)
CHEMISTRY

4.1 GENERAL

In this chapiet, the results obtained from the experimental investigation on the effect of
chioride and conjoint chloride-sulfate contamination on 28-day compressive strength of
concrete are presented and discussed. In order to study the microstructural changes
occurred in concrete due to contamination of chioride and conjoint chloride-sulfate ions,
X-ray diffraction {(XRD) analysis. Fourier transform infrared (FTIR) spectroscopy and
Field emission scanning electron microscopy (FESEM) were conducted on concrete
powder samples and the obtained results are presented and discussed. Further, the results
obtained from the chemijcal composition of electrolytic concrete powder solution prepared

from different concrete mixes are discussed.

4.2 COMFPRESSIVE STRENGTH

The effect of chloride ang conjoint chloride-sulfate ions on mechanical property of
concrete was evaluated by conducting compressive strength test at the curing age of 28
days on cube specimens of gize 150 mm prepared from OPC and PPC at wic ratios of
0.45 and 0.5. Three replicate cube specimens from each concreie mix were tested and the

average value of compresgive strength along with standard deviation was reported.

4.2.1 Effect of Chloride Contamination on Compressive Strength of Concrete
The average 28 day-compressive strength values along with siandard deviation for OPC
and PPC cube specimeang made from control mix (L. without addition of any salts) and

admixed with varying dasa ges of sodiunt chloride at w/c ratios of 0.45 and 0.5 are
pl'mntﬁd in Table 4.1 and Table 4.2 respectively.

From the compressiye strength values presented in Table 4.1 and Table 4.2, it is observed

that the conttol mix (00 aneaminated) Specimens made with PPC exhibited lower

|
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CONCRETE AND ELECTROLYTIC CONCRETE POWDER SOLUTION {ECPS) CHEMISTRY

compressive strength as compared to those made with QOPC at both w/c ratios i.e. at 0.45
and 0.5. The lower compressive strength exhibited by PPC concrete indicates that the
pozzolanic reaction was not effective till the age of 28 days of curing in enhancing the
compressive strength of concrete. However, there is no significant difference in the
comptessive strength between OPC and PPC concrete made at w/c of 0.5.

From compressive strength values presented in Table 4.1 and Table 4.2, it is observed
that compressive strength of chloride contaminated concrete specimens was lower than
that of uncontaminated concrete specimens. The reduction in compressive strength due to
the presence of chloride ions may be attributed to salt crystallization in the pores of
concrete. Further, the specimens made from chloride contaminated OPC concrete showed
lower compressive strength as compared to those made from chloride contaminated PPC
concrete at all levels of NaCl concentration and at both w/c ratios. The crystallization of
calcium chloroaluminate (formed due to reaction of chloride ions with hydrated
tricalcium aluminate) in the pores of OPC concrete to a greater exient as compared to that
in PPC concrete might have resulted a reduction in compressive strength of OPC
concrete. However, there is no significant difference in compressive strength between
OPC and PPC concrete contaminated with chloride ions at wic of 0.5 as observed from
Table 4.2. The formation of calcium chloroaluminate (Friedel’s salt) in the chloride
contaminated concrete is evident from the XRD profiles shown in Figures (Fig. 4.1 to
Fig. 4.4) for both OPC and PPC. Although theses XRD profiles are obtained from the
samples of 56 days old concrete, the formation of Friedel's salt at the age of 28 days can
be envisaged from the fact that it starts forming at the age of day 1 [116].
From Tabie 4.1 and Table 4.2, it is observed that the compressive strength of concrete
specimens increased with increase in admixed NaCl concentration up to 5% and then
decreased at 7% NaCl concentration in both OPC and PPC concrete at both wic ratios
0.45 and 0.5. The increase in compressive strength up to 5% NaCl may be attributed to
filling of pores with calcium chloroaluminate and non-expansive e¢ttringite. As stated
earlier, calcium chloroaluminate is formed due to reaction of chloride ions with hydrated
CsA [6, 117, 118]). The non-expansive ettringite is formed due to reaction of CiA with
gypsum, which is added in the manufacturing process to control early setting and
hardening behaviour of Portland cement. This non-expansive ettringite is termed as
primary ettringite [119]. It is formed as weakly developed crystals in small guantities
(120] and fills the pores of concrete. Therefore the compressive strength of concrete
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increased with increase in NaCl concentration up to 5%. However in the presence of
higher amount of chloride ions (i.e. at 7% NaCl), ettringite becomes unstable and more
amount of calcium chlioroaluminate is formed [47. 121] owing to reaction of chloride ion
with C3A. This might have resulted in crystallization of calcium chloroaluminate in the
pores of concrete 0 a greater exient, leading to tensile stresses causing expansion and
hence reduction in compressive sirength ol concrete. Thus, the compressive strength was
reduced in the presence of higher concentration of chloride ions (7% NaCl) in both OPC
and PPC conerete at both wic ratios.

Table 4.1: Avernge 28 day compressive strength along with standard deviation values of OPC
and PPC concrete prepared with and without adimixed NaCl at wic of (.45

Concentration of NaCl (% by
Cement weight of cemem ) added at Compressive strength  Standard deviation

type the 1ime ol preparation of (NAmm’) (N/mm?}
concrete
0% Na(l #3541 0.03

OFC 3% NaCl 37.2 1.0
3% NaCl Jo.l 1.5
7% NaCl 38.7 0.8
0% NaCl 404 0.02

PREC 3% NaCl 39.6 L
5% NaCl 40.2 0.

S 7% NaCl 9.1 0.2

and PPC concrete prepared with and without admixed NaCl at wie of 0.5

Cﬂhcerumr —
10 b .
Coment weight of ¢em“ 1iﬁailt:lﬁz:y Compressive strength S‘E“ﬁdmd;:;mm
wpe the time of preparation of (N/poo’)
T T Sonoree o 0.01
0% NaCl 39*: L
OoPC 3% NaCl 3:‘6 12
§% NaCl ; 5 0.5
. 380
0% NaCl 7 1.2
PPC 3“"“ NH.CI 3'&- 0-2
: 7.8
3% NacCt 0.6

5.5

35
'?04’ NE(‘!
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4.1.2 Effect of Conjoint Chloride-Sulfate Contamination on Compressive Strength of
Concrete

The average compressive strength along with standard deviation values of OPC and PPC
cube specimens made from concrete admixed with varying dosages of sodium chloride
Plus sodium sulfate and sodium chloride plus magnesium sulfate at water-cement ratios of
0.45 and 0.5 are presented in Table 4.3 and Table 4.4 respectively.

From compressive strength values presented in Table 4.3 and Table 4.4, it is observed
that for sodium chloride plus sodium sulfate contamination, OPC concrete showed lower
compressive strength as compared to PPC concrete almost at all levels of chloride-sulfate
contamination. Sulfate ions react with calcium hydroxide (portlandite) produced during
hydration process and forms gypsum, which then reacts with tricalcium aluminate (C3A)
and forms ettringite [6]. The ettringite that is formed by the reaction of sulfate ions is
termed as secondary ettringite, which is characterized by expansion and cracking [40]. As
PPC concrete possesses less reserve of calcium hydroxide, it mitigates the production of
Sxpansive ettringite. However, in OPC concrete due to more availability of calcium
hydroxide as compared to that in PPC concrete, more amounts of gypsum and ettringite
are formed in the presence of sulfate jons, which may exert swelling pressure in the pores g
of concrete and results in expansion and strength reduction of QPC concrete in the “
conjoint presence of sodium chloride and sodium suifate.

Further from Table 4.3 and Table 4.4, it
with 3%

is observed that in concrete specimens admixed

NaCl and 5% WaCl with varying concentrations of Na3SO,, the compressive
strength mostly increased with increase in Naz80, concentration up to 6% followed by a
decrease at 12% in both OPC and PPC concretes at both wi/e ratios 0.45 and 0.5. The
increase in compressive strength of concrete with increase in Na:SO4 concentration up o
6% may be attributed to the filling of pores of concrete with calcium chloroaluminate
formed in the presence of chioride ions and ettringite formed in the presence of sulfate
ions. It may be noted that there is formation of higher amount of ettringite in OPC due to
preferential reaction of sulfate ions with C;A whereas in PPC the preferential reaction of

chloride ions with CA results (n formation of higher amount caleium chioroaluminate in

the conjoint presence of sodium chloride and sodium sulfate and this observation is
confirmed through the obtained XRD profiles, which are presented and discussed
afterward in Section 4.3.1.2. At 12% Na,SO, concentration, the reduction in compressive
strength may be attributed to the crystallization in the pores of concrete to a greater extent
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due to formation ot higher amount of etringite in the presence of higher concentration of
sulfate ion and also due w conversion of calcium chloroaluminate to ettringite [122, 123]

in the presence of higher dosage ot Na:$Q, at a given NaCl concentration.

For OPC. the variation in compressive strength with varying concentrations of Na;S0O, at
7% NaCl is different from that in case of 3% NaCl and 5% NaCl at both w/c ratios. At
7% NaCl concentration, the compressive strength decreased with increase in NaySOy
dosage. At higher dosage of NaCy (i.e. at 7%). the formation of relatively higher amount
of calcium chloroaluminate and formation of higher amount of etiringite with increasing
sulfate ion concentration might have resulted in crystallization to a greater extent in the
potes of OPC concrete, thereby resulting in reduced compressive strength. However in
PPC, opposite behaviour was observed i.e. compressive strength mostly increased with
increase in Na:SO, dosage at 7% NaCl concentration. The increase in compressive
strength with increase in sulfate jon concentration up to 6% NaxSQO, in PPC may be
attributed to the filling of pores of concrete with calcium chloroaluminate formed in the
presence of chloride ions and curingite formed in the prescace of sulfate ions. Further, the
higher compressive strength a1 12% Na:SQs may be due to dominant effect of pozzolanic
reaction, that might have accelerated at higher chloride ion concentration {7% NaCl)
leading to increased compressive strength. This indicates that at 12% Na:8Qq, the
reduction in compresgive strength due to sulfate deterioration is mitigated in the presence

of higher chloride ion concentration (7% NaCi).

In concrete specimens admixed with sodium chloride plus magnesium sulfate, the
compressive strength decreased with increase in magnesium sulfate concentration in both
OPC and PPC concrete at bogh wic ratios as observed from Tabie 4.3 and Table 44, In
OPC concrete. the decrease in compressive strength with increase in MgSOy

concentration may be attributed 1o more crystallizaton in the pores of concrete due to

dominant effect of gypoum and magnesium hydroxide whereas in PPC concrete the

decrease in compresgive strength with increase in MgSO, concentration may be due to

dominant effect of formation of higher amount of non-cementitious magnesium silicate

hydrate (M-S-H). In PPC cqncrete. due to less availability of calcium hydroxide as result

of its cONSUMPlion in the pozzolanic reaction. magnesium sulfate attack is directed

extensively towards C_g.y4 uel and converts it to non-cententitious M-S-H. Further from

average compressive Strength and standard deviation values. it is observed that at 3%, 5%
and 7% NaCl toncentrations compressive strength in PPC i8 higher as compared to that
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in QPC for 3% and 6% MgSQ, concentrations at w/c ratios of 0.45 and 0.5 which may be
attributed to formation of denser microstructure as a result of production of more C-S-H.
However at 12% MgSQy, mostly lower compressive strength in PPC as compared to that
in OPC is attributed to the formation of significant amount of non-cementitious M-S-H
in the presence of higher concentration of MgS0,. While analyzing the effect of w/c ratio,
it is inferred that the compressive sirength of concrete was higher at w/c ratio of .45 as
compared that at w/c ratio of 0.5 in the presence of NaCl plus Na»SQ, and NaCl plus
MgS0Q, for both OPC and PPC, as observed from Table 4.3 and Table 4.4.
Table 4.3: Average 28 day compressive strength along with standard deviation values of QPC

and PPC concrete at w/c ralio of 0.45 and contaminated with chloride-sulfate ions

Admixed chloide NacCl
salt 3% 5% 7%
Cement
type Admixed sulfate | Compressive | Standard | Compressive | Standard | Compressive | Standard
salts strength deviation strength deviation strength deviation
(Nfmm?Y) | Ny | (Nfmm®) | (N/mm?) (N/mm®y | (N/mm®)
1% 34.5 0.2 30.5 0.2 33.3 0.5
NaySOy 6% 36.3 04 34.8 3 301 0.2
OPC 12% 24.6 0.1 25.6 1 27.6 0.5
3% 357 0.2 313 0.4 37.8 0.3
MgS0, 6% 28.2 0.4 32.7 0.1 30.3 Q.3
12% 21 0.8 26.3 0.2 29 0.1
3% 381 0.7. 314 1.2 44.3 0.7
NS0, 6% 37.8 0.6 48 0.3 33 0.3
PPC 12% 327 0.5 3i.9 0.2 5.1 0.2
3% 36.1 0.2 333 0.4 40.6 0.2
MgasQ, 6% 329 04 34 0.2 311 0.3
12% 239 0.2 25.6 0.3 20,9 0.1
86 i
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Tahle 4.4: Average 28 day compressive strength along with standard dewiation values of OPC

and PPC eonerete a1 w. e ratio of 0.5 and contaminared with chioride-sulfate ions

Admixed chloride NaCli
salt 39, 5% %
Cement
type Admixed sulfate | Compressive | Standard | Compressive | Standard | Compressive | Standard
salts strength deviation slrengtzl deviation strength deviation
(N'mm®) | (Nimm®) | (Nfmm®) | Nemm®) | (W) | (Wmm?)
kL 289 04 30 0.5 303 0.7
Na;S0, 6% 359 1.1 333 0.6 27 0.5
12% 246 1.1 1.8 1.2 256 1.2
3% 30.1 1.3 326 t 337 0.6
Mgs0, 6% 236 0.6 29.8 1.1 25.8 0.3
13% 19.7 1 254 0.4 213 0
3% 357 0.9 344 1.1 322 0.9
Na,3(, 6%a 36.6 04 35.1 0.4 34.8 0.7
12% 28.9 0.5 i35 0.2 37.8 0.3
3% 30.5 09 322 1.4 36.7 0
MgS0, 6% 28.8 0.8 30.3 0.3 27.6 0.3
12% 21.2 0.2 23 1 1.9 0

413 Comparison of the Effects of Chloride and Conjoint Chloride-Sulfate
Contaminations on Compressive Strength of Concrete

From Table 4.1 to Table 4.4, it is observed that for both OPC and PPC, the specimens
admixed with varying concentrations of sodium chloride exhibited higher compressive

strength as compared to those admixed with varying concentrations of conjoint sodium
chloride plus sodium sulfate and sodium chloride plus magnesium sulfate at w/c ratios of
0.45 and 0.5, except at 7% NaCl plus 3% Na;SO, and 7% NeCl plus 3% MgSO,

contamination in OPC and PPC made with w/c of 0.45. The reduction in compressive

strength in the conjoint presence of chloride and sulfate fons s compared to that in the

presence of only chioride ions is attributed to the crystallization of expansive gypsum and

eitringite (formed in the presence of sulfate ions) in the pores of concrete to a greater

extent. However, the higher compressive strength at higher NaCl concentration (7%} in

. indi in
the presence of 3% sodium sulfate or 3% raagnesium gulfate indicates that in the presence
of lower concentration of sulfate ions. the deleterious eftect of gypsum and ettringite is

mitigated in the presence of higher chloride ion concentration. While observing the effect
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of cation type associated with sulfate ions on compressive strength of OPC and PPC
concrete, the specimens admixed with sodium chloride plus magnesium sulfate showed
lower compressive strength as compared to those admixed with sodium chloride plus
sodium sulfate, except for OPC concrete in the presence of 3% MgSO, at both w/c ratios.
The lower compressive strength in concrete admixed with sodium chloride plus
magnesium sulfate may be attributed to salt crystallization in the pores ol concrete as a
result of formation of higher amount of gypsum and magnesium hydroxide in OPC and
tormation of higher amount of non-cementitious M-S-H in PPC in the presence of
magnesium sulfate. However, the higher compressive strength of OPC concrete in the
presence of 3% MgSOy4 as compared to that in the presence of 3% Na>SO. at all

concentrations of NaCl may be attributed to the dominant effect of formation of lower

amount of gypsum and magnesium hydroxide.

43 EFFECT OF CHLORIDE AND CONJOINT CHLORIDE-SULFATE
CONTAMINATION ON MICROSTRUCTURE OF CONCRETE

To analyze the changes in the phase composition of hardened conecrete due 10
contamination of chloride and conjoint chloride-sulfate ions, X-ray diffraction (XRD)
analysis was carried out on concrete powder samples. Fourier transform infrared (FTIR)
spectroscopy was also conducted on the concrete powder samples to [ind out the

functional groups associated with the products formed in concrete. Further

morphological changes occurred in the concrete due to the presence of chloride and

conjoint chloride-sulfate jons was examined by field emission scanning electron
microscopy (FESEM),

4.3.1 X-ray Diffraction (XRD) Analysis
4.3.L.1 XRD Analysis of Concrete Contaminated with NaCl

The X-ray diffraction profiles of concrete contaminated with 3%. 5% and 7% sodium
chloride are shown in Fig. 4.1 and Fig. 4.2 for OPC and PPC respectively at w/c ratio of
0.45 and in Fig, 4.3 and Fig. 4.4 respectively at w/c ratio of 0.5. The XRD profiles shown
in Fig. 4.1 to Fig. 4.4 indicate the peaks of gypsum (G), ettringite (E). calcium hydroxide
(CH). calcium carbonate (CC), quartz (Q), thaumasite (T) and calcium chlorealuminate
(CCA), which are formed in concrete. The formation of calcium chloroaluminate

(Friedel's salt) was indicated through the peaks at 11.2° 20 and 23° 26 in the concrete
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contaminated with sodium chloride as shown in Fig. 4.1 to Fig. 4.4. From these figures, it
is observed that peak intensity of calcium chloroaluminate was more in OPC as compared
to that in PPC admixed with sodium chloride. This indicates more chloride binding in
OPC than thai in PPC, which may be attributed to higher C;A content in OPC as
compared to that in PPC. Gypsum peaks were identified at 32.1° 20 and 50.5° 26 and the
presence of this primary gypsum may be auributed to its addition to Portland cement
clinker during manufacturing, o prevent flash setting of cement. Gypsum when combines
with C3A, forms ettringite. The peaks ettringite wers found at 8.8° 26, 15.75° 260, 25.6° 20,
and 27.5° 20 as observed from Fig. 4.1 to Fig. 4.4. It is noted that the peak intensity of
ettringite was less in OPC concrete as compared to that in PPC concrete at all levels of
admixed NaCl. This is due to the preferential reaction of chloride ions with C3A to form
more amounts of calcium chloroaluminate in OPC, resulting in lesser availability of C:A
1o react with gypsum to form a lower amount of etiringite. Thus, the peak intensity of
caloium chloroaluminate was more in OPC conerete as compared to that in PPC concrete.

From the XRD profiles shown in Fig. 4.1 to Fig. 4.4, it is obscrved that OPC concrete
showed precipitation of calcium hydroxide through well-defined peaks at 18.08° 20, 34.1°
20, and 36.5° 28, whereas in PPC concrete, the peaks of calcium hydroxide are less
intense at all levels of admixed NaCl. This is aributed to consumption of calcium
hydroxide in pozzolanic reaction in PPC concrete. Further peaks of quartz were found at
20.85° 26, 26.65° 20, 30.45° 28, 42.5° 20 and 50.1° 20, as shown in Fig. 4.1 10 Fig. 4.4,

which is mostly due to the presence of aggregates in the concrete. Similarly, the peaks of
thaumasite and calcium carbonate were found at 27.9° 26 and 29.4° 29 respectively.
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Fig. 4.1 XRD profiles of OPC conerete admixed with (a) 3% NacCl, (b) 5% NaCl and (¢) 7%
NaCl, at w/c ratio of 0.45
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Fig, 4.2 XRD profiles of PPC concrete admixed with (a) 3%, NaCl, (b) 5% NaCl and (c) 7o
NaCl, at w/c ratio of 0.45
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4.3.1.2 XRD Analysis of Concrete Contaminated with NaCl plus Na»50,

The X-ray diffraction profiles of OPC concrete made with w/c ratio of 0.45 and
cotitaminated with varying concentrations (3%, 5% and 7%) of sodium chloride plus 3%
sodium sulfate, 6% sodium sulfate and 12% sodium sulfate are shown in Fig. 4.5, Fig. 4.6
and Fig. 4.7 respectively and in Fig. 4.8, Fig. 4.9 and Fig. 4.10 respectively for PPC
concrete, Similatly, X-ray diffraction profiles of OPC concrete made with w/e ratio of 0.5
and contaminated with varying concentrations (3%, 5% and 7%) of sodium chloride plus
3% sodium sulfate, 6% sodium sulfate and 12% sodium sulfate are shown in Fig. 4.11,
Fig. 4.12 and Fig. 4.13 respectively and in Fig. 4.14, Fig. 4.15 and Fig. 4.16 respectively
for PPC concrete. The XRD profiles shown in Fig. 4.5 w Fig. 4.10 for concreie powder
samples contaminated with different concentrations of NaCl plus Na;SO, for OPC and
PPC at wic ratio of 0.45 indicate the peaks of gypsum (G) at 32.1° 26 and 50.5° 20, and

that of cttringite (E) at 8.8° 20, 15.75° 26, 25.6° 26, and 27.5° 20 in the conjoint presence
of chloride and sulfate ions.

From Fig. 4.5 to Fig. 4.10, it is observed that OPC concrete at w/c ratio of 0.45 showed
presence of small amount of ettringite through less intense peaks, however it indicated the
presence of higher amount of gypsum through more intense peaks as compared to PPC

concrete at all concentrations of NaCl plus Na;80, contamination. The presence of less -

amount of gypsum in PPC concrete may be due 1o the consumption of calcium hydroxide

in the pozzolanic reaction thereby resulting in its lesser availability to react with NazSOq
to produce gypsum and sodiwn hydroxide.

The XRD profiles of concrete Powder samples contaminated with varying concentrations
of NaCl plus NaxSO4 at wic tatio of 0.5 showed more intense peaks of gypsum and
citringite in OPC concrete as compared to that in PPC concrete as observed from Fig.
4.11 to Fig. 4.16. The availability of higher amount of Ca(OH)2 in OPC has resulted in
the fonmation of more amaunt of gypsum in the presence of sulfate ions, thus showing
intense peaks of gypsum in OPC as compared to that in PPC. Further in OPC, the
preferential reaction of sulfate ions with C;A has resulted in formation of higher amount
of ettringite as compared to that in PPC in the conjoint presence of Na;SO4 and NaCl,
thus showing intense peaks of ettringite in OPC at w/c ratio of 0.5. The reasons for
formation of lower amourits of gypsum and ettringite in PPC as compared to that in OPC
at w/c ratio of 0.5 in the conjoint presence of Na,SO, and NaCl are: in the first stage,
sodium sulfate reacts with calcium hydroxide liberated during the hydration reaction and
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forms calcium sulfate and sodium hydroxide. This stage is hindered in PPC due 10 less
reserve of calcium hydroxide Ieading o less formation of gypsum, thus showing its less
intense peaks in XRD profiles. In the second siage, gypsum produced (in the first stage}
reacts with C3A w0 form expansive efiringite. The amount of eftringite formation is
reduced in PPC due to less availability of gypsum and C;A (diluted due to replacement of
part of Portland cement clinker by fly ash in PPC), thus showing less intense peaks of
eitringite in PPC.

In Fig. 4.5 to Fig. 4.16, the calcium chloroaluminate {CCA) peaks were found at 11.2° 20
and 23° 28. At wic ratio of 0.45, the peaks of calcium chloroaluminate are more intense in
OPC as compared to that in PPC at all NaCl plus N2,5S0, contaminations, as observed
from Fig. 4.5 to Fig. 4.10, which is attributed to more chloride binding with hydrated C3A
in OPC than that in PPC. On the other hand, the peak intensity of calcium
chloroaluminate was more in PPC than that in OPC at w/c ratio of 0.5 at all NaCl plus
N#;S0% comaminations, as observed from Fig. 4.11 to Fig. 4.16, In PPC, the preferential
reaction of chloride ions with C;A has led to higher chloride binding, thus resulting in
formation of more amount of calcium chloroaluminate. This indicates that the w/c ratio of
concrete affects the variation in formation of calcium chloroaluminate in the presence of
composite chloride and sulfate ions.

From XRD profiles shown in Fig. 4.5 to Fig. 4.16, it is noted that the peaks of calcium
hydroxide (CH) were found at 18.08° 26, 34.1° 20, and 36.5° 26. The intensity of calcium
hydroxide peak in XRD profile is less in PPC as compared to that in OPC at all levels of
chloride-sulfate contaminations, which is attributed to consumption of Ca(OH): in
pozzolanic reaction in PPC concrete. Further, peaks of quartz (Q) were found at 20.85°
26,26.65° 20, 39.45° 28, 42.5° 20 and 50.1° 26, as shown in Fig. 4.5 to Fig. 4.16, which is
mostly due o the presence of aggregates in the concrete. The peak of thaumasite (T) was
found at 27.9° 26. Thaumasite may be formed as a result of the reaction between C-S-H,
caleium carbonate and calcium sulfate in the presence of water. It may also be formed
through woodfordite route dque (o the reaction between C-S-H, ettringite and calcium
carbonate in the presence of water [124, 125]- The peak of calcium carbonate {(CC) in
concrete was found ag 29 40 28,
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3% Na SOy and () 7% NaCl + 3% Na.80y, at w/c ratio of 0.45
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Fig. 4.6 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 6% Na,S0,, (b) 5% NaCl+
6% Nap804and (¢) 7% NaCl + 6% Na,SO,, at w/e ratio of 0.45
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Fig. 4.9 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 6% Na-SO,, (b) 5% NaCl +
6% Na;SOy4and (¢) 7% NaCl + 6% Na;SQy, at wic ratio of 0.45
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Fig. 4.10 XRD profiles of PPC conerete admixed with (a) 3% NaCl + 12% Na,S80;, (b) 5% NaCl f““

+12% Na:S8Oygand (¢) 7% NaCl + 12% Na,S0,, at w/c ratio of 0.45
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Fig. 4.11 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 3% NaaSQy, (b) 5% NaCl
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Fig. 4.12 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 6% Na;50,, (b)
5% NaCl + 6% Na,SO, and (¢) 7% NaCl + 6% Na,S50y, at w/e ratio of 0.5
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Fig. 4.13 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 12% Na;S0s, (b)
5% NaCl + 12% Na,S0O, and (¢) 7% NaCl + 12% Na.S0,, at w/c ratio of 0.5
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Fig. 4.14 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 3% Na,SO., (b) 5%
NaCl + 3% Na,80, and (¢) 7% NaCl + 3% Na, SOy, at w/c ratio of 0.5
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4.3.1.3 XRD Analysis of Concrete Contaminated with NaCl plus MgSO,

The X-ray diffraction profiles of OPC concrete contaminated with varying concentrations
(3%, 5% and 7%) of sodium chloride plus 3% magnesium sulfate, 6% magnesium sulfate
and 12% magnesium sulfate are shown in Fig. 4.17, Fig. 4.18 and Fig, 4.19 respectively
and in Fig. 420, Fig. 4.21 and Fig. 4.22 respectively for PPC concrete, at w/c ratio of
0.45. Similarly at wic ratio of 0.5, the X-ray diffraction profiles of QPC concrete
contaminated with varying concentrations (3%, 5% and 7%) of sodium chloride plus 3%
magnesium mlfate, 6% magnesium sulfate and 12% magnesium sulfate are shown in Fig.
4.23, Fig. 4.24 end Fig. 4.25 respectively and in Fig. 4.26, Fig. 4.27 and Fig. 4.28
respectively for PPC concrete. The compounds identified from the peaks of XRD profiles
shown in Fig. 4.17 to Fig. 4.28 are ettringite (E), gypsum (G), calcium chloroaluminete
(CCA), calcium hydroxide (CH), quartz (Q), thaumasite (T), calcium carbonate (CC) and
magnesium hydroxide (MH).
From the XRD profiles shown in Fig,. 4.17 to Fig. 4.28, the peaks of calcium hydroxide
were found at 18.08° 28, 34.1° 20, and 36.5° 26 and those of magnesium hydroxide
(brucite) were found at 33.9° 26 for both OPC and PPC at all levels of NaCl and MgS04
contaminations. From these fipures it is observed that peak intensities of both Ca(OH)
{calcium hydroxide) and magnesium hydroxide (MH) are less in PPC a5 compared to that
in OPC. The lower calcium hydroxide reserve in PPC concrete is due to jts consumption
in pozzolanic reacti . . —
e e e o e
of magnesium hyd©*

in the presence of magnesium sulfate, thus showing less intenge peaks in ppPC
tompared to that in OPC.

The XRD profiles (Fig. 4.17 10 Fig. 4.28) show peaks of gypsum a 32.1° 20 and 50.5° 2.
peaks of ettringite at £.38° 20, 15.75° 28, 25.6° 20, and 27.5¢

20, and calcivr™
chioroaluminate peaks at 11.2° 29 and 23° 20 in the conjoing

Presence of chlorid® and
sulfate ions. From Fig 4.17 (o Pig. 4.28, it iz observed that the Peak intensijtjes of BYP sum
ond cxingite are more in PPC as compared to that in OPC in the conjoiny presen®
NaCl and MgSO, at both w/e ratios. The formation of higher amoun of evnaurm i PEC
may be attributed to Mg-oriented atiack on C-S-H because of |egg resfrvyzsof calcium
hydroxide in PPC, thus showing more intense peaks of ZYPSUM. The more jptenst Peaks
of ettringite in PPC as compared to that in OPC may be due to the reaction of Wum

with hydrated aluminate phases in concrete 1o a greater extent. Further, the peald intensity
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of calcium chloroaluminate was more in OPC as compared to that in PPC at w/c ratio of
0.45 whereas the opposite variation was observed at w/c ratio of 0.5. This variation in
formation of calcium chloroaluminate with change in w/c ratio in OPC and PPC may be
attributed to the change in extent of reaction of chloride ions with the cement hydrates.
From the XRD profiles shown in Fig. 4.17 to Fig. 428, the peaks of quartz were
identified at 20.85% 20, 26.65" 20, 39.45° 20, 42.5° 20 and 50.1° 26, and that of calcium
carbonate and thaumasite were identified at 29.4° 20 and 27.9° 20 respectively in all

concrete mixes contaminated with varying dosages of sodium chloride plus magnesium

sulfate.
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Fig. 4.17 XRD profiles of OPC conerete admixed with (a) 3% NaCl + 3% MgSOy, (b)
5% NaCl + 3% MgS0O,and (¢) 7% NaCl + 3% MgSO,, at w/c ratio of 0.45
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Fig. 4.18 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 6% MgSO., (b)
5% NaCl + 6% MgS04and (c) 7% NaCl + 6% MgSQ,, at w/c ratio of 0.45
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Fig. 4.19 XRD profiles of OPC conerete admixed with (a) 3% NaCl + 12% MgS0,, (b)

5% NaCl + 12% MgS0; and (c) 7% NaCl + 12% MgSOy, at w/c ratio of 0.45
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Fig. 4.20 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 3% MgSQ,, (b) 5%
NaCl + 3% MgSO, and (e) 7% NaCl + 3% MgSO,, at w/c ratio of 0.45
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Fig. 4.21 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 6% MgSO,, (b) 5%
NaCl + 6% MgSO, and (¢) 7% NaCl + 6% MgSQs, at w/c ratio of 0.45
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Fig. 4.22 XRD profiles of PPC concrete admixed with (a) 3% NaCl -+ 12% MgSOy,, (b)
5% NaCl + 12% MgSQ,and (¢) 7% NaCl + 12% MgSQ,, at w/c ratio of 0.45
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Fig. 4.23 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 3% MgS0,, (b)
3% NaCl + 3% MgSO,and (c) 7% NaCl + 3% MgS0),, at w/c ratio of 0.5

104
TH-2120_10610424 !




CHAPTE

LA ——
II!

ST

Q
. 4 15 MH
(WY OPC -wigns & E C © e 1
3%NaCTH 6% MeSOy s CCA £ ‘ ﬁ A E 1£| il CHQ Q 05
TiWh -

250

Q

“ounts

MH
{B) OPC - wie 0.5 = 20 CH Q

Q -
_ |Tee t
SUNaCl+6%MgSOy { cCA E | locakBlE T G . .lﬁ |
130 N eyt W!Eﬁﬁh’-f'lu;lﬂv Eww*"

L
Q MH
() OPC - wic 0.5 ) o oc
TeNaCH6%MeS04 A E QccaE G HCH Q
“5 L1 15 0 5 0 is 40 45 50 53
Angle («28)

Fig. 4.24 XRD profiles of OPC concrete admixed with a) 3% NaCl + 6% MgSQ., (b) 5%
NaCl + 6% MgS0,and (c) 7% NaCl + 6% MgSOs;, at w/c ratio of 0.5
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Fig. 4.25 XRD profiles of OPC concrete admixed with (a) 3% NaCl + 12% MgSO,. (b)
5% NaCl + 12% MgSOyand (¢) 7% NaCl + 12% MgSO., at w/c ratio of 0.5
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Fig. 4.26 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 3% MgS0.. (b) 3%
NaCl + 3% MgS0, and (c) 7% NaCl + 3% MgS0., at w/c ratio of 0.5
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Fig. 4.27 XRD profiles of PPC concrete admixed with (a) 3% NaCl + 6% MgSO: (b) 5%

NaCl + 6% MgS8Oyqand (c) 7% NaCl + 6% MgSO4, at w/e ratia of 0.5
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Fig. 4.28 XR D) profiles of PPC concrete admixed with (a) 3% NaCl + 12% MgSQ,, (b)
5% NaCl + 12% MgSO, and (e) 7% NaCl + 12% MgS8Q,, at w/c ratio of 0.5

3.2 Fourier Transform Infrared (FTIR) Spectroscopy
4.3.2.1 FTIR Spectroscopy of Concrete Contaminated with NaCl

The FTIR speetra of concrete contaminated with sodium chloride concentrations of 3%,
5% and 7% are shown in Fig. 4.29 and Fig. 4.30 for OPC and PPC respectively at wic
ratio of 0.45 and in Fig. 4.31 and Fig. 4.32 respectively at w/c ratio of 0.5. The functional
groups associated with different products formed in the concrete as identified from the

transmittance band positions in FTIR spectra shown in Fig. 4.29 to Fig. 4.32 are O-H,
SO’ ,CO! and Al-O.

From the FTIR spectra shown in Fig. 4.29 and Fig. 4.30 at w/c ratio of 0.45, itis observed
that the bands ranging from 3445 em™ to 3447 em™' and 1638 em! to 1649 em™ for OPC
and those ranging from 3282 cm 1o 3394 em™ and 1594 cm™ to 1647 cm™ for PPC
irrespective of admixed sodium chloride dosage are caused by streiching and bending
bands of O-H group particularly contributed from gypsum [126, 127, 128]. Further, the
XRD profiles shown earlier indicate the presence of calcium carbonate in concrete at

29.4° 20, which is substantiated by infrared spectra showing COjF " bands ranging from

1424 cm’ 10 1432 ¢m! for OPC and ranging from 1388 em’' to 1594 em” for PPC [126,
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129, 130] as shown in Fig. 4.29 and Fig. 4.30. The bands ranging Irom 996 cm™ to 1004
em™ and 601 em™ to 778 em™ for OPC and ranging from 940 em™' (o 1003 em™' and 618
em”! to 778 em™! for PPC represent v, and v4 vibrations of SOi bands contributed by the
presence of gypsum [126, 127, 128]. The formation of ettringite as indicated by XRD
profiles was corroborated by FTIR spectra through the presence of Al-O bands ranging
from 534 cm™ to 536 ¢cm™” and 872 cm™ to 874 em’' [126, 130] for OPC and at 536 cm’’
and 537 em™' and ranging from 824 em™ to 874 cm™' for PPC, as shown in Fig, 4.29 and
Fig. 4.30.

From the FTIR spectra shown in Fig. 4.31 and Fig. 4.32 at w/c ratio of 0.5, it is observed
that the bands ranging from 3445 cm™ 10 3452 cm™ and 1642 ecm™ to 1649 ¢cm™ for OPC
and those at 3394 cm™ and ranging from 1594 cm™ to 1598 ecm™ for PPC irrespective of
admixed sodium chloride dosage are caused by stretching and bending bands of O-H

group contributed from gypsum. Further, the CO3~ bands ranging from 1424 em’ to

1432 cm™ for OPC and ranging from 1388 cm™ to 1399 cm™' for PPC are observed from

Fig. 4.31 and Fig. 4.32. The bands ranging from 996 cm™ to 1004 cm™ and 776 em” to

778 em™ for OPC and at 940 em™ and ranging from 725 cm™ to 730 ecm’' for PPC

represent v, and vy vibrations of SO~ bands contributed by the presence of gypsuni. The

Al-O peak at 872 cm™ for OPC and at 824 cm™ for PPC show the presence of cttringite in
concrete as observed from Fig. 4.31 and Fig. 4.32.
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Fig. 4.29 FTIR spectra of OPC concrete admixed with (a) 3% NaCl. (b) 5% NaCl and () 7%
NaCl, at w/c ratio of 0.45
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Fig. 4.32 FTIR spectra of PPC concrete admixed with (a) 3% NaCl, (b) 5% NaCl and (¢) 7%
NaCl, at w/c ratio of 0.5

4.3.2.2 FTIR Spectroscopy of Concrete Contaminated with NaCl plus Na»SO

The FTIR spectra of OPC concrete contaminated with varying concentrations of sodium
chloride (3%, 5% and 7%) plus sodium sulfate (3%, 6% and 12%) are shown in Fig
4.33, Fig. 4.34 and Fig, 4.35 and that of PPC concrete are shown in Fig. 4.36, Fig. 4.37
and Fig. 438 at w/c ratio of 0.45, Similarly at w/c ratio of 0.5, the FTIR spectra of
concrete contaminated with varying concentrations sodium chloride plus sodium sulfate
are shown in Fig. 4.39, Fig. 4.40 and Fig. 441 for OPC and in Fig, 4.42, Fig. 4.43 and
Fig, 4.44 for PPC. The functional groups associated with different products formed 10 the
concrete as identified from the transmittance band positions shown in FTIR spectra (Fig.

4.33 10 Fig. 4.44) are O-H, SO} ,CO?¥ and Al-O.

From the FTIR spectra of OPC (Fig. 4.33 to Fig. 4.35) and PPC (Fig. 4.36 (o Fig. 4.38)
concrete contaminated with conjoint sodium chloride and sodium sulfate at w/c ratio of
0.45, it is observed that the bands ranging from 3376 cm™ to 3447 em™' and 1646 em” 10
1650 em™ for OPC and those ranging from 3354 cm™' to 3445 em™ and 1632 em™! to 1647
em” for PPC irrespective of admixed NaCl and Na-SOy dosage are caused by stretching
and bending bands of O-H group contributed from gypsum. Similarly, the bands ranging
from 986 em™ to 1003 cm™ and 600 cm™ to 781 em™' for OPC and those ranging from
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975 cm”’ 0 1003 ¢ and 600 cm™ 10 781 cm™ for PPC due to v, and v, vibrations of
SO are also associated with gypsum. The presence of eftringite was firther confirmed

by the stretching bands of A1-Q ranging from 870 cm™' to 875 cm™ and 527 em™ to 538
em”! for OPC and those ranging from 860 cm™ to 875 em™ and 527 em™ o 538 cm’! for

PPC irrespective of admixed NaCl and Na,SO, concentration. TheCO3~ bands ranging

from 1415 cm” to 1439 cm™ for OPC and those ranging from 1426 cm™ to 1451 cm™ for
PPC as observed from Fig. 4.33 10 Fig. 4.38 indicate the presence of calcium carbonate in
concrete,

The FTIR spectra (Fig. 4.39 to Fig. 4.41 for OPC and Fig. 4.42 to Fig. 4.44 for PPC) of
concrete at w/c ratio of 0.5 and contaminated with conjoint sodium chloride and sodium
sulfate indicate the presence of gypsum through the bands ranging from 3445 em” to
3449 cm™ and 1637 ¢cm™ 10 1641 ¢m for OPC and those ranging from 3418 cm’” to 3449
cm’’ and from 1638 cm™ to 1645 cm® for PPC imespective of admixed NaCl and N2, SO,
dosage correspond 1o the stretching and bending bands of O-H group contributed from
gypsum. Further, the bands ranging from 1003 cm”! to 1011 cem’! and from 648 em”’ to
779 om for OPC and those ranging from 967 cnn* to 1006 cm™ and from 600 e to
779 cm’! for PPC represent v, and v4 vibrations of SO~ bands contributed by the

presence of gypsum for sodium chloride plus sodium sulfate contaminations. The
presence of ettringite as indicated by XRD profiles was substantiated through Al-O bands
at 873 em™ and 874 cm™ and that at 533 cm™ and 534 em™ for OPC and those ranging
from 873 em™ to 875 ocm and from 533 cm™ to 536 cm! for PPC as observed from Fig.
439 1o Fig. 4.44. The presence of calcium carbonate in concrcte is also corroborated by
the FTIR spectra showing CO$- bands ranging from 1425 e 10 1448 em™ for OPC and

those ranging from 1424 cm™ to 1468 cm™ for PPC as observed from Fig. 4.39 to Fig.
4.4,
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Fig. 4.33 FTIR spectra of OPC concrete admixed with (a) 3% NaCl + 3% Na,SO,, (b) 5% NaCl +
3% Na,SOy and (¢) 7% NaCl + 3% Na;SOq, at w/c ratio of 0.45
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Fig. 4.34 FTIR spectra of OPC concrete admixed with (a) 3% NaCl + 6% NaxSOy, (b) 5% NaCl +
6% Na;S0, and (c) 7% NaCl + 6% Na,SO,, at w/c ratio of 0.45
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Fig. 4.37 FTIR spectra of PPC concrete admixed with (a) 3% NaCl + 6% Na,S0,, (b) 5% NaCl +
6% Na;80, and (c) 7% NaCl + 6% Na,;SQ;, at w/c ratio of (.45
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Fig. 4.38 FTIR spectra of PPC concrete admixed with (a) 3% NaCl + 12% Na»S0y,, (b) 5% NaCl
+12% Na;804 and (¢) 7% NaCl + 12% Na,S0,, at w/c ratio of 0.45
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Fig. 4.41 FTIR spectra of OPC concrete admixed with (a) 3% NaCl + 12% Na,SOy, (b) 5% NaCl
+ 12% Na;50, and (¢) 7% NaCl + 12% Na,SOy, at w/c ratio of 0.5
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EFFECT OF CHLORIDE AND CONJOINT CHLORIDE-SULFATE CONTAMINATION ON MICROSTRUCTURE OF
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4.3.2.3 FTIR Spectroscopy of Concrete Contaminated with NaCl plus MgS0,

For conjoint sodium chloride plus magnesium sulfate comamination, the FTIR spectra of
concrete admixed with varying concentrations of sodium chloride (3%, 5% and 7%) plus
magnesium suifate (3%, 6% and 12%) are shown in Fig. 4.45, Fig. 4.46 and Fig. 4.47 for
OPC and in Fig. 4.48, Fig. 4.49 and Fig. 4.50 for PPC at w/c ratio of 0.45. Similarly at
wic ratio of 0.5, the FTIR specira of concrete admixed with varying concentrations of
sodium chloride plus magmesium sulfate are shown in Fig. 4.51, Fig. 4.52 and Fig. 4.53
for OPC and in Fig. 4.54, Fig. 4.55 and Fig. 4.56 for PPC. The FTIR spectra shown in

Fig. 4.45 to Fig. 4.56 indicate functional groups such as O-H,SO; ,C0O% and Al-O,
which are associated with different products formed in concrete.

In the conerete made with w/c ratio of 0.45 and contaminated with sodium chloride plus
magnesium sulfate, the bands ranging from 328 em™! and 3438 cm™ and from 1636 cm’™
10 1654 em™ for OPC (Fig. 4.45 to Fig. 4.47) and those ranging from 3391 cm’' to 3443
cm’* and from 1635 em™ 1o 1654 cm™ for PPC (Fig. 4.48 to Fig. 4.50) irrespective of
admixed NaCl and MgSOy dosage correspond to stretching and bending bands of O-H
group contributed from gypsum. Further for sodium chloride plus magnesium sulfate
contaminations, the bands ranging from 982 cm! 1o 1003 cm™ and from 601 cm’' to 781
em™ for OPC and those ranging from 979 cm™ to 1005 cm™ and from 600 cm’' to 784 e’
' for PPC are dus to vy and v4 vibrations of SO?™ associated with gypsum. The presence
of ettsingite in sodium chloride plus magnesium sulfate admixed concrete was confirmed
by the stretching bands of Al-O ranging from 868 cm™ to 877 em”! and from 526 em™ to
336 em™ for OPC and those ranging from 873 cm™ to 879 om™! and from 526 cm™ to 537
em” for PPC ag observed from FTIR spectra shown in Fig. 4.45 to Fig. 4.50. Similarly
the presence of calcium carbonate it concrete was substantiated by the infrared spectra
showing CO$~ bands ranging from 1420 cm™' to 1444 om™ for OPC and those ranging
from 1414 e to 1446 cm™ for PPC.

The FTIR spectra shown in Fig. 4.51 to Fig. 4.53 and Fig. 4.54 to Fig. 4.56 for OPC and
PPC concrete respectively at wic ratio of 0.5 indicate the bands ranging from 3428 cm™ to
3447 cm™ and from 1637 em™ 10 1641 em for OPC and those ranging from 3416 cm™ to
3456 cm™ and from 1639 om™ to 1656 em” for PPC irrespective of admixed NaCl and
MgS0¢ concentration corréspond to stretching and bending bands of O-H group
contributed from gypsum. Similarly, the bands ranging from 998 cm™' to 1010 cm™ and
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from 608 e’ 1o 779 em' for OPC and those ranging from 955 em” to 1003 cm” and

from 600 em™ to 777 em ' Tor PPC are due to v, and v vibrations of SOi' associated

with gypsum. The Al-O stretching bands associated with ettringite are found at 874 cm”

and from 534 cm™* to 536 em™' for OPC and those ranging from 871 em™ to 875 cm™' and

at 534 e and 535 em! for PPC. as observed from FTIR spectra shown in Fig. 4.51 to

Fig. 4.56. Similarly, the CO 2 bands in FTIR spectra ranging from 1420 cm™' to 1448 cm’

' for OPC and those ranging

of calcium carbonate in concrete.
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Fig. 4.47 FTIR spectra of OPC conerete admixed with (a) 3%
. i
+ 12% MgS80, and (¢) 7% Nac] + 129,

NaCl + 12% MgS0O., (b) 5% NaCl
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Fig. 4.48 FTIR specira of PPC conerete admixed with (a) 3% NaCl + 3% Mg80,, (b) 5% NaCl +
3% MgS0, and (c) 7% NaCl + 3% MgSO0,, at w/c ratio of 0.45
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Fig. 4.50 FTIR spectra of PPC concrete admixed with (2) 3% NaCl + 12% MgSQO,, (b) 5% NaCl
+12% MgS0, and (c) 7% NaCl + 12% MgS80,, at w/c ratio of 0.45
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Fig. 4.51 FTIR spectra of OPC conerete admixed with (a) 3% NaCl + 3% MgSOy, (b) 5% NaCl +
3% Mg80O, and (¢) 7% NaCl + 3% MgSQy, at w/c ratio of 0.5
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Fig. 4.54 FTIR spectra of PPC concrete admixed with (a) 3% NaCl + 3% MgSO.. (b) 5% NaCl +
3% MgS80, and (¢) 7% NaCl + 3% MgSOQ,, at w/c ratio of 0.5
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Fig. 4.55 FTIR spectra of PPC concrete admixed with (a) 3% NaCl + 6% MgSO,, (b} 5% NaCl +
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Fig. 4.56 FTIR spectra of PPC concrete admixed with (a) 3% NaCl + 12% Mg80., (b) 5% NaCl
+12% MgS0, and (c) 7% NaCl + 12% MgS0,, at w/e ratio of 0.5

4.3.3 Field Emission Scanning Electron Microscopy (FESEM)

In the present rescarch work, FESEM analysis was used to study the microstructure of
hardened concrete admixed with chloride and sulfate ions. Fig. 4.57 and Fig. 4.58 show
the typical FESEM micrographs for OPC and PPC concrete respectively at w/c ratio of
0.45 and contaminated i, sodium chloride. Similarly, typical FESEM micrographs of
chloride admixed concrete at w/c ratio of 0.5 are shown in Fig. 4.59 and Fig. 4.60 for
OPC and PPC respectively, The FESEM micrographs of chloride admixed concrete
shown in Fig. 4.57 tq Fig. 4.60 for both types of cement indicate the {formation of C-8-H,
and calcium Chlﬂrﬂalﬂminate (Fricdel's salt). The formation of calcium chloroaluminate,
which was observeq by XRD profiles in chloride contaminated con-::rf:tc, is further
corroborated through (1, SEM micrographs. Further, the formation of calcium hydroxide
in concrete as obseryeq i hrough FESEM micrographs

XRD profiles is confirmed 1
(Fig. 4.57 to

Fig. 4.60), ag indcated by hexagonal crystals. The formation of ettringite in
LR 1cale

concrete 18 also obsep,, ed from the FESEM mi crograph of OPC concrete shown in Fig.
m the FESE &
4.57.

(R
ran
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200 nm EHT = 200 kV Signal A = $ens
@ | WD = 68 mm Mag = 6854 K X m

Fig. 4.57 FESEM micrograph of OPC concrete made at w/c ratio of 0.45 and admixed with 7%
NaCl: (A) Calcium chloroaluminate, (B) Calcium hydroxide, (C) Ettringite and (D) C-S-H gel

EHT = 200 kV 3 =
nal A = InLens
e WD = 6.8 mm i&r 68.54 KX =

Fig. 4.58 FESEM micrograph of PPC concrete made at wic ratio of 0.45 and admixed with 7%
NaCl: (A) Caleium chloroaluminate, (B) Calcium hydroxide and (C) C-S-H gel
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Fig. 4.59 FESEM micrograph of OPC concrete made at w/c ratio of 0.5 and admixed with 7%
NaCl: (A) Calcium chloroaluminate, (B) Caleium hydroxide and (C) C-S-H gel

i EHT = 200KV Signal A = InLens
3os. wD= 58mm Mag = 56.26 KX i

of 0.5 and admixed with 7%
-5-H gel

Fig. 4.60 FESEM micrograph of PPC conerete made al wi/c ratio
NaCl: (A) Calcium chloroaluminate and (B) C
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For concrete admixed with sodium chloride plus sodium sulfate. the typical FESEM
micrographs are shown in Fig. 4.61 and Fig. 4.62 for OPC and PPC concrete respectively
at w/c ratio of 0.45. Similarly, Fig. 4.63 and Fig. 4.64 show the typical FESEM
micrographs of concrete contaminated with sodium chloride plus sodium sulfate at w/e
ratio of 0.5. The micrographs shown in Fig. 4.61 to Fig. 4.64 for both types of cement
indicate the formation of C-S-H in concrete. Sulfate ions when associated with Na' cation
react with different cement hydrates in concrete and forms gypsum and ettringite. The
formation of etiringite in conjoint chloride-sulfate contaminated concrete is clearly
indicated by needle-like crystals in FESEM micrographs as shown in Fig. 4.61 to Fig.
4.64. It may be noted that, the formation of ettringite was also observed through its peaks

in XRD profile, which was discussed earlier for concrete admixed with sodium chloride
plus sodium sulfate.

I A
200 nm Signal A = InLens
— WD = 6.8mm Mag = 6854 K X

Fig.4. 61 FESEM micrograph of OPC conerete made at w/c ratio of 0.45 and admixed with 7%

NaCl plus 12% Na,SOy: (A) Etrringite and (B) C-5-H gel
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Fig. 4.62 FESEM micrograph of PPC concrete made at w/c ratio of 0.45 and admixed with 7%
NaCl plus 12% Na,SO4: (A) Euringite and (B) C-5-H gel

@ 200 nm . EHT = 200 kV Signal A = InLens '
= WD= 58 mm Mag= 5626 KX

Fig. 4.63 FESEM micrograph of OPC concrete made at w/c ratio of 0.5 and admixed with 7%
NaCl plus 12% Na,S0,: (A) Ettringite and (B) C-8-11 gel
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InLens

@ §iai EHT= 200KV Signal A= |
— WD= 58mm Mag= 4076 K X

Fig. 4.64 FESEM micrograph of PPC concrete made at w/c ratio of 0.5 and admixed with 7%

NaCl plus 12% Na,S04: (A) Euringite and (B) C-S-H gel

Fig. 4.65 (a, bj and Fig. 4.66 show the FESEM micrographs for OPC and PPC
respectively at w/c ratio of 0.45 for concrete contaminated with sodium chloride plus
magnesium sulfate. Similarly, FESEM micrographs at w/c ratio of 0.5 are shown in Fig.
4.67 and Fig. 4.68. For both types of cement, the micrographs shown in Fig. 4.65 to Fig,
4.68 indicate the formation of gypsum. ettringite and magnesium hydroxide along with
significant presence of M-8-H. The formation of these products in concrete admixed with
sodium chloride and magnesium sulfate were also indicated by XRD profiles ol concrete
discussed earlier. In the FESEM micrographs, the C-S-H is noticeably reduced, indicating

its conversion to non-cementitious M-S-H due to magnesium sulfate attack.

130
TH-2120_10610424



e R = T e T iy

-

CHAPTEI

@ 200 nm EHT = 2.00 kV Signal A = InLens n
- WD = 58 mm Mag = 61 14K X

Fig. 4.65 (a) FESEM micrograph of OPC concrete made at w/e ratio of 0.45 and admixed with
7% NaCl plus 12% MgSOy: (A) Magnesium hydroxide

200 nm EHT= 200 kV Signal A = InLens m
—i WD = 58 mm Mag = 5626 K X

Fig. 4.65 (b) FESEM micrograph of OPC concrete made at w/c ratio of 0.45 and admixed with
7% NaCl plus 12% MgSO,: (A) Magnesium hydroxide, (B) Fibrous M-8-H gel and (C) Gypsum
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S g 9% - . : ) .
: EHT = 2.00 kV Signal A = InLens
i WD= 6.6mm Mag= 6854 K X

Fig. 4.66 FESEM micrograph of PPC concrete inade at w/c ratio of 0.45 and admixed with 7%
MNaCl plus 12% MgSQO,: (A) Fibrous M-5-H gel

@ 1pm EHT = 2.00 kV Signal A = InLens
p— WD= 68mm Mag = 4764 K X

Fig. 4.67 FESEM micrograph of OPC concrete made at w/c ratio of 0.5 and admixed with 7%

NaCl plus 12% MgSOy4: (A) Magnesium hydroxide and (B) Ettringite
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Fig. 4.68 FESEM micrograph ol PPC concrete made at w/c ratio of 0.5 and admixed with 7%
NaCl plus 12% MgS0Oy: (A) Fibrous M-8-H gel and (B) Gypsum

4.4 ELECTROLYTIC CONCRETE POWDER SOLUTION (ECPS) CHEMISTRY
The electrolytic concrete powder solution was chemically analyzed to determine chloride
(Cl). sulfate (SO7 ), sodium (Na’), calcium (Ca™’) and potassium (K") ion

concentrations. In addition, the pH and conductivity of contaminated and uncontaminated

electrolytic concrete powder solutions were also measured.

4.4.1 Chemical Composition of Chloride Contaminated Electrolytic Concrete
Powder Solution

The chemical composition of electrolytic concrete powder solution prepared from control
mix and chloride contaminated concrete mixes made with OPC and PPC are presented in
Table 4.5 and Table 4.6 at wic ratios of 0.45 and 0.5 respectively. In addition, the

measured pH and conductivity values of the solutions are also presented in these tables.

4

; s 2
From Table 4.5 and Table 4.6, it is observed that the concentrations of Cl, SO, , Na,

Ca'* and K' ions are mostly higher in control mix made with w/c ratio of 0.45 as
compared to that made with w/c ratio of 0.5 for both OPC and PPC. This variation in the

concentrations of ions with w/c ratio may be attributed to the variations in the extent of
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formation of cement hydrates in concrete. Further, it is observed that ihe pH value was
lower at w/c ratic of 0.45 as compared to that at w/c ratio of 0.5. In addition, the
conductivity was higher in control mix at w/c ratio of 0.45 than that at w/c ratic of 0.5,
Further from Table 4.5 and Table 4.6, it is observed that the conductivity of electrolytic
concrete powder solution made from control mix was higher in PPC as compared to that
in OPC, which may be attributed to higher concentrations of cations i.e. Na*, Ca™ and K*
in PPC than that in OPC at both w/c ratios.

From Tabie 4.5 and Table 4.6, it is obsefved that the concentration of free chlonide ion i.e.
CI ion increased with increase in admixed NaCl dosage in both OPC and PPC at both w/c
ratios i.e. 0.45 and 0.5. Further, chloride ion concentration was lower in OPC as
compared 1o that in PPC in the presence of admixed NaCl at both w/c ratios. This may be
attributed to higher chioride binding with C3A in OPC as compared to that in PPC as a
result of higher CaA content in OPC, The higher chloride binding in OPC as compared to
that in PPC is also corroborated from the XRD profiles (presented and discussed in
Section 4.3.1.1), wherein the peak intensity of calcium chloroaluminate was more in OPC
as compared to that in PPC. Further, chloride ion concentration was higher at w/c ratio of
0.45 a8 compared to that at 0.5 for both OPC and PPC as observed from Table 4.5 and
4.6.

The concentration of sulfate ion was higher in OPC as compared to that in PPC at both
w/¢ Tatios as observed from Table 4.5 and Table 4.6. It may be noted that sulfate ion
present in the concrete powder solution (made form control mix and chloride
contaminated concrete mix) is due to presence of the gypsum added in the manufacturing
process to control early setting and hardening behaviour of Portland cement. The higher
concentration of SO{™ ion in OPC as compared to that in PPC may be due to the

'pmfermtial reaction of chloride ion than gypsum with CsA in OPC. Further, the
conductivity of chloride contaminated electrolytic concrete powder solution made from
PPC was higher than that made from QPC at both w/c ratios, which may be due to higher
concentration of CI' ion in PPC as compared that in OPC. In addition, the concentration
of cations i.e. Ca™ and K* were also higher in PPC as compared to that in OPC as
observed from Table 4.5 and Table 4.6. The higher concentrations of Ca** and K* ions in
PPC may be attributed to the alteration in the extent of hydration of cement compounds
due to pozzolanic reaction in PPC concrete and also due to change in reactivity of the
alkali compounds. The concentration of Na” ion was higher in OPC as compared that in
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PPC at bath wic ratios 0.45 and 0.3, which may be attribuied to reaction of chloride ions
with hydrated C;A to a greaier extent in OPC in the presence of admixed NaCl, thereby
resulting in higher concentration of Na”™ ion in the electrolytic concrete powder solution.
The presence of sodium chloride decreased the pH of electrolytic concrete powder
solution as observed from Table 4.5 and Table 4.6. However, there was no significant
difference in pH value of electrolytic concrete powder solution with different
concentrations of admixed NaCl and also between OPC and PPC, although the pH value
was slightly higher in OPC as compared to that in PPC.

Table 4.5: Chemical composition, pH and conductivity of electrolvtic concrete powder solution
prepared from control concrete and concrete mix admixed with varying concentrations of NaCl
for both OPC and PPC at w/c ratio of 0.45

Admixed salts

Cement concentration Conductivity cr SOY Na® Ca™~ K
type  (%ebyweightof P (mSfem) (MmO (pmot) (Mmoll) (mmol/l) (mmolit)
cement)
1 opc  Contolmix fwithout ., o 6.6 28.8 0.8 251, 60.0 14.8
ﬂ salt conlamination)
ppe  Controlmix (without ., 33 296 03 284.7 86.5 17.3
’ salt contamination)
: 3% NC 12.54 24.6 4.6 3.2 3130 110.7 1.0
i OPC 5% NC 12.48 30.3 149.5 8.8 367.4 184.5 20.7
|
7% NC 12.42 34.8 180.5 10.5 390.3 199.6 35.0
\
5 3% NC 12.45 26.2 90.3 5.5 269.1 139.4 22.9
5 PPC 5% NC 12.41 316 £56.5 7.8 3374 189.3 24.0
7% NC 12.27 36.5 180.5 10.0 351.1 239.5 40.8
3
{r
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Table 4.6: Chemical compaosition, pH and conductivity of electrolvtie concrete powder solation
prepared from control concrete and concrete mix admixed with varving concentrations of NaCl
for both OPC and PPC at wie ratio of 0.5

Admixed salts
Cement concentration Conductivity — Ci SO Na’ Ca’” K
type (% by weight of p {mS/cm) {mmaol:1} (mmol 1) minelly  (mmol/l)  (mmol/1) '
cement)
opc  Comtrolmix (without . 55 2.8 0.22 12.8 25.2 1.2
galt contamination)
ppc  Couwolmix (without ., 6.6 5.6 0.3 17.1 88.6  349.1
salt contamination}
3 NC 12.39 222 &67.7 i.5 1552 624 15.5
OPC 5% MC 12.36 273 138.2 1.7 174.6 O4.7 16.6
%% NC 12.34 3318 169.2 2.2 2274 126 235
3% NC 12,36 24.4 73.3 1.3 113.7 514.6 339
PPC 5% NC 12,34 28.2 146.7 1.5 138.9 1917 353
7% NC 12.32 4.6 172.1 1.7 184.2 1058.7 358

4.4.2 Chemical Composition of Electrolytic Concrete Powder Solution Contaminated
with Sodium Chloride plus Sodium Sulfate

The measured ioni¢ concentration along with pH and conductivity of electrolytic concrete
powder solutions prepared from OPC and PPC and contaminated with conjoint NaCl plus
Na;SOy4 are presented in Table 4.7 and Table 4.8 at w/c ratios of (.45 and 0.5 respectively,

From these tables, it is observed that the concentration of Cl ion increased with an
increase in admixed NaCl concentration for both types of cement and w/c ratios at all

admixed concentrations of Na,SO,.
From Table 4.7, it is observed that in the conjoint presence of NaCl plus Na;8Q, in OPC

concrete at w/c ratio of 0.45, the concentration of Cl™ ion increased whereas that of SO~
ion decreased with an increase in Na, SO, dosage up to 6% and then the concentration of
CI ion decreased whereas that of SO!" ion increased at 12% Na:SQ, dosage. This may

be attributed to the variation in preferential reactions of chloride and sulfate ions with

C>A hydrates with increase in dosage of NazSO4 From Table 4.8, it is observed that in the
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conjoint presence of NaCl plus Na>SO,; in OPC concreie at w/c ratio of 0.5, the
concentration of C!" ion increased whereas that of SO;™ ion decreased with an increase in

Na;$0y dosage. This may be due o lower chloride binding as a result of preferential
reaction of sultate jons than chloride ions, with C:A hydrates resulting in higher CI” ion
and lower SO3™ ion concentrations in the presence of NaCl plus NaaSO;. Further from
Table 4.7 and Table 4.8. it is observed that in the presence of NaCl plus NaxSQy in PPC
concrete at wic ratio of 0.45. the concentration of C1” ion increased whereas that of SO~
ion decreased with an increase in NaySQ, dosage and at w/c vatio of 0.5, the opposiie
vaiation is observed. This is attributed to change in chloride binding as a resuit of

variation in preferential reaction of chloride and sulfate ions with C3A hydrates at

different w/c ratios (0.45 and 0.5) in the conjoint presence of NaCl plus Na,SQ, in
concrete.

While analyzing the effect of cement type on the concentration of CI' and SO ions in
the ECPS contaminated with varying concentrations of NaCl plus Na;8Qy, it is noted that
at w/c ratio of 0.45. OPC concrete exhibited lower C1” ion concentration and higher SO3-
ion concentration as compared to PPC concrete as observed from Table 4.7. This is

attributed fo higher chloride binding and lower sulfate binding as a result of preferential
reaction of chloride ions than sulfate ions, with CsA hydrates resulting in lower CI ion
and higher SO ion concentrations in OPC. This observation is further substantiated by
the XRD profiles shown in Fig. 4.5 to Fig. 4.10, which indicate more intense peaks of

calcivm chloroaluminate and less intense peaks of ettringite in QPC ¢oncrete as compared
to that in PPC concrete. From Table 4.8 it is observed that at w/c ratio of 0.5, QPC
concrete mostly showed higher CI” jon concentration and lower SO ion concentration
as compared to PPC concrete. This is attributed to lower chloride binding and higher
sulfate binding in OPC as compared to that in PPC. This observation is also corroborated
from XRD profiles shown in Fig. 4.11 to Fig. 4. 16. which showed more intense peaks of
ettringite in OPC concrete as compared to that in PPC concrete indicating the preferential
reaction of sulfate ions with CyA in OPC as compared to that in PPC. Further, the lower
chloride binding in OPC was corroborated by lower peak intensity of calcium

chloroaluminate (Fig. 4.11 to Fig. 4. 16} in OPC than that in PPC at all NaCl plus Na,SO,

concentrations.
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Table 4.7: Chemical composition, pH and conductivity of electirolyic concrete powder solution
prepared from concrete mix admixed with varving concentrations ol NaCl and Na:80, for both

types of cement at w ¢ ratio ot (.45

Admixed salts

Cement desenatian oH Conductivity e SO Na Ca K
type (%% By weight of cement) (mS/cm) {mmeol ) (mmol 1) (mmol 1) (mmol/l) (mmol1)
% NaCl + 3% Na>SQ,  12.64 48 45.1 B3N 3483 205.8 37.1
OPC 3% NaCl + 6% Na.50, 12.536 44.6 B4 746 458.0 242 39.6
3% NaCl + 12% Na,80, 12.62 49.5 73.3 92.3 307.0 263.5 48.1
3% NaCl + 3% Na.S0; 12.56 42.4 73 711 33R.3 230.8 29.2
PPC 3% NaCl + 6% Na-S0O,; 12.51 45.8 82 64.5 387.0 298.2 63.2
3% NaCl + 12% Na,80; 12.5 50.2 87 63.1 465.2 3422 83.4
5% NaCl + 3% Na.SO,; 12.58 42 126.9 69.4 518.7 250.6 485
OPC 5% NaCl + 6% Na,S0, 1246 46. 1 141 56.7 523.9 2929 69.6
5% NaCl + 12% Na-50,;  12.54 508 136.8 0.2 6639 3170 79.0
5% NaCl + 3% Na.SO, 1247 49.7 130 604 378.3 279.7 30.9
PPC 5% NaCl + 6% Na:5Q, 12,45 50.8 147 58.9 408.7 359.8 734
5% NaCl + 12% Na.80,; 1243 1.3 152 52.3 535.7 409.6 117.1
7% NaCl + 3% Na,;S0, 12.57 45 150.9 56.4 666.1 296.7 51.7
OpPC 7% NaCl + 6% NazS0y 12.4 48.3 m';.z- 48.4 N 0695.7 344.1 76.8
7% NaCl + 12% Na,SO,; 1243 822 166.1 58.9 T754.3 391.5 098.7
7% NaCl + 3% Na,S0O, 124 316 169 50.6 392.6 334.0 34.1
PPC 7% NaCl + 6% Na,SO;  12.38 52.3 175 46.2 471.3 396.2 TS.T_-_
7% NaCl + 129 Na,50, 12.33 52.9 186 45.0 726.1 424.4 128.4
1
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Table 4.8: Chemical composition. pH aad conductivity of electrolytic concrete powder solution
prepared From concrete mix adimixed with varying concentrations of NaCl and Na;30, for both

iypes of cement at w/c ratio of 0.5

Adinixed zalts

Cclyn:“ % bﬁﬁ:ﬁ:ﬁgﬁme“” H C-:;:u:;;n;; i qmﬁ:}lm m?::;m} (mr:;m) (mcn:olm (mrﬁol.’l)
324 NaClh + 3% Na.80O, 1260 324 42 51.6 2244 130.6 2.0
OPC 3% NaCl + &% Na,SO, 124 416 54 40.7 233.7 134.4 5.9
3% NaCl + 12% Na:SO,  12.57 47.4 62 29.4 2422 147.2 10.1
3% NaCl + 3% Na,S0, 1248 44 71 40,1 150.4 1120.3 31.5
PPC 3% NaCl+ 6% Na.SO,  12.64 38.7 65 44.8 194.8 8724 28.6
3% NaCl+ 12% Na:SO,  12.72 39.7 56 59.4 2217 7172 25.6
5% NaCl + 3% Nas:SO;  12.62 39.7 124 30.5 230.7 1606 1.1
OPC 5% NaCl + 6% Na,;SO,  12.58 42.3 133 19.1 2846  176.2 11.1
5% NaCl + 12% Na-S0O, 12.55 49.2 135 18.7 2859 196.9 1.3
- 5% NaCl+ 3% Nay$O,  12.44 42.81 121 23.4 (59.0 10330  38.8
PPC 5% MNaCl + 6% Na:SO,  12.61 402 116 33.2 2190 6274 37.2
5% NaCl + 12% Na.S0O, 12.68 40.4 113 44.8 269.6 S04.5 36.2
- 7% NaCl + 3% NazS0;  12.61 40.3 144 13.7 2980  183.4 12.0
OPC 7% NaCl+ 6% Na,SO,  12.56 45.7 158 7.0 349.1 199.1 12.3
7% NaCl + 12% Na,S0, 12.44 50.2 164 5.8 4552 2355 12.3
o 7% NaCl + 3% Na,50, 12.18 47.4 138 13.2 192.2 208.2 48.0
PPC 7% NaCl + 6% Na,S0O,  12.58 42.4 135 234 2383 5932 42.2
7% NaCl + 1% Na.SO,  12.65 41.6 118 406 3144 4922 405
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The concentrations of Ca  and K ions in clectrolytuc concrete powder solution made
from PPC were higher than that in the solution made trom OPC in the conjoint presence
of NaCl plus Na,SO; at both w/c ratios as obscrved [rom Table 4.7 and Table 4.8, The
higher concentration of Ca and K ions in PPC may be duce to change in the extent of
hydration reaction due to the pozzolanic activity and also as a result of change in
reactivity of the alkali compounds. The concentration off Na  1on was higher in
electrolvtic concrete powder solution contaminated with NaCl plus Na-SO, in OPC than
that in PPC at both w/c ratios. In NaCl plus Na-SO; contanunation, the higher
concentration of Na’ ion in OPC than that in PPC may be auributed to the reaction of
sodium sulfate with calcium hydroxide to a greater extent. thercby resulting in higher
concentration of Na~ ion.

Further, from Table 4.7 and Table 4.8. it is observed that the conductivity of ECPS
increased with an increase in admixed NaCl concentration for OPC and PPC at all levels
of admixed Na-SO,; for both w/c ratios, which may bc atuributed to increase in CI'
concentration. It is also observed that the conductivity of the solution made from QPC
and PPC increased with increase in admixed Na-SO; concentration at both w/c ratios
except in case of PPC in the conjoint presence of NaCl plus Na-SO, at wic ratio 0.5
wherein the conductivity mostly decreased with increase in admixed Nax50,
concentration. These variations in conductivity of electrolytic concrete powder solution
(ECPS) made from OPC and PPC in the conjoint presence of NaCl plus Na:SOy may be
attributed to the variations in both CI” ion and SOf_ ion concentrations as observed from
Table 4.7 and Table 4.8. On observing the effect of cement type i.e. OPC and PPC on
conductivity of electrolytic concrete powder solution. it is found that PPC showed mostly
higher conductivity as compared to OPC at both w/c ratios in the conjoint presence of
NaCl plus Na.SO,. The reason for higher conductivity of PPC in the conjoint presence of
NaCl plus Na,SQ, may be attributed to higher concentrations of Ca’™", K" and CI" ions in
PPC as compared to that in OPC.

From Table 4.7 and Table 4.8, it is ohserved that the ECPS contaminated with NaCl plus
Na,SO, showed higher pH values in OPC than that in PPC at w/c ratio of 0.45 whercas
mostly the opposite variation was observed at w/c¢ ratio of 0.5. The change in pH of
electrolytic concrete powder solution with w/e ratio may be attributed to the variation in

the availability of calcium hydroxide and sodium hydroxide in OPC and PPC concrete in

the presence of NaCl plus NazSOx.
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4.4.3 Chemical Composition of Electrolytic Concrete Powder Solution Contaminated
with Sodium Chloride plus Magnesium Sulfate

The measured ionic concentration. pH and conductivity of electrolytic concrete powder
solutions prepared from OPC and PPC and contaminated with conjoint NaCl plus MgSO,
ate presented in Table 4.9 and Table 4.10 at w/c ratios of 0.45 and 0.5 respectively. From
these tables it is observed that in the conjoimt presence of NaCl plus MgSQ., the
concentration of CI' ion increased with an increase in admixed NaCl concentration for

both types of cement and w/c ratio.

From Table 4.9 and Table 4.10. it is observed that the concentration of SO ion

decreased whereas that of Cl° ion increased with an increase in MgS8Q, dosage in both
OPC and PPC at both w/c ratios of 0.45 and 0.5 in the conjoint presence of NaCl plus
MgS04. This may be attributed 10 higher sulfate binding as compared to chloride binding,
with cement hydration products in the presence of MgSQ, in concrete. On comparing the
effect of cement type on the concentration of Cl" and SO ions in the conjoint presence
of NaCl plus MgSQy, it is observed that the concentration of Cl” ions is lower in OPC as
compared to that in PPC whereas the concentration of SO;" ions is higher in OPC as
compared to that in PPC at both w/¢ ratios as evident from Table 4.9 and Table 4.10. This
may be attributed to increased chloride binding and reduced sulfate binding with cement
hydrates in the conjoint presence of NaCl plus MgSO4 in OPC concrete as compared to
that in PPC concrete. The reduced sulfate binding in OPC concrete in the conjoint
presence of NaCl plus MgSQ, is also substantiated from XRD results shown earlier in
Fig. 417 to Fig. 4.28, which indicated lower peak intensity of ettringite in OPC as
compared to that in PPC. The increased chloride binding in OPC was also confirmed
from XRD profiles (Fig. 4.17 to Fig. 4.28) through more intense peaks of calcium
chloroaluminate at w/c ratio of 0.45, whereas at w/c ratio of 0.5. XRD profiles showed
less peak intensity of calcium chloroaluminate in OPC., although the Cl ion concentration
was less in OPC as compared to that in PPC. which may be attributed to the more
dominant effect of physical binding of chloride ions as compared to that of chemical
binding.

The concentrations of Na®, Ca™ and K' ions in electrolytic concrete powder solution
made from PPC' were higher than that in the solution made from OPC in the conjoint

presence of NaCl plus MgSO, at both w/c ratios as observed from Table 4.9 and Table
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4.10. The change in the extent of hydration reaction due to the pozzolanic reaction in PPC
and also change in reactivity of the alkali compounds might have resulted in higher

concentration of these ions in PPC.

From Table 4.9 and Table 4.10, it is observed that the conductivity of clectrolytic
concrete powder solution increased with an increase in admixed NaCl concentration for
OPC and PPC at all levels of MgSQO, concentration for both w/e ratios. which is attributed
to the increase in Cl° ion concentration. Further the conductivity of the solution mads
from OPC and PPC increased with an increase in admixed MgSO, concentration at both
w/c ratios. On observing the effect of cement type i.e. OPC and PPC on conductivity of
electrolytic concrete powder solution, it is found that PPC showed mostly higher
conductivity as compared to QPC at both w/c ratios in the conjoint presence of NaCl plus
MgS0O4 as observed from Table 4.9 and Table 4.10. The higher conductivity of PPC in the
conjoint presence of NaCl plus MgSO; is attributed to the higher concentrations of Na®,
Ca™, K’ and CI'ions in PPC as compared to that in OPC.

From Table 4.9 and Table 4.10, it is noted that the electrolytic concrete powder solution
admixed with NaCl plus MgSQy showed higher pH values in OPC as compared to that in
PPC at both w/c ratios. The lower pH in PPC concrete may attributed to the conversion of
C-3-H to non-cementitious M-S-H to a greater extent because magnesium sulfate attack is
directed extensively towards C-S-H gel due to less availability of calcium hydroxide in
PPC as result of its consumption in the pozzolanic reaction.
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Table 4.9: Chemical composiion, pH and conductivity of electrolytic concrete powder solution
prepared from concrete mix admixed with varying concentrations of NaCl and MgSO, for both

types of cement at w/c ratio of 0.45

Admixed salts

Cement concéniration Conductivity Cl SO Na~ Ca K"
type {% by weight of pH (mS/cm) (mmol/1) {mm-.‘;lfl) (mmelly (mmol/1} {(mmol/}
cement)

3% NaCl + 3% Maes80, 1249 46.3 S0 28.6 297.0 213.2 50.4

OPC 3% NaCl + &% MgS0O, 12.36 49.5 96 29.1 3304 272.5 67.8

3% MaCl + 12% MgS80, 123 50.1 106 234 3759 - 3316 3.2

3% NaCl + 3% MgSQ,  12.21 489 3 27.0 337.0 246.6 153.7

PPC 3% NaCl + 6% MgSOy 12,05 50.6 100 25.8 390.7 209.5 185.5

1% NaCl+ 12% MgSO, 12.01 52.8 107 22.8 395.7 3593 204.6

5% NaCl + 3% Mg30, 12.42 516 155 22,6 321.7 250.9 62.7

lf OPC 5% NaCl + 6% MgS0O, 1232 528 164 18.2 3743 306.9 T4.2
5% NaCl + 12% MgS0O, 12.24 55.3 68 15.6 464.5 442.8 100.6

‘ 5% MaCl + 3% Mg50, 11.8¢9 53.5 158 20.0 4174 3159 159.7
i PPC 5% NaCl + 6% MgSO,  11.79 544 167 17.0 436.7 410.7 197.4
I 3% NaCl + 12% MgSO; 11.76 56.7 169 13.9 476.5 462.7 226.1
I B 7% NaCl+ 3% MpS0O, 12,37 56.2 189 194 3826 318.1 78.5
i OPC 7% NaCl + 6% MgS8O, 12.29 58.0 194 15.6 433.0 385.1 £5.0
7% NaCl + 12% MgSQ, 1219 60.2 197 10.4 582.3 456.6 105.9
7% NaCl + 3% MpSO, 11.57 58.3 192 159 459.8 353.3 168.2
!.'i PRC 7% NaCl+ 6% MgSO, 11.42 60.3 195 15.6 523.7 438.0 202.0
i 7% NaCl + 12% MegSO, 11.37 62.5 209 10.5 619.3 478.2 229 R
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Table 4.10: Chemical composition, pH and conductivity of electrolytic concrete powder solution
prepared from concrete mix admixed with varying concentrations of NaCl and MgSQ, for both

types of cement at w/c ratio of 0.5

Admixed salis . .
Cement concentration Conductivity Cr SO, Na Ca’ [ 4
type {% by weight of pH (mS/em)  (mmol/l) {mmc:lf‘l] (rmmol/1}  (mmol/ll} (mmol/}
cement)
3% NaCl + 3% MgSO, 12.36 41.4 73 10.26 103.5 132.1 20.7
OPC 3% MNaCl + 6% MgSQ, 12.24 44.2 76 3.68 110.2 171.2 20.2
3% NaCl + 12% MgS0O, 12.01 48.5 85 2.77 135.4 172.9 19.6
3% NaCl + 3% MgSO, 12.27 44.9 79 8.2 104.8 £50.3 30.7
PPC 3% NaCl + 6% MgS80, 12.18 46.6 83 3.86 t13.7 658.6 31.2
3% NaCl + 12% MgSO, 12.04 51.3 90 1.6 146.3 592.9 30.8
5% Nall + 3% MgS0O., 12.32 436 141 5.13 193.5 166.9 15.9
OPC 5% NaCl+ 6% MgS0, 12.21 45.1 147 3.49 193.5 176.2 5.5
5% NaCl + 12% MgS0O, 1197 50.4 158 1.86 198.9 194.4 14.3
5% NaCl + 3% MgS0O, 12.23 46.2 152 4.25 194.8 814.2 333
PPC 5% NaCl + 6% MgSO, 12.15 49.7 161 3.7 2154 609.6 350
5% NaCl + 12% MgSO, 11.84 51.8 169 1.36 221.8 4922 35l
7% MaCl + 3% MgS0O, 12.28 47.8 164 4.17 204.4 199.2 1.6
OP 7% NaCl + 6% MgSO, 12.17 48.3 173 2.86 226.1 207.0 12.7
7% NaCl + 12% MgS0, 11.78 52.6 178 1.6 2478 221.1 12.3
7% NaCl + 3% MgS0, 1221 48.7 181 4.01 2100 754.Q 354
PPC 7% WaCl + 6% Mg30, 121 50.8 183 2.81 237.0 5090 379
7% NaCl + 12% MgS0O, 11.33 54.5 186 0.43 243.5 404.2 38.3
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EFFECT OF CHLORIDE AND CONJOINT CHLORIDE-SUL FATE CONTAMINATION ON AICROSTRUCTURE OF
CONCRETE AND ELECTROLYTIC CONCRETE POWDER SOLUTION (ECPS) CHEMISTRY

analyzing the effect of w/c ratio, it is observed that the concentrations of both Cl™ and
SO?" ions are higher at w/c ratio of 0.45 as compared to that at 0.5 in the conjoint

presence of both NaCl plus Na:SQ4 and NaCl plus MgSQy for both types of cement and

w/c ratio, as evident from Table 4.7 to Table 4.10. The higher concentrations of Cl° and
SO ions at lower wic ratio (0.45) may be attributed to the variations in chloride and

sulfate binding as a result of variation in preferential reaction of chloride and sulfate ions
with cement hydrates in the concrete in the conjoint presence ot chloride and sulfate ions,
although the chioride binding in concrete made at lower w/c ratio (0.45) would have been

more due of kigher cement content.

4.5 SUMMARY

The results of 28-day compressive strength of cube specimens prepared from OPC and
PPC concrete and admixed with chloride and chloride-sultate ions at w/c ratios of 0.45
and 0.5 indicated that the varying concentrations of chloride and chloride-sulfate ions
have significant effect on compressive strength of concrete. The specimens prepared from
OPC concrete mostly showed lower compressive strength as compared to those made
from PPC concrete at all levels of chloride and chloride-sulfate contaminations for both
w/c ratios. The concrete specimens admixed with varying concentrations of sodium
chloride exhibited higher compressive strength as compared to those admixed with
varying concentrations of sodium chloride plus sodium sulfate and sadium chloride plus
magnesium sulfate at w/c ratios of 0.45 and 0.5 and for both OPC and PPC. Further, it is
found that the concrete admixed with sodium chloride plus magnesium sulfate showed

lower compressive strength as compared to those admixed with sodium chloride plus

sodium sulfate,

The obtained results on microstructural changes in concrete due to chloride and chloride-
sulfate contamination (studied through XRD, FTIR and FESEM analyses) indicated the
variations in the formation of various compounds in concrete due to the effect of cement
type, w/c ratio and concentrations of chloride ions and sulfate ions along with the
associated cation type. The obtained XRD profiles of concrete in the presence of NaCl,
NaCl plus NazS04 and NaCl plus MgSO4 for different types of cement and w/c ratio
showed variations in the formation of ettringite, gypswm, calcium chloroaluminate and

calcium hydroxide as indicated by their respective peak intensities. The XRD profiles
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indicating the formation ol different compounds in concrete in the presence of chloride
and sulfate ions were consistent with funclional groups associated with those compounds
as observed from FTIR spectrum analysis. The FESEM  micrographs of concrete
contaminated with sodium chloride. sodium chloride plus sodium sulfate and sodiwm
chloride plus magnesium sultate for OPC and PPC indicated the formation of C-S-H,
gypsum. ettringite, and calcium chloroaluminate (Friedel’s salt). In addition to this. the
micrographs also indicated the formation of magnesium hydroxide (brucite) and non-
cementitious M-S-H in the concrete admixed with sodium chloride plus magnesium
sulfate.

The discussion of the results obtained from the measurement of jonic concentration (Cl™
SO, Na™ Ca*" and K' ions), pH and conductivity of electrolytic concrete powder
solution (ECPS) indicated that cement type (OPC and PPC), w/c ratio (0.45 and 0.5) and
the varying concentrations of admixed NaCl. NaCi plus NaxSO4 and NaCl plus MgSOs

significantly affect the characteristics of electrolytic concrete powder solution.
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CHAPTER 5

ELECTROCHEMICAL BEHAVIOUR OF STEEL
REINFORCEMENT IN ELECTROLYTIC CONCRETE POWDER

SOLUTION

5.1 GENERAL

In this chapter: the results obtained from the study on eléctrochemical behaviour of steel

reinforcement in electrolytic concrete powder solution (ECPS) contaminated with varying
entrations of sodium chloride. sodium chloride plus sodium sulfate and sodium

conc
gnesium sulfate are presented and discussed. The electrochemical

chloride plus M
behaviour of steel reinforcement was evaluated by ¢onducting potentiodynamic

test on bare steel specimens in electrolytic concrete powder solutions, from

polarization ' . olut
Hich the anodic polarization curves were obtained. From the anodic polarization curves,
whic

boundary potential values of different zones of corrosion namely active zone, passive

.cting Zone were determined to study the effect of chloride and sulfate jous on

zone and ) . e .

f corrosion of steel reinforcement. Further, to evaluate the effect of varying
zones © . . . ] . .

gratio of chloride and conjoint chleride-sulfate ions on cofrosion of steel
concen

ent in electrolytic concrete powder solution, corrosion potential and corrosion

reinforcet? . ) , . D .
sensity were determined by conducting potential and linear polarization resisiance
urrent

ure

L

{LPR) meﬂs ments.

E ROCHEMICAL BEHAVIOUR OF STEEL IN ELECTROLYTIC
52 EL TE pOWDER SOLUTION (ECPS)

CONCRE _ . _ ool :
4o ent <oncrete provides both chemical and physical protection to the
Portlat . greel: The chemical protection is provided by the highly alkaline nature of the
. e ain
reinforc! pH > 13) of concrete. Af this pi value, the steel reinforcement is

pore salu“c;n the Presence of oxygen presumably due to the formation of a sub-
pgssivatﬂdl AlIY thin y-Fe,O, layer [ 18). The physical protection is provided by the dense
macros¢® pt‘; gtructure of concrete. which rétards the diffusion of the aggressive species.
impel‘ﬂ‘ea‘ . culfates, carbon dioxide. ahd moisture to the steel-concrete interface.
like chlo” o of steel reinforcement occurs due to reduction in the pore solution pH as

. a(iC

V’atl > a ol - - .
Depass! rbﬂﬂat“’“ or by ingress of chloride ions to the steel-concrete interface [16, 18].
fcd
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ELECTROCHEMICAL BEHAVIOUR OF STEEL REINFORCEMENT IN ELEUCTROINTIC CONCRETE POW
SOLUTION

Chiloride ions break down the passive layer and play a dominant role in initiating steel
reinforcement comosion. However, the concomitant presence of chloride and sulfate ions
could influence the kinetics of steel reinforcement corrosion and the mechanism of
deterioration imay become even more complex.

In the present study, the effect of chloride and sulfate ions on electrochemical behavior of
steel in electrolytic concrete powder solution prepared from OPC and PPC concrete at
w/c ratios of .45 and 0.5 has been evalualed by conducting polentiodynamic polarization

test and monitoring the steel reinforcement corrosion by measuring corrosion potential
and corrosion current density.

5.2.1 Corrosion Zones of Steel Reinforcement

The anodic polarization curves were obtained through potentiodynamic polarization test
performed on the bare steel specimens in electrolytic concrete powder solutions extracted
from different concrete mixes. The polarization curves were obtained for two types of
steel viz. Tempcore TMT and Thermex TMT, for two types of cement viz. OPC and PPC,
for two wfc ratios viz. 0.45 and 0.5 and for varying concentrations of sodium chloride
(NaCl}, sodium chloride plus sodium sulfate (NaCl + Na»SO;) and sodium chloride plos
magnesium sulfate (NaCl + MgS0,). The anodic polarization curves of Tempcore TMT
steel in electrolytic concrete powder solution made from OPC and PPC at w/c ratio of
0.45 for contrel mix (without salt contamination) are shown in Fig. 5.1 and those at w/c
ratio of 0.5 are shown in Fig. 5.2. Similarly, the anodic polarization curves for Thermex
TMT steel in electrolytic concrete powder solution made from QPC and PPC at w/e ratio
of 0.45 for control mix are shown in Fig. 5.3 and those at w/c ratio of 0.5 are shown in
Fig. 5.4. In these curves (Fig. 5.1 to Fig. 5.4), different zones of corrosion of steel
reinforcement namely active zone, passive zone and transpassivity zone are shown. At
potentials more positive than corrosion potential (Ec.r), iron has tendency to oxidation
corresponding to dissolution of Fe at the anode (Fe — Fe’* + 2¢°). The zone of corrosion
below corrosion potential (Eo) is termed as immune zone [26]. At potential values
below corrosion potential, steel is thermodynamically unable to undergo anodic reactions
and thus in a condition of immunity. The zone of corrosion, which lies abave corrosion
potential is termed as active zone [34, 71]. In active zone, passive film does not form
spontaneously, leading to a significant increase in current density with small change in

potential. The zone above the active zone is known as passive zone. In this zone, the
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smodic current is very less. as the steel is covered by a very thin film of iron oxide
(passive film). Thus in passive zone. the change in current density is very less with
significant increase in potential. The zone above the passive zone is termed as
ranspassivity zone. Above the passive range, the steel is m the condition of
transpassivity. In wanspassivity zone, oxygen may be produced on steel surface as per the
anodic reaction of oxygen evolution (2H>0 = O, + 4H" + 4¢’) that produces acidity [20].
However, in the presence of chloride 1ons the transpassivity zone is termed as pitting
zone. In this zone due w oxygen evolution, the anodic current density increases
significantly leading to localized dissolution of steel in the presence of chloride ions.
From obtained anodic polarization curves, corrosion potential {Eq), potential at the point
of transition from active to passive slate i.e. act/pass zone boundary potential and that
from passive to transpassive state i.e. pass/transpass zone boundary potential were
determined for the steel reinforcement as shown in Fig 5.1 to Fig. 5.4. In the presence of
chloride ions, the potential at the point of transition from passive (o pitting state (i.e.
pase/pitt boundary potential} is iermed as breakdown potential or pitting potential. The
boundary potential values for control mix are presented in Table 5.1.
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Fig. 5.1 Anodic polarization curves of Tempcore TMT steel in ECPS prepared from control mix
for OPC and PPC at w/c ratio of 0.45
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Fig. 5.4 Anedic polarization curves of Thermex TMT steel in ECPS prepared from control mix

for OPC and PPC at w/c ratio of 0.5

from the anodic polarization curves shown in Fig. 5.1 and Fig. 5.2, it is observed that the
range of passive zone of Tempcore TMT steel is more in OPC as compared to that in PPC
at both w/e ratios of 0.45 and 0.5, which may be attributed to more alkalinity due to
availability of more amount of calcium hydroxide in OPC concrete. From the anodic
polarization curves shown in Fig. 5.3 and Fig. 5.4, it is observed that the range of passive
sone of Thermex TMT steel is more in PPC as compared to that in OPC at both w/c
ratios. Although the alkalinity of PPC concrete is less than that of OPC, but Thermex
TMT steel exhibited more passivity in PPC concrete as compared to that in OPC
concrete. This indicates that the passivity of steel not only depends on the alkalinity of
concrete but also on the surface microstructure and chemical composition of the steel
reinforcement. Further while comparing the steel type, it is observed that the range of
passive zone is more in Tempcore TMT steel as compared to that in Thermex TMT steel
in both OPC and PPC at both w/c ratios. This indicates that Tempcore TMT steel

reinforcement showed higher passivity range as compared to Thermex TMT steel

reinforcement in control concrete (i.¢. without salt contamination).
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S.2.1.1 Effect of Chioride Comtamination in Electrolytic Concrere Powder Solution on
Passivity of Steel Reinforcement

As stated earlier in Chapter 3, two replicate steel specimens were tested for a given
electrolytic concrete powder sclution to observe the reproducibility and a typical plot
showing the polarization curves of replicate steel specimens for a given electrolytic
concrete powder solution is shown in Fig. Al (Appendix ). From the obtained polarization
curves of replicates, it is observed that there is not much difference between the profiles
of polarization curves of both replicates.

The anodic polarization curves of Tempcore TMT steel and Thermex TMT steel in
electrolytic concrete powder solution (ECPS) contaminated with varying concenirations
of sodium chloride i.e. 3%, 5% and 7% NaCl for OPC and PPC at w/c ratios of 0.45 and
0.5 are shown in Fig. A2 to Fig. A9 (Appendix). From these anodic polarization curves,
corrosion potential {E...), act/pass boundary potential and pass/pitt boundary potential
(pitting potential) values were abtained and are presented in Table 5.1. The boundary
potential values presented in Table 5.1 are the average value of two replicate stee}
specimens for a given electrolytic concrete powder solution.

From the boundary potential values obtained from anodic polarization curves shown in
Fig. A2 1o Fig. A9, it is observed that the range of passive zone of Tempcore TMT steel ig
more as compared to that of Thermex TMT steel in the presence of chloride ions for both
types of cement and w/c ratio. This may be due to the effect of improved surface
microstructure of Tempcore TMT steel than that of Thermex TMT steel. This indicates
that Tempcore TMT steel maintains passivity to a greater degree as compared to Thermax
TMT steel in the presence of chloride ions. Further from the results it is observed that, the
range of passive zone of steel reinforcement in uncontaminated ciectrolytic concrete
powder solution is more as compared to that in chloride contaminated electrolytic
concrete powder solution. This indicates that the presence of chloride ions in concrete
reduces the passivity of steel reinforcement. The plots of houndary potential values versus
free chloride ion (CI* ion) concentration for electrolytic concrete powder solutions
contaminated with 0%, 3%, 5% and 7% NacCl are shown in Fig. 5.5 to Fig. 5.8 and in Fig,
5.9 to Fig. 5.12 for Tempcore TMT steel and Thermex TMT steel respectively,
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Table 5.1: Corrosion potential and boundary potentials of steel reinforcement in ECPS prepared
from control concrete {without addition of salt} and concrete admixed with MaCl for OPC and
PPC at w ¢ ratios of 045 and 0.5

Admixed ‘s.ﬂlt Corrosion Act/pass ;:::iﬁ}?ﬂr“;;unﬁm)
Steel type wie Cement concentration potential bounda_ry and
ratio ivpe ("o by weight (mV/SCE) potential Pass/pitt boundary potential
of cement) (mV/SCE) {pitting potential) (mV/SCE)

OPrcC Conirol nix =252 =74 546

PPrC Control mix -151 94 418
3% NaCl -44¢9 -329 -136

0.45 aPC 5% NaCl -3%2 -198 -85

7% NaCl -364 -197 -93
3% NacCl -362 2223 -129
PPC 5% NaCl 403 =258 =170
Tempeore % NaCl -418 -313 -240
T™MT CPC Control mix -346 -216 523
PPC Contrel mix -280 =211 430

3% NaCl -326 =236 -34

0.8 QPC 5% NacCl -349 =283 -105
T4 MaCl =393 -342 178

3%a MaCl -338 -267 =83

PPC %% NaCl -360 =304 -145
T% NaCl -363 -334 -186

OPC Control mix =259 =139 348

PPC Control mix =311 -234 495

3% MaCl =330 -201 -102

045 orc 5% NaCl -347 -166 -72
7% NaCl -}ol -199 -116
3% NaCl -374 -222 -146
PPC 5% NaCl -407 2356 -293
Thermex 7% NaCl -398 -242 -196
TMT OPC Control mix -260 -191 390
PPC Control mix -322 =217 378

3% NaCl =310 -169 =34

0.5 OFPC 8% NaCl -1RS =324 =96
7% NaCli -349 =210 «127

3% NaCl =336 90 15
PPrC 5% NaCl =158 -183 -102
7% NaCl =350 -197 =118
| 54
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From Fig. 5.5 o Fig. 5.12. it is observed that the range ot passive zone (calculated from
the difference of pass/pint boundary potential and act pass boundary potential) of steel
reinforcement decreased with increase in free C1° ion concentration in the electrolytic
concrete powder solution admixed with varying dosages of NaCl for both types of
cement, steel reinforcement and w/c ratio. Further. it is inferred that the change in range
of active zone {which is calculated from the difference of act/pass boundary potential and
corrosion potential) with CI” ion concentration is not syvstematic with increase in CI jon
concentration with respect to cement tvpe. steel type and wic ratio. This variation in
active zone with CI' ion concentration may be attributed to the dominant effect of its
proximity to the equilibrium condition. [n addition. the pitting potential of steel
reinforcement was more negative in the presence of chloride ions as compared to the
control mix as observed from Table 5.1 and the pitting potential mostly decreased i.e,

became more negative with increase in Cl” ion concentration.

From the potential values presented in Table 5.1. it is observed that the values of E.o,
act/pass boundary potential and pass/pitt boundary potential for Tempcore TMT steel lie
in the ranges of -320 mV 10 -449 mV, - 197 mV 1o -342 mV. and -34 mV 0 -178 mV with
reference to saturated calomel electrode respectively in the electrolytic concrete powdar
solution prepared from chloride contaminated OPC concrete irrespective of admixed
NaCl dosage and w/c ratio. Similarly in PPC, the values E..a. act/pass boundary potential
and pass/pitt boundary potential for Tempcore TMT steel lie in the ranges of -338 mV to -
418 mV, -223 mV 10 -334 mV, and -83 mV to -240 mV respectively irrespective of
admixed NaCl dosage and w/c ratio, For Thermex TMT stecl, the values of Ecor. 8cUpass
boundary potential and pass/pitt boundary potential range from -310 mV o -385 mV, -
166 mV 0 -224 mV, and -34 mV to -127 mV respectively in the electrolytic concrete
powder solution prepared from chloride contaminated OPC concrete irrespective of
admixed NaCl dosage and w/c ratio. Similarly in the ECPS prepared from chloride
contaminated PPC concrete irrespective of admixed NaCl dosage and wic ratio, the
values Feon» 8ct/pass boundary potential and pass/pitt boundary potential for Thermex
TMT steel range from -336 mV to -407 mV, -90 mV to -356 mV, and +15 mV to -293
mV respectively. From the boundary potential values presented in Table 5.1 and also
from Fig. 5.5 to Fig. 5.12, it is found that for both Tempcore TMT and Thermex TMT
rcel, the FaNEE O f passive zone is more in electrolytic concrete powder solution prepareg

from QPC goncrete as compared to that prepared from PPC concrete at all levels of
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admixed NaCl and at both wc ratios of 0.45 and 0.5. The higher passivity range of steei
reinforcement in OPC concrete as compared to that in PPC concrete is atributed to more
chloride binding in QOPC as compared to that in PPC, which resulted in lower CI” ion
concentration in the electrolyvtic concrete powder solution prepared from OPC than that
prepared from PPC (Chapter 4. Table 4.5 and 4.6). The higher chloride binding in OPC as
compaied to that in PPC was also conformed from XRD profiles shown in Fig. 4.1 to Fig.
4.4 (Chapter 4). in which the peak intensity of calcium chloroaluminate (CCA) was more
in OPC as compared to that in PPC art all concentrations of NaCl. Further, it is observed
that both Tempcore TMT steel and Thermex TMT steel showed higher passivity range in
the electrolytic concrete powder solutions prepared from wic ratio of 0.5 as compared to
those made from w/¢ ratic of 0.45 at all concentrations of admixed NaCl and for both
types of cement. The higher range of passivity of steel reinforcement in electrolytic
concrete powder solution prepared from w/c ratio of 0.5 is attributed to lower CI ion

concentration as compared that at w/c ratio of 0.45 (observed from Table 4.5 and 4.6).
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Fig. 5.5 Potential vs, C1" ion concentration of Tempcore TMT steel in ECPS prepared from OPC

and w/c ratio of 0.45 at varying dosages of NaCl admixed by mass of cement
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Fig. 5.6 Potential vs. chloride concentration of Tempeore TMT steel in ECPS prepared from PPC
and w/e ratio of 0.45 at varying dosages of NaCl admixed by mass of cement
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Fig. 5.7 Potential vs. chloride concentration of Tempcore TMT sieel in ECPS prepared from OPC
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rig. 5.8 Poteatial vs. chloride concentration of Tempeore TMT steel in ECPS prepared from PPC
and w/c ratio of 0.5 at varying dosages of NaCl admixed by mass of cement
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Fig. 5.9 Potential vs. chloride concentration of Thermex TMT steel in ECPS prepared from OPC
and w/c ratio of 0.45 at varying dosages of NaCl admixed by mass of cement

158
TH-2120_10610424




ELECTROCHEAMICAL BEHAVIOUR OF 5TEEL REINFORCEMENT IN ELLCTROLYTIC CONCRETE POW
SOLUTION

wcetre Ecarr (NC)
= M= Aot Pass (NC)
—i— Pass Pitt (NC)

s 83

Pitting zone

20 40 &0

Potential (mV ve. SCE)
o

) 100 120 140 160 180 200 220
Passive zone
~200 === == - ]
. Achive zone haliir =y, -
Ma"c--"..,_"“.““ s —- - -
.m b LT, I i s el rarnfy

Cl- ion concentraton (mmol 1)

Fig. 5.10 Potential vs. chloride concentration of Thermex TMT steel in ECPS prepared from PPC
and w/c ratio of 0.45 at varying dosages of NaCl admixed by mass of cement

_ ore-tpene- Ecomr (NC)
SO0 - m— ActPasz (NC)
—dr— P 35/ Pitt (NC)
400
oo 00
& ..
o Pnttmgzone__r'i_*ll
CRE T a0 4b g0 s . ' 0 160 180 200 220
.'e ree—— o, Passivezone
_m - - _._ p—
E -""‘““hr‘"."I‘“"‘"."‘""Hu..u". Active zone YLl
u---l.-u-.“.“_"‘__‘*“"_'_,.-
500

€T ion concentration (mmol/l)

Fig. 5.11 Potential vs. chloride concentration of Thermex TMT steel ECPS prepared from OPC

and w/c ratio of (.5 at varying dosages of NaCl admixed by mass of cement
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Fig. 5.12 Potential vs. chloride concentration of Thermex TMT stee! in ECPS prepared from PPC
and w/c ratio of 0.5 at varying dosages of NaCl admixed by mass of cement

5.2.1.2 Effect of Conjoint Chloride-Sulfate Contamination in Electrolytic Concrete
Powder Solution on Passivity of Steel Reiuforcement

The anodic polarization curves obtained by conducting potentiedynamic polarization test
for Tempcore TMT steel and Thermex TMT steel in electrolvtic concrete powder
solutions contaminated with varying concentrations of sodium chleride (NaCl) plus
sodium sulfate (Na:80;) are shown in Fig. A10 to Fig. A17 and in that contaminated with
sodium chloride (NaCl) plus magnesium sulfate (MgSO.) are shown in Fig. A18 to Fig.
A25 (Appendix) for both types of cement and w/c ratio. From these anodic polarization
curves of Tempcore TMT steel and Thermex TMT steel, the values of ¢orresion potential
(Econ); aCt/pass boundary potential and pass/pitt boundary potential were obtained and are
prgseﬂtﬂd in Table 5.2, Table 5.2 and Table 5.4 respectively for both OPC and PPC at wic
ratios of 0.45 and 0.5. The boundary potential values presented in these tables are the
average value of two replicate steel specimens for a given electrolytic concrete powder
solutien. Further, the variations in boundary potentials with CI' ion concentration were
plotted for various cancentrations of admixed chloride and sulfate ions. The variations in
boundary potentials with free CL' ion concentration for Tempcore TMT steel in the ECPS
contaminated with varving concentrations of NaCl plus Na;SO4 and that contaminated

with NaCl plus MgSQ, are shown in Fig. 5.13 to Fig. 5.24 for both types of cement and
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w/c rvatio. Similarly the, variations in boundary potentials with CI” ion concentration for
Thermex TMT steel are shown in Fig. 5.25 to Fig. 5.36.
Table %.2: Cotrosion potential of steel reinforcement in ECPS prepared from concrete mix
admixed with varying concentrations of NaCl plus Na,S0O, and NaCl plus MgSO, for OPC and
PPC at w/c ratios of .45 and 0.5

Cement OPC PPC
type
wit . ]
Steel type ratio Admixed chloride salt (NaCl)
Admixed sulfate salts
3% 5% 7% 3% 5%, 7%
3% 401 -315 .38 404 -320 .333
0.45 6% 400 -394 420 312 =324 -33%4
12% 2300 -344 -334 0 2399 _345 2203
E— Na;SO.;
3% 2322 344 333 -362 0 440 =361
0.5 6% 328 -426 =381 318 =315 -356
Tempeore 12% 2356 -409 346 -354 2328 =324
T™T 39 2342 417 -383 389 2337 -350
0.45 6% 2360 =300 424 427 397 334
12% 360 378 414 414 370 <375
e M@S 0y
3% 2204 320 -286 415 =366 -398
0.5 6% 2361 384 366 -266  -285 418
12% 2396 <396 436 0 466 436 -376
3% 2356 -368 343 -389 397 <37
0.45 6% 340 346 =339 =367 364 -419
12% 2324 400 320 =358 2361 -450
— N31304
3% 2319 347 347 -339 0 315 408
0.5 6% 452  -361  -393 379 -350 -353
Thermex 12% 326 =342 301 2357 2380 385
™T 3% 349 411 391 377 416 410
0.45 6% 2352 <382 2397 415 373 405
12% 486 =366  -3B1 427  -389  -430
—_— MgSO,
3% 476 452  -358 403 2356 414
0.5 6% 415 =375 411 -367 367 -384
12% 2376 430 423 411 2361 -467
161

TH-2120_10610424




L

CHAPTER 5

Table 5.3: Aciive:Passive houndary poteniial of steel reinforcement in ECPS prepared from
concrete mix admixed with varving cong¢enmrations of NaCl plus Na»$G, and NaCl plus MgSO,
for OPC and PPC at w ¢ ratios of 0.45 and 0.5

l’.‘m‘lmm OPC PPC
wic Lype
Steel type o Admixed chloride salt (NaCl)
Admixaed sulfate sales

3%y s 7% 3% 5% 7%
i, -316 244 269 2780 -245 0 219
0.45 6% 0 =350 =370 306 =210 -237  -187
| on, =208 -314 =231 296 246 242

———  Na.SQ,
30, -202 -306 .258 284 408 -310
0.5 6% -248 -363 -318 -265 280 -302
Tempoore 12%4 -305 =379 <290 -212 -250  -268
TMT 394 S2%3 -358 0 -312 276 <236 216
045 &% -180 2247 303 =333 2243 =175
124, 2267 -241 2206 =366 -222 -316

—  MgSO,
39, -172 2212 172 -380 2890 344
0.5 6% -269 -294 -291 213 236 =380
12% -33R8 =325 =348 -407  -33%8  -340
", -269 287 290 -199 =335 -242
0.45 6%, =271 280 -313 =320 -313 -387
1205 =240 319 2303 =263 338 416

_— MNa-80,
35 =217 278 =202 240 255 346
0.5 6% -380 244 276 304 281 -309
Themmex 12% 2236 264 2222 270 -342 -33S
T™T 3% 311 =397 =253 2354 255 219
0.45 %o -265 -191 -240 2389 222 2373
12% -455 S227 189 273 227 -257

—_—  MySO,
3 446 429 338 374 =291 2395
0.5 o -399 -137 -346 298 -34% 2361
[ 2% =307 -383 -397 2346 =206 =328
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Table 5.4: Passive/Pitting boundary potential of steel reinforcetnent in ECPS prepared from
concrete mix admixed with varying concentrations of NaCl plus Na.SCOy, and NaCl plus MgS0,
for OPC and PPC at w/c ratios of 0.453 and 0.5

Cetment OPC PPC
wic LYpe
Steel type ratio Admixed chloride salt (NaCl)
Admixed sulfate salts

3% 5% 7% 3% 5% 7%
3% -85 78 185 -122 -126 -£21
0.45 6% -194 151  -193 70 .12 .99
12% -14 -62 -100 79 <130 -166

Na;SO.;
3% 149 34 83 54 -89 -152
0.5 6% 27 141 -168 50 -33 83
Tempcore 12% 30  -197  -16% 120 18 42
™T 3%, 97 223 209 -O% 136 -127
0.45 6% 28 <117 =230 -185  -159  -106
12% <137 -165 227 241 -152 -254

_— MgSO,
% 16 -36 9 219 -133 0 -208
0.5 6% 00  -134  -143 76 90 .22
12% A7 81 230 2281 268 <240
39, 30 110 <131 268 91 26
0.45 6% 27 <139 172 -49 92 236
12% 75 -189 218 225 -198 287

-_ Na;SO..
39 118 89 34 278 12 -106
0.5 % 10 91 129 65 46 -138
Thermex 12% 41 -126 -122 21 192 =201
T™T 3% 90 -267 -148 <217 -164  -14D
0.A5 % 119 -88 -148 2261 -143  -304
12% 315 -129 -105  -178  -129¢  -193

———  MgSO.
3% 222 292 213 262 <196 -309
0.5 &% 2222 2203 242 166 -256 288
12% 430 2730 L3000 2242 122 258
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CHAPTER 5

3.2.1.21 Effect of Conjoine NaCl plus Na:50,; Contamination in Electrolvtic Concrete

Powder Solution on Pussiviiy of Stevd Resnforcement

From the corrosion potential values presented in Table 5.2, it is observed that the range of
corrosion potential of Tempeore TMT steel in electrolytic concrete powder solution
contaminated with sodium chloride plus sodium sulfate varied from -301 mV 1o 426 mV
and 293 mV to -440 mV for OPC and PPC respectively. and for Thermex TMT steel the
comrosion potential varied from -319 mV to -452 mV and -315 mV to 450 mV
respectively for OPC and PPC irrespective of NaC'l concentration, Na-S0, concentration
and wic ratio. From Table 5.3 it iy observed that the range of act/pass boundary potential
for Tempcore TMT steel in electrolytic concrete powder solution varied from -202 mV to
2379 mV and -187 mV to -408 mV and for Thermex TMT steel. it varied from -202 mV
to 380 mV and -199 mV to -416 mV for QPC and PPC respectively. irrespective of NaCl
concentration, Na:SO4 concenration and w/c ratio. Similarly, the range of pass/pitt
poundary potential for Tempcore TMT steel varied from +369 mV to -197 mV and +120
mV 10 -189 mV and for Thermex TMT steel. the boundary potential varied from +118
mV 10218 mV and +278 mV 10 -287 mV tor QOPC and PPC respectively, irrespective of
admixed salt concentration and w/c ratio as observed from Table 3.4. The range of
passive zone calculated from the difference of pass/pitt boundary potential and act/pass
poundary potential values presented in Table 5.4 and Table 5.3 respectively indicated that
in the conjoint presence of NaCl plus Na:SO;. Tempcore steel mostly showed higher
passivity range as compared to Thermex TMT steel i OPC. whereas in PPC the opposite
variation was observed i.e. Thermex steel mostly exhibited higher passivity range than
Tempeore TMT steel. at both w/e ratios. While comparing with the uncontaminated
electrolytic concrete powder solution, it is observed that the range of passive zone of steel

rﬁiﬂfamenl is I'Cdllced in thﬂ C()njgint prsseﬁce ﬂf NaCI and- NEISO-L

from Fig. 5.13 to  Fig. 536 i is gbserved that the range of passive zone of both

Tempcore TMT steel and Thepmex TMT steel decreased with an increase in

concentration of CI” ion irespective of admixed Na2S04 concentration in both OPC and

PPC and at both W/C ratios. The decrease in passivity range with increase in C1° ion
concentration is attributed g increase in conductivity of electrolytic concrete powder

solution (Table 4.7 and 4.8 Chapter 4). Further. it is observed that the change in range of

active zone with €1 ion Concentyation is not gystematic in the presence of sulfate ions

with respect to stect t¥pe. cemeny wpe and wie ratio. The unsystematic variation in the
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range of active zone in the conjoint presence of NaC'l and Na-50; with respect to cement
type. steel type and w/c ratio may be attributed to the alteration in the corrosion potential
and the passivity of steel reinforcement in the conjoint presence ot chloride and sulfate
ions. The pitting potential of steel reinforcement was more negative in the conjoint
presence of chloride and sulfate ions as compared to that in the uncontaminated mix for
both types of cement. steel and wic ratio. as observed trom Fig. 5.13 to Fig. 536, In
addition, the variation in pitting potential of steel reinforcement was not systemalic for
both types of cement, steel and w/e ratio. The unsystemaltic variation in the pitting
potential in ECPS contaminated with NaCl and Nap; SO, with respecl to cement type. steel
type and w/c ratio may be attributed to alteration in the extent of passive zone due to the

combined effect of chloride and sulfate ions.

From Fig. 5.13 1o Fig. 5.18 it is inferred that the range of passive zone of Tempcore TMT
steel in electrolytic concrete powder solution contaminated with varying concentrations of
NaCl plus Na;8Q, decreased with an increase in admixed Na;SO, concentration up 10 6%
followed by an increase at 12% NaxSOQ4 concentration irrespective of NaCl dosage for
OPC and PPC at w/c ratio of 0.45. This indicates that at w/c ratio of 0.45, higher
concentration of sulfate ions (12% NaxSQOy) mitigated the chloride attack on the passivity
of reinforcing sicel, thereby increasing the range of passive zone. The passivity range of
Tempcore TMT steel in electrolytic concrete powder solution prepared from OPC at w/c
ratio of 0.5 decreased with an increase in Na;SQ, concentration at all levels of NaCl
contaminations as observed from Fig. 5.19 to Fig. 5.21. This may be attributed to increase
in CI' ion concentration and drop in pH of the solution with increase in NaSQ,
concentration in the presence of NaCl (as observed from Table 4.8. Chapter 4). The
opposite behavior was observed for Tempcore TMT steel in electrolytic concrete powder
solution made from PPC concrete at w/c ratio of 0.5 i.e. the passivity range of steel
increased with an increase in Na>SO, concentration at all levels of NaCl contaminations
as observed from Fig. 5.22 to Fig. 5.24. The increase in range of passive zone in PPC may
be due to the decrease in CI ion concentration and increase in pH of the solution with
increase in Na;SO, concentration in the presence of NaCl (as observed from Table 4.8,
Chapter 4). This indicates that the passivity range of steel, which depends on the
variations in the act/pass boundary potential and pitting potential is a function of Cl’ ion
concentration in the concrete pore solution, which in turn depends on the concentration of

Na:50, and is also influenced by the pH value of the electrolytic concrete powder
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solution. From Fig. 3.25 to Fig. 5.36 it is observed that, in electrolytic concrete powder
solution contaminated with varving concentrations of NaCl plus NazSQ,, the range of
passive zone of Thermex TMT stweel decreased with an increase in admixed Na,SO,
dosage in both OPC and PPC concrete it w/c catios of 0.45 and 0.5. These variations in
the passivity range with Na:SQ, concentration for different types of steel indicate that the
passivity range of sieel in concrete pore solution not only depends on the concentration of
chioride and sulfate ions but also on the surface microstructure of steel ceinforcement in

the eonjoint presence of NaCl and Na,50,.

While cbserving the effect of w/c ratio on passivity of steel reinforcement {for both
Tempeore TMT and Thermex TMT steel) in the conjoint presence of NaCl and Nz, 80, it
is observed that the range of passive zone is higher in electrolytic concrete powder
solution made from w/c ratio of 0.5 as compared to that made from w/c ratio of 0.45 for
both OPC and PPC at all concentrations of sodium chloride plus sodium sulfate as
observed from Fig. 5.13 to Fig. 5.36. This is auributed to lower CI” ion concentration in
electrolytic concrete powwder solution made from w/c ratio of 0.5 as compared to that
made from w/c ratio of 0.45. as observed from Table 4.7 and Table 4.8 (Chapter 4).

While analyzing the effect of cement type on the passivity range of steel reinforcement, it
is observed from Fig. 5.13 o Fig. 5.18 thai. Tempcors TMT steel in the electrolytic
concrete powder solution made from OPC showed higher range of passivity as compared
o that made from PPC at w/c ratio of 0.45 in the conjoint presence of sodium chloride
and sodium sulfate. From the XRD profiles presented in Section 4.3.1.2 {Chapter 4). it is
observed that OPC concrete showed more intense peaks of calcium chloroaluminate
(CCA) as compared to PPC concrete at w/c ratio of 0.43. This is because. in the conjoint
presence of sodium chloride and sodium sulfate, the preferential reaction of chloride ions
with hydrated C3A phase of cement has resulted in formation of higher amount of CCA in
OPC than that in PPC, whereas in PPC the preferential reaction of sulfate ions with
hydrated C3A has resulted in the formation of higher amount of ettringite. which is
corroborated by more intense peaks of ettringite in PPC than that in OPC as observed
from XRD profiles (presented in Section 4.3.1.2, Chapter 4). Due to higher chloride
binding as a result of formation of more amount of calcium chloroaluminate in GPC
{lower CI' ion concentration). the range of passive zone is higher in OPC than that in PPC

in the conjoint presence of NaCl and Na;SOy at w/c ratio of 0.45,
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From Fig. 5.19 to Fig. 5.24 it is observed that at w-¢ ratio of (1.5, the range of passive
zone of Tempcore TMT steel is higher in OPC as compared to that in PPC at 3% Na; S0y
concentration, whereas PPC showed higher passivity range as compared to OPC at 6%
and 12% Na»S0, concentrations for all dosages of admixed NaCtl From the results of CI'
ion concentration (Table 4.8, Chapter 4). it is observed that for 3% NasSO, dosage, the CI
ion concentration was significantly higher in PPC as compared to that in OPC at 3%
NaCl, whereas there was a minor difference in Cl™ ion concentration between QPC and
PPC at 5% and 7% NaCl concentrations. However at 6% and 12% Na:S0,
concentrations, CI’ ion concentration was mostly higher in electrolytic concrete powder
solution made from OPC than that in PPC at all dosages of admixed NaCl. This indicates
that higher range of passivity in OPC at lower Na;SO, concentration (i.e. 3%) and that in
PPC at higher Na;80, concentrations (i.e. 6% and 12%) may be attributed to higher
chloride binding resulting in lower CI' ion concentration at corresponding Na;SO,
concentrations in the presence of NaCl. From Fig. 5.25 to Fig. 5.36. it is observed that
Thermex TMT steel in electrolytic concrete powder solution made from PPC concrete
showed higher range of passivity as compared to that made from OPC concrete at both
w/c ratios of 0.45 and 0.5 in the conjoint presence of sodium chloride and sodium sulfate.
This indicates that the performance of Thermex TMT steel in PPC is better than that in
OPC in maintaining the passivity of steel reinforcement. The variation in the passivity
range with steel type in the conjoint presence of sodium chloride and sodium sulfate is

not only affected by cement type and wic ratio but also by the surface microstructure of
steel reinforcement.

3.2.1.2.2 Effect of Conjoint NaCl plus MgS0Q,; Comtamination in Electrolytic Concrete

Powder Sofution on Passivity of Steel Reinforcement

From the corrosion potential values presented in Table 5.2, it is observed that the range of
corrosion potential values of Tempcore TMT steel in electrolytic concrete powder
solution admixed with sodium chloride plus magnesium sulfate varied from -204 mV 1o -
436 mV and -266 mV to -466 mV for OPC and PPC respectively and for Thermex TMT
steel, varied from -349 mV to -486 mV and 356 mV to -467 mV respectively for OPC
and PPC irvespective of NaCl and Mg80, concentrations and w/c ratio. The range of
act/pass boundary potential values of Tempcore TMT steel in electrolytic concrete
powder solution varied from -172 mV to -358 mV and -175 mV to -407 mV and for
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Themmex TMT steel. varied trom -189 mV to -4535 mV and -206 mV tw -395 mV
respectively for OPC and PPC irrespective of NaCl and MgSO, concentrations and wrc
ratio as observed from Table 3.3, Similarly. trom Table 5.4 it is observed that the range of
pass/pitt boundary potential values of Tempeore TMT steel varied from +16 mV to -230
mV and -76 mV to -281 mV and tor Thermex TMT steel, varied from -88 mV to -315
mV and 143 mV to -309 mV tor OPC and PPC respectively irrespective of NaCl and
MgSO4 concentrations and wic ratio. The range of passive zone calculated from the
boundary potential values presented in Table 5.3 and Table 5.4 indicated that in the
conjoint presence of NaCl plus MgS0,. Tempeore steel mostly showed higher range of
passivity as compared to Thermex TMT steel for both types of cement and w/c ratio.

From Fig. 5.13 to Fig. 5.36. it1s observed that the range of passive zone decreased with
an increase in admixed NaC'l concentration irrespective of admixed MgSQ; concentration
for both types of cement, steel and wr/c ratio. The decrease in the passivity range due to
increase in admixed NaCl concenteation is attributed 1o increase in CI' ion concentration
and drop in pH (as mentioned in Table 4.9 and Table 4.10, Chapter 4) of electrolytic
concrete powder solution. Further. there is no systematic variation in the range of active
zone with admixed NaCl and MgSQO, concentrations for both types of cement, steel
reinforcement and w/c ratio. In addition. the conjoint presence of chloride and sulfate ions
resulted in a decrease in the pitting potential as compared to the uncontaminated concrete
mix irrespective of cement type. steel type and w/c ratio, as observed from Fig. 5.13 te
Fig. 5.36. However, the variation in pitting potential of steel reinforcement was nmot
gystematic for both types of cement. steel and wic ratio in the conjoint presence of NaCl
and MaSOu.

Further from Fig. 5.13 to Fig. 5.36, it is inferred that the range of passive zone decreased
with increase in admixed MgS50, concentration at all levels of admixed NaCl for both
types of cement, steel reinforcement and w/c ratio. This may be due to increase in Cl ion
concentration and reduction in pH of the electrolytic concrete powder solution with
rcrease in MgSOy dosage (Table 4.9 and 4,10, Chapter 4). The increase in CT" ion

concentration with increase in admixed magnesium sulfate concentration may be due to

lower chloride binding as a result ot the preterential reaction of sulfate ions as compared

to chloride ions, with hydrated C:A in concrete. The increase in Cl” ion concentration

lsads to increase in conductivity of elecuolytic concrete powder solution. The reduction

in pH of electrolytic concrete powder solution with increase in MgSO:. concentration may
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be attributed to the formation low soluble magnesium hydroxide (Mg{OH):) that is
formed as a result of reaction of magnesium sultate with calcium hydroxide. This
indicates that the presence of sulfate ion associated with magnesium cation enhanced the
chloride attack on the passivity of reinforcing steel, thereby decreasing the range of
passive zone with increase in magnesium sulfate concentration. On comparison with
uncontaminated electrolytic concrete powder solution. i1t 1s observed that the passivity
range of stee] reinforcement decreased in the conjoint presence of NaCl and MgSQ,.

While examining the effect of w/c ratio on the passivity range of steel reinforcement, it is
observed that the range of passive zone is higher in electrolytic concrete powder solution
made at w/c ratio of 0.5 as compared 1o that made at w/c ratio of 0.45 for both types of
cement and steel reinforcement at all concentrations of sodium chloride plus magnesium
sulfate. The lower Cl” ion concentration at w/c ratio of 0.5 as compared 1o that at w/c ratio
of 0.45 as observed from Table 4.9 and Table 4,10 (Chapter 4) has resulted in higher
passtvity range at w/c ratio of 0.5.

While analyzing the effect of cement type on the passivity of steel reinforcement, it is
observed that (Fig. 5.13 to Fig. 5.36) for both Tempcore TMT and Thermex TMT steel,
the range of passive zone is higher in electrolytic concrete powder solution prepared from
OPC as compared to that prepared from PPC at all concentrations of sodium chloride plus
magnesium sulfate and at both w/c ratios, which indicates that OPC maintains the
passivity of teinforeing steel to a greater extent than PPC in the conjoint presence of NaCl
and MgSO,. This is attributed to lower Cl° ion concentration observed in OPC as
compared to that in PPC at all concentrations of admixed NaCl plus MgSO, (Table 4.9
and 4.10, Chapter 4). Further, decrease in passivity range of sieel in PPC in the conjoint
presence of NaCl and MgS80O, can also be attributed to its susceptibility to Mg-oriented
attack. Magnesium sulfate reacts with calcium hydroxide liberated in hydration reaction
of calcium silicates (C»S and C:8) and forms calcium sulfate (gypsum) and magnesium
hydroxide (brucite) [42]. In PPC due to l&ss reserve of calcium hydroxide, which acts as
the first defensive material to react with magnesium sulfate, the magnesium sulfate attack
is therefore directed extensively towards C-S-H gel, ultimately forming more amounts of
2ypsum and non-cementitious magnesium silicate hydrate (M-S-H) [43]. Thus, the
passivity of steel in electrolytic concrete powder solution prepared from PPC in the
presence of NaCl plus Mg80, is decrcased due to increase in the conductivity of

electrolytic concrete powder solution as a resull of more CI' ion concentration and
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formation of more amount of non-cementitious M-S-H. The formation of more amount of
gypsum due to Mg-oriented attack on C-S-H because of less reserve of calcium hydroxide
and formation of more amount ol etiringite due to the reaction of gypsum with hydrated
aluminate phases in conerete 10 a greater extent in PPC as compared to that in OPC is also
corroborated from XRD profiles (presented in Section 4.3.1.3, Chapter 4), which showed

more intense peaks of gypsum and ettringite in PPC as compared to that in OPC in the

conjoint presence of NaC'l and MgSQOy.
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Fig. 5.20 Potential vs. CI” ion concentration of Tempcore TMT steel in ECPS prepared from OPC
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3.2.1.2.3 Comparison between Cliloride Contimination and Conjoint Chloride-Sulfate
Contamination in ECPS on Pussivine of Srectf Reinforcement

For Tempeore TMT steel. the range of passive zone in the electrolytic concrete powder
solution (ECPS) contaminated with only sodium chloride is less as compared to that in
the ECPS contaminated with sodium chloride plus sodium sulfate in both OPC and PPC
and at both w/c ratios, The similar behaviour was also observed for Thermex TMT steel.
This indicates that the presence of sodium sulfate in chloride environment has mitigated
the effect of chloride ions on reducing the passivity of reinforcing steel. Further, for
Tempeore TMT steel the range of passive zone is more in the ECPS contaminated with
only sodium chloride as compared to that in the conjoint presence of sodium chloride and
magnesium sulfate. This indicates that the presence of magnesium sulface in chloride
environment has stimulated the effect of chloride ions on reducing the passivity of steel
reinforcement. It may be also noted that lower Cl° ion concentration was found in the
concrete mixes contaminated with NaC! plus Na:SO; whercas higher CI' ion
concentration was found in the concrete mixes contaminated with NaCl plus MgSO, as
compared 1o that contaminated with only NaCl. For Thermex TMT steel, the range of
passive zone is less in the electrolytic concrete powder solution contaminated with only
sodium chloride as compared to that in the conjoint presence of sodium chloride and
magnesium sulfate. This indicates that Thermex TMT steel performed better in the
conjoint presence of NaCl and MgSQ. in maintaining the passivity as compared to that in
the presence of only NaCl. Although higher CI" ion concentration was found in the
concrete mixes contaminated with NaCl plus MgSO, as compared o that in the concrete
mixes contaminated with only NaCl, the better performance of Thermex TMT steel in the
conjoint presence of NaCl plus MgSQ, may be attributed to its surface microstructure. On
comparing the effect of cation type (Na* and Mg*”) associated with sulfate ions, it is

abserved that the range of passive zone of both Tempcore TMT and Thermex TMT steel

is more in NaCl plus Na.SO, eavironment as compared to that in NaCl plus MgSQ,

environment for both types of cement and w/c ratio. This implies that Mg-oriented sulfate

attack is more aggressive in the presence of chlocide ions in reducing the passivity of steel

reinforcement as comnpared to Na-oriented sulfate attack.
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5.2.2 Corrosion Parameters of Steel Reinforcement in Electrolyvtic Concrete Powder

Solution from LPR Measurement

The linear polanization resistance ([.PR} measurement was carried out on steel
reinfor¢ement in electrolytic concrete powder solutions and the details about the
experimental work are already presented in Chapter 3. During LPR measurement, the
corrosion potential of steel reinforcement was measured with reference to saturated
calomel electrode (SCE) and the comosion current density was determined using Stemn-
Geary equation. Two replicate steel specimens were tested for a given electrolytic
concrete powder solution to observe the reproducibility and the average value of two

replicate steel specimens was reported as the representative value.

5.2.2.1 Corrosion Potential

The corrosion potential provides qualitative information about the occurrence of stesl
reinforcement comosion. As per ASTM C 876 [133). the threshold potential for
occurrence of steel reinforcement corrosion is =270 mV (SCE) / =350 mV (CSE). The
cotrosion potential values more negative than -270 mV (SCE) indicate greater than 90%
probability of occurrence of steel reinforcement corrosion in concrete. The corrosion
potential of Tempcore TMT steel in uncontaminated electrolytic concrete powder solution
prepared from control mix are <150 mV and -251 mV for QPC and PPC respectively at
w/c ratio of 0.45 and -173 mV and -180 mV respectively at w/c ratio of 0.5. Similarly for
Thermex TMT steel, the corrosion potentials in electrolytic concrete powder solution
prepared from control mix are -186 mV and -195 mV respectively for OPC and PPC at
wic ratio of 0.45 and those at w/c ratio of 0.5 are -206 mV and -225 mV respectively.
Thus the corrosion potential values of Tempcore TMT and Thermex TMT steel in
uncontaminated electrolytic concrete powder solution made from control mix are less
negative than -270 mV (SCE) for both types of cement and at both w/c ratios, which

indicates lower probability of occurrence of steel reinforcement corrosion in
uncontaminated concrete.

TH-2120_10610424




CHAPYER 5

5.22.1.1 Effect o} Sudiumy Chloride Contamination on Corrosion Potential of Steel
Reinforcement in Efcctrolvtic Concrete Powdor Solution

The corrosion potential values of Tempeore TMT sieel in electrolytic concrete powder
solution (ECPS) prepared Irom OPC and PPC and admixed with 3%, 5% and 7% NaCl
are shown in Fig. 5.37 and Fig. 5.38 respectively for w/c ratios of 0.45 and 0.5 and for
Thermex TMT steel, the corrosion potential values are shown in Fig. 5.39 and Fig. 5.40
for w/c ratios of 0.45 and 0.5 respectively. In these figure, the corrosion potentials of steel
in uncontaminated (0% adimixed NaCl) electrolytic concrete powder solutions are also
shown.

From the corvosion potential values shown in Fig. 5.37 to Fig. 5.40, it is ohserved that, the
steel reinforcement in chloride contaminated electrolytic concrete powder solution
exhibited more negative potentials as compared to that in uncontaminated electrolytic
concrete powder solution. This indicates that the presence of CI ions in the ECPS
increased the probability of occurrence of corrosion of steel reinforcement. Further from
Fig. 5.37 to Fig. 5.40 it is observed that. in the electrolytic concrete powder solutions
admixed with varying concentrations of NaCl, the corrosion potentials were more
negative than -270 mV (SCE) for both types of steel. cement and wfc ratio. thus
indicating greater probability of occurrence of corrosion in the presence of chloride ions.
Further, the corrosion potential values became more negative with increase in admixed
NaCl concentration, which is atwibuted to increase in CI ion concentration in the

electrolytic concrete powder solution with increase in NaCl dosage.

While observing the effect of cement and steel type. it is found that OPC and Tempcore
TMT steel showed less negative potential values as compared to PPC and Thermex TMT
steel respectively at both w/c ratios in the presence of chloride ions. While observing the
effect of w/c ratio, it is found that the cotrosion potential values are marginally more
pegative at w/c ratio of 0.45 as compared to that at w/c ratio of 0.5 in most of the cases

for both types of cement and steel reinforcement.
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0.45
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Fig. 5.40 Corrosion potential of Thermex TMT steel in uncontaminated and contaminated (with
varying concentrations of NaC'l by mass of cement) ECPS prepared from OPC and PPC at w/c of
0.5

5.2.2.1.2 Effect of Conjoint Sodium Chloride and Soditan Snlfate Contamination o

Corrosion Potential of Stecl Reinfarcoment in Electrolytic Concrete Powder Solution

The corrosion potential values ol Tempeore TMT steel in electrolytic concrete powder
solution (ECPS) prepared from OPC and PPC and admixed with varying concentrations
of sodium chloride plus sodium sulfate are shown in Fig. 5.41 and Fig. 5.42 at w/c ratios
of 0.45 and 0.5 respectively. Similarly. the corrosion potential values of Thermex TMT
steel in electrolytic concrete powder solution admixed with varying concentrations of
sodium chloride plus sodium sulfate at w/c ratios of 0.45 and 0.5 are shown in Fig. 543
and Fig. 5.44 respectively.

from the obtained corrosion potential values, it is observed that the steel reinforcement in
codium chloride plus sodium sulfate contaminated ECPS exhibited more negative
potentials as compared to that in uncontaminated ECPS. This indicates that there is higher
probability of occurrence of steel reinforcement corrosion in concrete in the presence of
NaCl and Na;SQ; as compared to that in control concrete. Fucther, the corrosion potential

values were more negative than -270 mV (SCE) for both types of cement. steel and wic

ratio at all concentrations of NaCl plus Na:SO, as observed from Fig. 5.41 to Fig. 5.44,

thus showing active state of corrosion of steel reinforcement in concrete.

From Fig. 5.41 to Fig. 5.44 it is observed that the corrosion potential of both Tempcore

TMT and Thermex TMT steel became more negative with an increase in admixed NaCl

dosage for both OPC and PPC and at w/c ratios of 0.45 and 0.5 in the conjoint presence of

NaCl plus Na; SOy, This is attributed o increase in Cl7 ion concentration with increase in
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NaCl dosage (as mentioned in Table 4.7 and Table 4.8, Chapter 4) in the presence of

NaSQ;, which leads to increase in the probability of occurrence of corrasion.

While examining the variations in corrosion potential of steel reinforcement with Na:;SO,
concentration, it is observed from Fig. 5.41 that. the corrosion potential of Tempcore
TMT steel became more negative with increase in Nu 50, concentration up to 6%
followed by less negative potential at 12% Na:SO, concentration for both types of cement
at w/c ratio of 0.45, This indicates that there is relatively lower probability of occurrence
of corrasion of steel at higher dosage of Na,SOy (12%) at w/c ratio of 0.45 in the conjoint
presence of sodium chloride and sodium suffate. At w/c ratio of 0.5. the corrosion
potential of Tempcore TMT steel became more negative with increase in Na,SQ,
concentration in electrelytic concrete powder solution prepared from OPC whereas the
opposite behavior was observed in electrolytic concrete powder solution prepared from
PPC i.e. the corrosion potential of Tempcore TMT steel became less negative with

increase in NapSO; conceniration in the conjoint presence of NaCl and NaySO; as

observed from Fig. 5.42.

From Fig. 5.43 and Fig. 5.44, it is inferred that the corrosion potential of Thermex TMT
steel became more negative with an increase in Na»S5O, concentration for both OPC and
PPC and at both w/c ratios in the conjoint presence of NaCl plus Na:SQO,. Further it ig
observed that the corrosion potential values of Thermex TMT steel are mostly more
negative than thase of Tempcore TMT steel in the presence of NaCl plus Na:SQy except
in PPC at w/c ratio of 0.45, wherein Thermex steel showed less negative potential values
as compared to Tempcore TMT steel. This indicates that type of steel also plays a
significant role in the initiation of corrosion of steel reinforcement in concrete.

While analyzing the effect of cement type on corrosion potential of steel reinforcement in
the conjoint presence of NaCl and Na; SOy, it is observed (from Fig. 541 and Fig. 5.42)
that at w/c ratio of 0.45 the corrosion potential of Tempcore TMT steel in electrolytic
concrete powder solution prepared from PPC is more negative than that prepaced from
OPC, whereas at w/c ratio of 0.5, the corrosion potential of Tempcore TMT steel in PPC
is less negative than that in OPC. This indicates that for Tempcore TMT steel, OPC
performed better at wic ratio of 0.45 whereas PPC performed better at w/c ratio of 0.5 in
terms of probability of occumence of steel reinforcement corrosion in the conjoint
presence of NaCl and N2;SO,. From Fig. 5.43 and Fig. 5.44 it is observed that at both w/c

ratios, the corrosion potential values of Thermex TMT steel in electrolytic concrete
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powder solution prepared trom OPC are more negative as compared to PPC. This
indicates that PPC performed better as compared o OPC in terms of corrosion initiation
of Thermex TMT steel. Further. it is observed that the corrosion potential values of steel
reinforcement were mostly more negative at w/e ratio of 0.45 as compared to that at w/c

ratio of 0.5 in the conjoint presence of NaCl and Na,$SQ,.
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Fig. 541 Corrasion potentials of Tempecore TMT steel in ECPS prepared from OPC and PPC at
w/c ratio of 0,45 and admixed with varying concentrations of NaCl plus Na;$Q, by mass of
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Fig- 342 Corrosion potentials of Tempcore TMT steel in ECPS prepared from OPC and PPC at
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w/c ratio of 0.45 and admixed with varying concentrations of NaCl plus Na.SO, by mass of

cement
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Fig. 5.44 Corrosion potentials of Thermex TMT steel in ECPS prepared from OPC and PPC at

wic ratio of 0.5 and admixed with varying concentrations of NaCl plus Na;SO, by mass of cemenr

522.1.3 Effect of Conjoint Sodivm Chloride and Magnesium Sulfate Contamination on

Corrosion Potential of Steel Reinfarcement in E lectrolvtic Cancrete Powder Solution

The corrosion potential values of Tempcore TMT steel in electrolytic concrete powder

solution (ECPS) prepared from OPC and PPC and contaminated with wvarying

concentrations of sodium chloride plus magnesium sulfate are shown in Fig. 5.45 and Fig,
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5.46 at w/c ratios of' 0.43 and 0.5 respectively. Similarly the corrosion potential values of
Thermex TMT steel are shown in Fig. 5.47 and Fig. 5.48 at w/c raties of 0.45 and 0.5
respectively.

From Fig. 5.45 to Fig. 5.48. it is observed that. the steel reinforcement in sodium chloride
plus magnesium sulfate contaminated ECPS exhibited more negative potential values as
compared to that in uncontaminated ECPS. which indicates higher probability of
occurrence of steel reinforcement corrasion in the conjoint presence of NaCl and MgSO,.
Further, it is inferred that the corrosion potential values were more negative than 270 mV
(SCE) for both types of cement. steel and w/e ratio in the conjoint presence of sodium
chloride and magnesium sulfate as evident from Fig. 5.45 to Fig. 5.48, which indicates

that the steel reinforcement is in active state of corrosion in both OPC and PPC.

The corrosion potentials of both Tempeore TMT and Thermex TMT steel became more
pegative with an increase in NaCl dosage in both OPC and PPC at both w/c ratios in the
conjoint presence of NaCl and MySOy (as observed from Fig. 5.45 to Fig. 5.48), which is
adributed to increase in Cl ion concentration with increase in NaCl dosage in the
electrolytic concrete powder solution (as mentioned in Table 4.9 and Table 4,10, Chapter
4). In addition, from Fig. 5.45 to Fig. 5.48 it is observed that, the corrosion potential of
poth types of steel reinforcement became more negative with increase in MgSO.
concenttation in OPC and PPC at both w/c ratios. This indicates that the probability of
occurrence  of steel reinforcement cowrosion increases with increase in MgS0O4

concentration in the conjoint presence of NaCl and MgSO,,

While observing the effect of cement type it is found that bath types of steel (Tempcore
TMT and Thermex TMT) in PPC exhibited more negative corrosion potential values as
compared to that in OPC at both w/c ratios and at all levels of NaCl plus MgS0.
concentration. Similarly. the corrosion potential values of Thermex TMT steel were more
negative as compated to that of Tempcore TMT steel at all levels of NaCl plus MgSO,
concentrations. Thus, OPC and Tempcore TMT steel performed better as compared to
PBC and Thermex TMT steel respectively in terms of probability of occurrence of steel
reinforcement corrosion in the conjoint presence of NaCl and MgSQOu. Further, in the
conjoint presence of NaCl and MgSO,. the corrosion potential values of sreel
reinforcement were more negative at w/c ratio of 0.45 as compared to that at wrc ratio of

0.5 inespective of cement type and steel type, as observed from Fig. 5.45to F ig. 5.48.
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Fig. 5.46 Corrosion potentials of Tempcore TMT steel in ECPS prepared from OPC and PPC at
w/c ratic 0F 0.5 and admixed with varving concentrations of NaCl plus MgSO, by mass of cement
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Fig. 548 Corrosion potentials of Thermex TMT steel in ECPS prepared from OPC and PPC at
wic ratio OF 0.5 and admixed with varying concentrations of NaCl plus MgS0, by mass of cement

5.2.2.2 Corrosion Curvent Density

As stated earlier, linear polarization resistance (LPR) technique was used to determine the
corrosion current density of steel reinforcement in electrolytic concrete powder solution.

The comosion current density values of Tempcore TMT steel reinforcement in electrolytic
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concrete powder solution made from uncontaminated concrete are 0.05 pA/em® and 0.07
pAfem® respectively for OPC and PPC at wic ratio of 0.45 and 0.03 pA/cm’ and 0.06
nAfem? respectively for OPC and PPC at w/c ratic of 0.3, Similarly for Thermex TMT
stee], the corrosion current density values in uncontaminated electrolytic concrete powder
solutions at w/¢ ratio of 0.45 are 0.2 pAsem’ and 0.12 pAsem® respectively and at wrk
ratio of 0.5 are 0.15 pAsem’ and 0.11 pAsem? respectively for OPC and PPC. From these
results, it is observed that the corrosion current density in PPC was higher than that in
OPC for Tempcore TMT steel. whereas for Thermex TMT sieel the corrosion current
density in PPC was lower as compared to that in OPC in uncontaminated concrete.
Further, Tempcore TMT steel exhibited lower values of corrosion current density as
compared to Thermex TMT steel for both types of cement and w/c ratio. [n addition. the
comrosion current density of steel reinforcement was higher at w/c ratio of 0.45 ag
compared to that at w/c ratio of 0.5 in uncontaminated electrolytic concrete powder

solutions prepared from both types of cement and for both tvpes of steel reinforcement.

5.2.2.2.1 Effect of Sodium Chloride Conraminarion on Corroxion Current Density of Steel

Reinforcement in Electrolytic Concrete Powder Solution

The variations in the corrosion current density of Tempcore steel in electrolytic concrete
powder solations prepared from OPC and PPC and contaminated with 3%. 5% and 7%
NaCl are shown in Fig. 5.49 and Fig. 5.50 for w/c ratios of 0.45 and (.5 respectively.
Similarly, the variations in corrosion current density of Thermex TMT steel are shown in
Fig. 5.51 and Fig. 5.52 for w/c ratios of 0.45 and 0.5 respectively. From these results, it is
found that the corrosion current density of steel in chloride contaminated electrolytic
concrete powder solutions is higher than that in uncontaminated electrolytic concrete
powder solution, thus indicating increase in corrosion activity of steel reinforcement in

chloride contaminated concrete.

From Fig. 5.49 to Fig. 5.52, it is observed that the corrosion current density of both

Tempcore TMT and Thermex TMT steel increased with an increase in NaCl dosage in all
concrete Mixes. This is attributed to increase in Cl° ion concentration in the electrolytic
concrete powder solution with increase in NaCl dosage. The corrosion current density of
Tempcore TMT steel varied from 6.9 pA/cm? (012.7 pA/em” and that of Thermex, TMT
varied from 14.0 u.n*\:’w:m2 to 20.0 uA/cm’ for different concentrations of NaCl irrespective

of cement type and w/c ratio. From these values, it is observed Tempcore TMT sieel
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CHAPTER 5

exhibited lower corrosion current density as compared to Thermex TMT steel in
electrolytic concrete powder solution at all levels of NaCl contaminations. Thus
Tempcore TMT steel is likely 1o show a longer corrosion propagation period.

While analyzing the effect of cement type. it is observed that the corrosion current density
of steel in OPC was in the range of 6.9 nA cm” to 18.2 LLA-’cm:and that in PPC was in the
range of 9.6 pA/em” to 18.8 A cm” irrespective of steel type and w/c ratio. The higher
corrosion current density in PPC as compared to that in OPC for both types of steel and
wic ratio at all levels of NaCl contaminations may be attributed to higher conductivity in
PPC concrete as compared to that in OPC concrete as result of higher CI' ion
concentration in PPC than that in OPC (as observed from Table 4.5 and 4.6. Chapter 4).
Thus. steel reinforccment in OPC is likely to exhibit longer propagation period as
compared to that in PPC at both w/c ratios. Further from Fig. 549 to Fig. 5.52, it 18
observed that the corrosion current density is higher at w/e ratio of 0.45 as compared to
that at w/c ratio of 0.5 for both tvpes of cement and steel in electrolvtic concrete powder
solution admixed with NaCl. Thus from the results. it is inferred that the combination of
Tempeore TMT steel and OPC at w/c ratio of 0.5 is likely perform better in terms of

exhibiting longer corrosion propagation period in chloride contaminated concrete.’
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at w/e of 0.5 and admixed with varying concentrations of NaCl by mass of cement

5.2.2.2.2 Effect of Conjoint Sodivm Chloride and Sodinm Sulfate on Cerresion Currenl
Density of Steel Reinforcement in Elcetrolvtic Concrete Powder Solution

The variations in the corrosion current density of steel reinforcement in electrolytic
conerete powder solutions prepared from OPC and PPC and contaminated with varying
concentrations of sodium chloride plus sodium sulfate are shown in Fig. 5.53 and Fig.
5.54 at w/c ratios of 0.45 and 0.5 respectively for Tempeore TMT steel and in Fig. 5.35
and Fig. 5.56 for Thermex TMT steel. On comparison with uncontaminated electrolytic
concrete powder solution. it is observed that the corrosion current density of steel
reinforcement in sodium chloride plus sodium sulfate contaminated electrolytic concrete
powder solution is higher than that in uncontaminated electrolytic concrete powder
colution. This indicates increase in corrosion activity of steel reinforcement in the
conjoint presence of chloride and sultate ions in concrete.

From the results shown in Fig. 5.53 to Fig. 5.56. it is observed that the corrosion current
density of both Tempeore TMT and Thermex TMT steel increased with an increase in
NaCl concentration in the conjoint presence of NaCl and Na,SO, for both types of cement
and w/e ratio. This may be due to increase in conductivity of concrete as a result of
iqerease in C1™ ion concentration with increase in NaCl dosage (as observed from Table

4,7 and Table 4 8. Chapter 4).
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While observing the effect of sodium sulfate concenwranon on corrosion current density of
Tempcore TMT steel in ECPS contaminated with varying concentrations of NaCl and
Na,S0y it is observed that, the corrosion current density increased with increase in
dosage of Na:SO, up to 6% followed by a decreasce at 12% Na.SO, for both OPC and
PPC at w/c ratio of 0.45, as evident from Fig. 5.53. This indicates that in the conjoint
presence of NaCl and Na,SQ,;, higher concentration of Na:SO, (12%) mitigated the
corrosion activity of steel reinforcement in both OPC and PPC at w/c ratio of 0.435. From
Fig. 5.54 it is observed that at w/c ratio of 0.5. the corrosion current density of Tempcore
TMT steel in ECPS contaminated with varying concentrations of NaCl and Na,SQ,
increased with increase in Na:SQ, concentration in OPC whereas the opposite behavior
was observed in PPC i.e. the corrosion current density decreased with increase in NaySQ,
concentration. This indicates that at w/c ratio of 0.5, the presence of sulfate ions in OPC
conerete has increased the conductivity as result of increase in Cl° ion concentration with
increase in dosage of Na:SO4 (as observed from Table 4.8. Chapter 4). However, in PPC
concrete the presence of sulfate ions has mitigated the attack of chloride ions on steel
reinforcement at w/c ratio of 0.5. This is attributed to decrease in conductivity of PPC

concrete as a result of decrease in CI ion concentration with increase in dosage of

Na,SQ, (Table 4.8, Chapter 4).

From Fig. 5.55 and Fig. 5.56, it is observed that in the conjoint presence of NaCl and
Na;80,, the corrosion current density of Thermex TMT steel increased with an increase
in Na,5O, concentration for both types of cement and w/c ratio. The increase in cormosion
density of Thermex TMT steel with Na;SOy concentration indicates that the

current

presence of sulfate ions (associated with sodium cation) has stimulated the effect of

chloride ion on corrosion of steel reinforcement in the conjoint presence of NMaCl and
Na»SOy. This indicates that the behavior of steel type i.e. Tempeore TMT and Thermex

TMT is different in different types of cement and at different w/c ratios.

While analyzing the effect of steel type, it is observed that Tempcore TMT steel exhibited
lower corrosion current density in all cases except in PPC at w/c ratio of 0.45, where
Thermex TMT steel showed lawer corrosion current density, as observed from Fig. 5.53
to Fig. 5.56. This variation in corrosion current density with steel type can be attributed
to the effect of surface microstructure of steel and also to the variations in the
concentrations of chlotide and sulfate ions in ECPS prepared from ditferent types of

cement and w/c ratio.
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From Fig. 5.53. it is lound that the corrasion current density of Tempcore TMT steel in
electrolytic eoncrete powder solution prepared trom OPC is in the range of 5.8 pAsem?’ to
10.1 pAsem® and in that prepared Irom PPC is in the range of 6.7 pA/em® 10 10.5 pAscm?
at w/c ratio of 0.45 irrespective of NaCl and Na:SO, concentrations. From these values, it
is observed that OPC showed lower values of corrosion current density as compared to
PPC at all levels of NaCl plus Na.SQ, concentration. This indicates that, in the conjoint
presence of NaCl and Na»SO,. OPC is likely to show a longer propagation period as
compared to PPC at w/c¢ ratio of 0.45. From Fig. 5.54, it is observed that the corTosion
cusrent density of Tempeore TMT steel in electrolytic concrete powder solution prepared
from OPC varied from 5.6 pA/cm® to 9.6 pAscm” and in that prepared from PPC varied
from 2.0 pA/em’ 10 7.7 pAfem® at w/c ratio of 0.5 irrespective of NaCl and Na;SO4
concentrations. From these values it is observed that OPC showed higher corrosion
current density as compared to PPC at all levels NaCl plus Na:SOy concentrations. Thus,
for Tempcore TMT steel, PPC is likely to show longer corrosion propagation period as
compared to OPC in the conjoint presence of NaCl and Na>SO, at w/c ratio of 0.5.

From Fig. 5.55 and Fig. 5.56. it is observed that the corrosion current density of Thermex
TMT steel in electrolytic concrete powder solutions prepared from OPC and PPC are in
(he ranges of 8.7 pA/em® to 13.0 pAsem® and 4.7 pAsem” 1o 9.5 uA/em’ respectively at
wic ratio of 0.45 and those at w/c ratio of 0.5 are in the ranges of 6.7 pA/em’ to 12.3
p,d.!cmz and 3.4 paﬁu'r:m2 to 8.8 pAHcmz respectively for OPC and PPC imrespective of
NaCi and Na;SO4 concentrations. From these results it is found that for Thermex TMT
steel, PPC performed betier as compared to OPC in terms of reduced corrosion current
density at both w/c ratios in the conjaint presence of NaCl and Na>SO,.

While evaluating the effect of w/c ratio on corrosion current density, it is inferred that the
steel reinforcement showed lower corrosion current density ai w/c ratio of 0.5 as
compared to that at w/c ratio 0.45 in the conjoint presence of NaCl and NapS0Q, for both
types of cement and steel, as observed from Fig. 5.53 to Fig. 5.56. The lower corrosion
current density of steel reinforcement at wic ratio of 0.5 is attributed to the presence of
lower Cl” ion concentration in ECPS prepared at w/c ratio of 0.5.

Further it is observed that (from Figs. 5.49. 5.50 and Figs. 5.33, 5.54), the corrosion
cunent density of Tempcore TMT steel is lower in the electrolytic concrete powder
solution contaminated with sodium chlovide plus sodium sulfate as compared to that in

the electrolytic concrete powder solution contaminated with only sodium chloride in both
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OPC and PPC and at both w/c ratios. This indicates that the presence of sulfate ions
(associated with sodium eation) in conjunction with chloride 1ons mitigated the effect of
chloride ions on corrosion rate of steel reinforcement. The reduction in corrosion current
density of steel reinforcement in the conjoint presence of sodium chloride plus sodium
sulfate may be attributed to lower CI' ion concentration as compared that i the
electrolytic concrete powder solution admixed with only NaCl (observed from Table 4.5,
4.6 and Table 4.7, 4.8). Further from these tables. it is observed that the conductivity was
higher in the conjoint presence of NaCl plus Na-SO, as compared to that in the presence
of only NaCl, however, the pH value was lower in the presence of only NaCl as compared
to that in the conjoint presence of NaCl plus Na-SOy (Table 4.5, 4.6 and Table 4.7, 4.8).
The effect of lower pH in the presence of only NaCl was more dominant than the lower
conductivity thereby resulting in higher corrosion current density in the presence of only
NaCl as compared to that in the conjoint presence ol NaCl plus Na;SOy. Thermex TMT
steel showed the similar variation in corrosion current density as Tempcore TMT steel,
except in OPC at w/c ratio of 0.45 and 0.5. where. higher corrosion current density was
observed in the conjoint presence of NaCl plus Na>SO, as compared to that in the
presence of only NaCl. This indicates that the steel type also affects the variation in

corrosion current density.
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Fig. 5.53 Corrosion current density of Tempcore TMT steel in ECPS solutions prepared from
OPC and PPC at w/c ratio of 0.45 and admixed with varying concentranons of NaCl plus Na-80,

by mass of cement
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5.2.2.2.3 Effect of Conjoint Sodium Chloride and Magnesiinn Sulfate on Corrosion
Current Denshty of Stee!l Reinforcement in Electrolyvtic Concrete Powder Solution

The variations in corrosion current density of Tempcore TMT steel reinforcement in
electrolytic concrete powder solutions prepared from OPC and PPC and contaminated
with varying concentrations of sodium chloride plus magnesium sulfate are shown in Fig.
5.57 at w/c ratio of 0.45 and that at w/c ratio of 0.5 are shown in Fig. 5.58. Similarly the
variations in corrosion current density of Thermex steel are shown in Fig. 5.39 and Fig.
5.60 at w/c ratios of 0.45 and 0.50 respectively. While comparing the corrosion current
density values shown in these figures with that of uncontaminated electrolytic concrete
powder solution (ECPS), it is observed that the corrosion current density of steel
reinforcement in sodium chloride plus magnesium sulfate contaminated clectrolytic

concrete powder solution is higher as compared to that in uncontaminated electrolytic
conerete powder solution.

From Fig. 5.57 to Fig. 5.60, it is abserved that the corrosion current density values of hoth
Tempcore TMT and Thermex TMT steel increased with an increase in NaCl
concentration in the conjoint presence of NaCl and MyS0O, for both types of cement and
w/¢ ratio. The increase in corrosion current density with increase in NaCl dosage may be
attributed o increase in C1” ion concentration of the electrolytic concrete powder solution

(as observed from Table 4.9 and 4.10, Chapter 4). While examining the eiltect of sulface
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jon (associated with magnesium cation) on corrosion current density, it is observed that
the cormosion current densily increased with an increase in MgSO, concentration in all the
concrete mixes (OPC. PPC and w-¢ ratios of 0.45 and 0.5) for both types of steel

reinforcement. The increase in comosion current density with increase in MgS8O,
concentration indicates that SQ; ions associated with magnesium cation accelerated the

effect of chloride ions en corrosion rate of steel reinforcement. This is stributed to
increase in conductivity of concrete in the conjoint presence of NaCl plus MgS0, as 2
result of increase in CI” ion conceniration with increase in MgS04 dosage (as observed
from Table 4.9 and 4.10, Chapter 4).

On evaluating the effect of steel type. it is inferred that Thermex TMT steel showed
higher corrosion current density as compared to Tempcore TMT steel in both OPC and
pPPC and at both w/c ratios. as observed from Fig. 5.57 to Fig. 5.60. This indicates that
tTempeore TMT steel is likely to exhibit longer corrosion propagation period as compared
to Thermex TMT steel in conjoint sodium chloride plus magnesium sulfate exposure

conditions.
grom Fig. 5.57 and Fig. 5.58 it is observed that for Tempcore TMT stecl, the corrosion
current density in OPC at wic ratio 0.45 is in the range of 8.5 pA/em® to 12.5 uAfcm® and
that at w/c ratio of 0.5 is in the range ot 7.2 pu”h.:’::rrn11 to 11.3 pAsem’. Similarly in PPC, the
corrosion current density of Tempcore TMT steel is in the range of 10.5 pAsem® to 15.9
Pp_(gm’ at w/c ratio 0.45 and that at w/c ratio of 0.5 is in the range of 10.0 nasem’ to 12.9
yafem’. For Thermex TMT steel. the corrosion current density in OPC varied from 12.0
chml to 14.8 pAsem’ at wic ratio of 0.45 and that at w/e ratio of 0.5 varied from 7.9
uAsem’ to 14.2 wA/em?, as observed from Fig. 5.59 and Fig. 5.60. Similarly in PPC, the
corrosion current density of Thermex TMT steel varied from 12.4 pAfem? to 18.1
uAsem’ and 12.1 pA/em® 10 18.2 pA/cm? at w/c ratios of 0.45 and 0.5 respectively. From
these results it is inferred that both Tempcore TMT steel and Thermex TMT steel showed
higher corrosion current density in PPC as compared to that in OPC at both w/c ratios and
at all levels of NaCl and MygSO, concentration. The higher corrosion current density in
PPC is attributed to higher conductivity ot the electrolytic concrete powder solution as a
result of higher C1” ion concentration in PPC as compared to that in OPC {as observed
from Table 4.9 and Table 4.10, Chapter 4). The higher conductivity of PPC i the
conjoint presence NaCl and MgSO, may also be atiributed to its susceptibility to Mg-

oriented attack. Further, it is found that the corrosion curtent density of steel
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reinforcement was lower at wic ratio of 0.5 as compared 1o that at w-c ratio of 0.45 in the
conjoint presence of NaCl and MgSO, for both types of cement and steel. as observed
from Fig. 5.57 to Fig. 5.60. Thus. it is inferred that the combination of Tempcore TMT
steel and OPC at w/c ratio of 0.5 performed better as compared 10 other type of steel,
cement and w/c ratio in the conjoint presence of NaCl and MgSQ, and are likely 1o
exhibit longer propagation period.

Further from the results it is found that the corrosion current density of Tempcore TMT
stee] is higher in the electrolytic concrete powder solution contaminated with sodium
chloride plus magnesium sulfate as compared to that in the electrolytic concrete powder
solution contaminated with only sodivm chloride in bath OPC and PPC and at both w/c
ratios. This is attributed to lower chioride binding thereby resulting in higher chloride ion
concentration in the conjoint presence of NaCl and MgSO; as compared to that in the
presence of only NaCl (Table 4.5, 4.6 and Table 4.9, 4.10, Chapter 4), Subsequently, pH
value of the electrolytic concrete powder solution was lower in the conjoint presence of
NaCl and MgSQ, as compared that in the presence of only NaCl. Thus, the presence of
te jons (associated with magnesium cation) along with chloride ions stimulated the

sulfa

effiect of chloride ions on the extent of corrosion of Tempceore TMT steel reinforcement,

For Thermex TMT steel, it is found that the corrosion current density of stee]
reinforcement is lower in the clectrolytic concrete powder solution contaminated with

sodium chloride plus magnesium sulfate as compared to that in the electrolytic concrete

powder solution contaminated with only sodium chloride in both types of cement and w/e

ratio. This indicates

caliOll) and Chloridﬂ
eel reinforcement. Thus, it is inferred that the effect of sulfate iong

that the conjoint presence of sulfate ions (associated with magnesium
ions mitigated the effect of chloride ions on extent of corrosion of

Thermex TMT st
associated with magnesium cation on corrosion rate of steel reinforcement is different for

dirf&mlt t}rpes Of St&l.

While analyzing the effect of cation type i.e. Na* and Mg, it is observed that, the
i

rrosion current density of steel reinforcement in the electrolytic concrete powder
co ] -

lution contaminﬂted with NaCl plus MgSQ, is higher than that in the electrolytic
solu ‘ -

powder solution contaminated with NaCl plus Na:3O. in both OPC and PPC and

concrete L. . o ] -
catios. This 1 due to higher conductivity of electrolytic concrete powder

at both wic _ . .
the conjoint presence of NaCl plus MgSO, as compared to that in the conjoint

solution in . T o
NaCl plus Na;504. The higher conductivity in the conjoint presence of NaCl

pfesenﬂe of
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plus MgSOy; is attributed to higher chloride ion concentration as compared to that in the
conjoint presence of NaCl plus Na:-50),, In addinon, the pH value of electrolytic concrete
powder solution was lower in the conjoint presence of NaCl plus MgSOy as compared to
that in the conjoint presence of NaCl plus Na,SOy as observed from Table 4.7 to 4.10
(Chapter 4). Thus. it can be concluded that in chloride environment. the presence of
sulfate ion associated with muagnesium cation has more detrimental effect in terms of

higher corrosion current density ol steel reinforcement than that associated with sodium

cation.
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Fig. 5.57 Corrosion current density of Tempeore TMT steel in ECPS prepared from OPC and
pPC at w/c ratio of 0.45 and admixed with varying concentrations of NaCl plus MgSO, by mass

of cement
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Fig. 5.58 Corrosion current density of Tempeore TMT steel in ECPS prepared {rom OPC and
ppPC at wie ratio of (1.5 and admixed with varyving concentrations of NaC'l plus MgS0O, by mass of’

cement
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Fig, 5.59 Comosion current density of Thermex TMT steel in ECPS prepared from OPC and PPC
at wic ratio of 0.435 and admixed with varying concentrations of NaCl plus MgS$Q, by mass of
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Fig. 5.60 Corrosion current density of Thermex TMT steel in ECPS prepared from OPC and PPC
at wic ratio of 0.5 and admixed with varying concentrations of NaCl plus MgS0O., by mass of

cement

3.3 SUMMARY
From the results of potentiodynamic polarization test. different zones of corrosion namely
active zone, passive zone and pitting zone of steel reinforcement in electrolytic concrete

powder solutions (ECPS) contaminated with varying concentrations of chloride and
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conjoint chloride-sultate ions were abtained. Tempeore TMT steel and w/c ratio of 0.5
showed higher range of passivity as compared to Thermex TMT steel and wic ratio of
0.45 respectively in ECPS contaminated with chloride ions and composite chloride-
sulfate ions {For both cations). The range of passive zone was more in ECPS prepared
from OPC as compared to that prepared trom PPC in the presence of only chloride ions
for both types of steel and wrc ratios. In ECPS cormtaminated with NaCl plus Na:SOy,
ppPC mostly showed higher range of passivity as compared to OPC, whereas OPC showed
higher range of passivity as compared to PPC in ECPS contaminated with NaCl plus
MgSOs4. Further the range ol passive zone of both types of steel reinforcement was more
in ECPS contaminated with NaCl plus Na:SO4 as compared to that contaminated with
NaCl plus MgSOu for both types of cenent and w/c ratio. This indicates that Mg-oriented
gulfate attack is more aggressive in reducing the passivity of sicel reinforcement as
compared to Na-oriented sultate anack in the presence of chloride ions. For both
Tempcore TMT and Thermex TMT steels, the passivity range in the electrolytic concrete
powder solution (ECPS) contaminated with only sodium chloride was lower as compared
1o that in the ECPS contaminated with sodium chloride plus sodmm sulfate in both OPC
and PPC and at both w/c ratios. Thus. the presence of sodium sulfate in chloride
environment has mitigated the effect of chloride ions on reducing the passivity of
reinforcing steel. Further, the passivity range of Tempcore TMT steel was higher in the
gCPS contaminated with only sodium chloride as compared to that in the conjoint
presence of sodium chloride and magnesium sulfate. This indicated that the presence of
mognesium suifate in chloride environment has stimulated the effect of chloride ions on
reducing the passivity for Tempcore steel reinforcement. However, the passivity range of
Thermex TMT steet in the ECPS contaminated with only sodium chloride was lower as
compared to that in the conjoint presence of sodium chloride and magnesium sulfate. This
;ndicated that Thermex TMT steel performed better in the conjoint presence of NaCl and
MgSOs as compared to that in the presence of only NaCl, in maintaining the passivity.
Overall, the passivity of steel reinforcement was maintained to a greater degree in the
electrolytic concrete powder solutions contaminated with NaCl plus Na:SO4 as compared
{0 those contaminated with only NaC'l and NaCl plus MgS0a,
The results obtained from the corrosion parameters of steel reinforcement in ¢lectrolytic

concrete powder solution indicated that the presence of chloride and conjoint chloride-

suifate fons increased the probability of occwrence of steel reinfercement corrosion for
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both types of cement, steel and w/c ratio. Tempcore TMT steel and w/c ratio of U.>
exhibited lower corrosion current density as compared to Thermex TMT steel and wic
ratio of 0.45 respectively in ECPS comtaminated with NaCl. NaCl plus Na>SQ4 and NaCl
plus MgS04. On comparison berween cement type. it is observed that PPC exhibited
higher corrosion currett density than OPC in the presence of chloride ions. In the conjoint
presence NaCl plus Na:SO4, OPC mostly showed higher corrosion current density as
compared to PPC whereas PPC showed higher corrosion current density as compared to
OPC in the conjoint presence NaCl plus MgSO..

On comparing the variations in corrosion current density between chloride and conjoint
chloride-sulfate ions, it is inferred that, the presence of sulfate ions associated with
sodium cation has mitigated the effect of chloride ions on corrosion current density for
both types of steel reinforcement. However, the presence of sulfate ions associated with
magnesium cation has stimulated the effect of chloride ions on corrosion current density
of Tempcore TMT steel whereas for Thermex TMT steel. the presence of sulfate ions
associated with magnesivm cation has mitigated the effect of chloride ions on corrosion
current density.

While comparing the variations in passivily range of steel reinforcement and that ip
corrosion parameters (corrosion potential and corrosion current density), it is inferred that
there exists a good correlation between the passivity range of steel reinforcement and the
above corrosion parameters of steel reinforcement in sodium chloride. sodium chloride

plus sodium sulfate and sodium chloride plus magnesium sulfate contaminated

electrolytic concrete powder solutions.
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CHAPTER 6

CORROSION BEHAVIOUR OF STEEL REINFORCEMENT IN
CONCRETE AGAINST COMPOSITE CHLORIDE-SULFATE

EXPOSURE

6.1 GENERAL

In this chapter, the results on corrosion behaviour of steel reinforcement embedded in
concrete that is contaminated with varying concentrations of chloride-sulfate ions and
further exposed to composite chloride-sulfate environment are presented and discussed.
The commosion behaviour of steel reinforcement embedded in prismatic reinforced
concrete specimens was cvaluated through corrosion potential and corrosion current
density measurements. Further. to study the effect of exposure period, the corrosion
potential and corrosion current density of steel reinforcement were measured at the ages
of 90 days, 180 days and 270 days from the day of preparation of the specimens.

6.2 CORROSION PARAMETERS

As mentioned earlier. the corrosion parameters such as corrosion potential and corrosion
cutrent density of steel reinforcement were measured at the ages of 90 days, 180 days and
270 days from the day of preparation of prismatic reinforced concrete specimens. As
already mentioned in Chapter 3. the prismatic reinforced concrete specimens were
pmpal‘@d from different types of binder such as OPC, PPC, OPC plus 20% fly ash
(0PC+20FA} and OPC plus 30% fly ash (OPC+30FA) at a w/b ratio of 0.5. After 28 days
of water curing, the specimens were kept in ambient laboratory exposure condition till the
age of 90 days from the day of preparation. After that, the specimens were exposed to
pormal water, sodiumn chloride plus sodium sulfate solution, and sodium chloride plus
magnesium sulfate solution with alternate wetting and drying cycles till the age of 270

days.
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6.2.1 Corrosion Potential

The corrosion potential values of steel reinforcement in prismatic specimens made of
control mix (uncontaminated) with different types of binders at different ages for
Tempcore TMT steel and Thermex TMT steel and subsequenily exposed to normal water

are shown in Fig. 6.1 and Fig. 6.2 respectively.

From Fig. 6.1 and Fig. 6.2, it is observed that the corrosion potential values are more
positive than -270 mV (SCE) for both types of steel in ail binder types. As per ASTM C
876 criteria [133]. the potential values more negative than 270 mV (SCEYV-350 mV
{CwCuSQ; electrade), correspond to greater than 90% probability of occurrence of stee]
reinforcement corrosion. This indicates that there is lower probability of occurrence of

steel reinforcement corrosion in control mix made from all binders for both types of steg]

reinforcement.
From Fig. 6.1, it is observed that for Tempcore TMT steel the corrosion potential valyes

varied from -40 mV to -177 mV at the age of 90 days, +51 mV to +111 mV at the age of
180 days and +36 mV to +209 mV at the age of 270 days irrespective of binder type. For
Thermex TMT steel, the corrosion potential vatues varied from -51 mV to - 180 mV at the
age of 90 days, +12 mV 10 +104 mV at the age of 180 days and +51 mV to +129 mV 4
the age of 270 days irrespective of binder type as observed from Fig. 6.2. From these
potential values, it is found that the corrosion potential values became less negative with
increase in the exposure period for both types of steel in the control mix. Further from
Fig. 6.1 and Fig. 6.2, it is observed that the corrosion poiential values are more negative
in OPC specimens as compared to other binders i.e. PPC, OPC+20FA and OPC+30Fa

for both types of steel and at all ages i.¢. 90, 180 and 270 days.
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Fig. 6.1 Corrosion potential versus binder type for Tempeore TMT steel in control mix at

ditferent ages
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Fig. 6.2 Corrosion potential versus binder type for Thermex TMT steel in control mix at different
apges

62.1.1 Corrosion potential of Steel Reinforcement Embedded in Contaminated
Concrete Exposed to Sodium Chlovide plus Sodium Sulfate Solutions

The corrosion potential values in the conjoint presence of sodium chloride (NaCl) and
sodium sulfate (Ma;SO,) for Tempcore TMT steel embedded in concrete specimens made
with different types of binders viz. OPC, PPC. OPC+20FA and OPC+30FA at different
ages i.c. 90 days. 180 days and 270 days are shown in Fig. 6.3. Fig. 6.4 and Fig. 6.5
respectively. Similarly. the carrosion potential values for Thermex TMT steel at 90 days.
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180 days and 270 days are shown in Fig. 6.0. Fig. 6.7 and Fig. 6.8 respectively. From Fig.
6.3 to Fig. 6.8, it is observed that in the conjoint presence of NaC'l plus Na.SQy, the
corrosion potential values of Tempcore TMT and Thermex TMT in all types of binders
i.c. OPC, PPC. OPC+20FA, OPC+30FA were more negative than the threshold potential
of  -270 mV (SCE) at all levels of NaCl plus Na-SO, concentration and at all exposure
ages. This indicates that the conjoint presence of sodium chloride plus sodium sulfate
internally (admixed at the time of preparation) as well as external exposure has resulted in
greater probability of occurrence of steel reinforcement corrosion. While comparing with
the exposure of control specimens to the normal water. it observed that specimens
admixed with NaCl and Na»SOy and further exposed to composite solutions of NaCl and
Na,S0; exhibited more negative potential values for both types of steel and all types of
binder.

Further from Fig. 6.3 to Fig. 6.8, it is noted that the corrosion potential values of both
Tempcore TMT and Thermex TMT steel became more negative with an increase in NaCl
dosage. This is possibly due to increase in CI jon concentration in the vicinity of steel
reinforcement embedded in concrete. While analyzing the influence of sulfate ion on
corrosion potential of steel reinforecement in the conjoint presence of NaCl plus Na; SOy, it
is found that the corrosion potential values became more negative with increase in
concentration of Na,SO,. This indicates that the presence of Na;SO, in combination with
NaCl has increased the probability of occurrence of steel reinforcement corrosion in

concrete.

The corrosion potential values of Tempcore TMT steel in the conjoint presence of NaCl
plus NaxSOy varied from -337 mV to -586 mV at the age of 90 days, -292 mV to -495 mV
at the age of 180 days and -357 mV to -632 mV at the age of 270 days irrespective of
binder type. Similarly for Thermex TMT steel. the corrosion potential values varied from
-359 mV to =513 mV at the age of 90 days, -361 mV to -463 mV at the age of 180 days
and -412 mV to -602 mV at the age of 270 days irrespective of binder type in the conjoint
presence of NaCl plus Na;SO,. From these variations of corrosion potential values, it is
observed that the potential values were less negative at the age of 180 days as compared
to that at the age of 90 days and were more negative at the age of 270 days as compared
to that at the age of 180 days. This indicates that after the exposure period of 180 days.
the probability of eccurrence of corrosion of steel reinforcement in the conjoint presence

of NaCl plus Na:SOy has increased.
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Further from Fig. 6.3 1o Fig. 6.8, it is observed that the corrosion potential values of
Tempecore TMT steel in OPC. PPC, OPC+20FA and OPC+30FA concrete were in the
ranges of -341 mV 1o -632 mV. -330 mV 1o -624 mV. -318 mV 10 -565 mV and -292 mV
to -531 mV respectively irrespective of exposure period. For Thermex TMT steel, the
corrosion potential values in OPC. PPC. OPC+20FA and OPC-+30FA concrete varied
from -388 mV to -602 mV. 381 mV 10 -392 mV, -380 mV to -517 mV and -359 mV to -
514 mV respectively irrespective of exposure period in the conjoint presence of NaCl and
Na,80,. From these corrosion potential values, it is inferred that OPC concrete showed
more negative potential values as compared to blended cements (PPC, OPC+20FA and
OPC+30FA), thereby indicating higher probability of occurrence of corrosion in OPC in
the conjoint presence of NaCl plus NaxSOy for both types of steel. The comparatively
jower probability of occurrence of corrosion in blended cement concrete specimens may
be attributed to the formation of’ denser microstructure due to production of additional C-
5.H because of pozzolanic reaction. thereby resulting in lower conductivity of concrete

and retarding the penetration of aggressive ions and diffusion of oxygen to the steel
reinforcement level in concrete.

0 TTTTINC-3NS | @ SNCTINS | —a— JNCTINS
~ 150 - =~ INC-6NS - SNC+ENS = On TNCHENS |
> IRREaE
% _a5g ] §— Threshold potential, -270 mV (SCE)

3'3505 -__-___-_-_'*—-----q.*
£ ; e it - a
3 -450 — et S
= : e e---gIIlo---o-
.2 -350 1 w7 &
E ol
S -650

-740 4 ' T T

ODC PPC OPCH20FA OPC+30F A

Binder type
Fig. 6.3 Corrosion potential versus binder type for Tempcore TMT sieel at the age of 90 days in
different concrete mixes admixed with varying concentrations of NaCl plus Na,S0,
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Fig. 6.4 Cortosion potential versus binder type for Tempcore TMT steel at the age of 180 days in
different concrete mixes admixed with varying concentrations of NaCl plus Na>SO, and further
exposed (o NaCl plus Na;50, solution with aliernate wedting and drying ¢ycles
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Fig. 6.5 Comosion potential versus binder type for Tempcore TMT steel at the age of 270 days in
different concrete mixes admixed with varying concentrations of NaCl plus Na.SQ, and further

exposed to NaCl plus Na) SO, solution with alternate wetting and drying cycles
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Fig. 6.6 Corrosion potential versus binder type for Thermex TMT sicel at the age of 90 days in

different concrete mixes admixed with varying concentrations of NaCl plus Na,S0,
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Flg. 6.7 Corrosion potential versus binder type for Thermex TMT steel at the age of 180 days in
different concrele mixes admixed with varying concentrations of NaCl plus Na,SO, and farther
exposed to NaCl plus Na;SO, solution with alternate wetting and drying cycles
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Fig. 6.8 Cotrosion potential versus binder type for Thermex TMT steel at the age of 270 days in
different concrete mixes admixed with varying concentrations of NaCl plus Na.50, and further
exposed to NaCl plus Na,SO, solution with alternate wetting and drying cycles

6.2.1.2 Corrosion polential of Steel Reinforcement Embedded in Contaminated
Concrete Exposed (o Sodium Chioride plus Magnesium Sulfate Solutions

The corrosion potential values in the conjoint presence of sodium chloride (NaCl) plus

magnesium sulfate (MgSQy) for Tempcore TMT steel embedded in concrete specimens ;
made with different types of binder viz. OPC, PPC, OPC+20FA and OPC+30FA at i
different ages i.e. 90 days, 180 days and 270 days are shown in Fig. 6.9, Fig. 6.10 and
Fig. 6.11 respectively. Similarly, the corrosion potential values for Thermex TMT steel
embedded in concrete at different ages i.e. 90 days, |80 days and 270 days are shown in
Fig. 6.12, Fig. 6.13 and Fig. 6.14 respectively in the conjoint presence of NaCl and ?
MgSQ.. |
From Fig. 6.9 to Fig. 6.14, it is observed that in the conjoint presence of NaCl plus

MgSQ,, the corrosion potential vatues of both Tempcore TMT and Thermex TMT in all :
types of binders i.e. OPC, PPC, OPC+20FA, and OPC+30FA have exceeded the
threshold potential of -270 mV (SCE} at all levels of NaCl plus MgS0O, concentration and
at all ages. This indicates that in the conjoint presence of sodium chloride and magnesium
sulfate either admixed during preparation of concrete and/or penetrated into hardened i

concrete, there is greater probability of occurrence of steel reinforcement corresion.
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From Fig. 6.9 te Fig. 6.14, it is observed that the corrosion potential values of Tempcore
TMT and Thermex TMT steel became more negative with an increase in NaCl and
MgS0O; dosage. In other words, the probability of occurrence of steel reinforcement
corrosion in concrete increased with increase in concentrations of NaCl and MgS0O,. This
may be attributed to increase in Cl ion concentration in the vicinity of steel reinforcement
in concrete with increase in NaCl concentration in the presence of MgS0,. Further from
the results, it is observed that the control specimens exposed to normal water showed less
negative potential as compared to those admixed and exposed to composite NaCl and

MgSQ; for both types of steel and in all concrete mixes.

The cotrosion potential values of Tempcore TMT steel in NaCl plus MgSQO; environment
varied from -321 mV 10 -501 mV at the age of 90 days, -339 mV to -665 mV at the age of
180 days and -360 mV to -675 mV at the age of 270 days irrespective of binder type.
gimilarly for Thermex TMT steel. the corrosion potential values varied from -362 mV to -
494 mV. -363 mV to -533 mV and -458 mV to -672 mV at the age of 90 days, 180 days
and 270 days respectively irrespective of binder type. From these ranges of corrosion
potential values, it is inferred that the potential values became more negative with
increase in exposure period. which indicates that the probability of occurrence of steel
reinforcement corrosion increased with an increase in exposure period in the conjoint

presence of NaCl plus MgSQO,.

From Fig. 6.9 to Fig. 6.11, it is observed that in the conjoint presence of NaCl plus
MgSO; the corrosion potential values of Tempcore TMT steel in OPC, PPC, OPC+20FA
and OPC+30FA concrete varied from -321 mV to -551 mV, -336 mV to -513 mV, -347
mV to -535 mV and -352 mV to -665 mV respectively imrespective of exposure period.
For Thermex TMT steel in the conjoint presence of NaCl plus MgSOs, the cotrosion
Pgmential values in OPC, PPC, OPC+20FA and OPC+30FA concrete were in the ranges of
.363 mV 10 569 mV, -381 mV to 551 mV. -392 mV to -637 mV and -396 mV 0 -672
mV respectively irrespective of exposure period as observed from Fig. 6.12 to Fig. 6.14.
From these variations in corvosion potential values, it is inferred that OPC+30FA concrete
showed more negative potential values whereas OPC concrete showed mostly less
negative potential values as compared to other types of binder for both types of steel
reinforcement. This implies that the probability of occurrence of steel reinforcement
corrosion is more in OPC+30FA concrete and less in OPC concrete as compared o other
gypes of binder in the conjoint presence of NaCl plus MgSO,. The higher probability of

TH-2120_10610424



CORROSION BERA VIR OF STEEL REINFORCEMENT IN CONCRETE AGAINST COMPOSITE CHLORIDE-SULFATE EXPOSHR

occurrence of steel reinforcement corrosion in blended cement concrete specimens as
compared to that in OPC concrete specimens in the comjoint presence of NaCl and
MzSO, may be auributed to its suscepribility to Mg-oriented attack due to lower

availability of calcium hydroxide in blended cement concrete.
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Fig. 6.9 Corrosion potential versus binder type for Tempeore TMT steel at the age of 90 days in
different concrete mixes admixed with varying concentrations of NaCl plus MgSQ,
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Fig. 6.10 Corrosion potential versus binder type for Tempcore TMT steel at the age of 180 days

in different concrete mixes admixed with varying concentrations of NaCl plus MpSO, and further
exposed to NaCl plus MgSO, solution with alternate wetting and drying cycles
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Fig. 6.11 Corrosion potential versus binder type for Tempeore TMT steel at the age of 270 days
in different concrete mixes admixed with varying concentrations of NaCl plus MgSO, and further

exposed 10 NaCl plus MgSQ(, solution with alternate wetting and drying cycles
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Fig. 6.12 Corrosion potential versus binder sype for Thermex TMT steet at the age of 90 days in

different concrete mixes admixed with varying concentrations of NaCl plus MgSQO,y
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Fig. 6.13 Corrosion potential versus binder type for Thermex TMT sieel at the age of 180 days in
different concrete mixes admixed with varving concentrations of NaCl plus MgSQO, and further

exposed to NaCl plus MgSQ, solution with alternate wetting and drying cycles
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Fig. 6.14 Corrosion potential versus binder type for Thermex TMT steet at the age of 270 days in
different concrete mixes admixed with varying concentrations of NaC'l plus MgSQ,and further
exposed (o NaCl plus MgS0, solution with alternate wetling and drying cycles
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CHAPTER 6

6.2.2 Corrosion Current Density

The guantitative information abouwt steel reinforcement corrosion was obiained by
determining corrosion current density (I.o) of reinforced concrete specimens using linear
polarization resistance (LPR) technique ai the ages of 90, 180 and 270 days in the
conjoint presence of NaCl plus NaaSOy and NaCl plus MgS0Oy. The detailed explanation
of experimental procedure is already stated in chapter 3. The variations in corrosion
cumrent density with binder 1vpe for different exposure periods in control mix specimens
exposed to normal water are shown in Fig. 6.15 and Fig. 6.16 for Tempcore TMT and
Thermex TMT steel respectively.

From Fig. 6.15 and Fig, 6.16. it is observed that in control mix, the corrosion current
density decreased with exposure period in normal water. The corrosion current density of
Tempeore TMT steel in OPC, PPC., OPC+20FA and OPC+30FA concrete without any
salt contamination (control concrete) varied from 0.008 pA/em® o 0.07 pasem?, 0.004
pAfem? 10 0.06 pA/cm? 0.003 pAsem? to 0.025 pAfem’ and 0.002 pA/icm® o 0.023
chmz respectively irrespective of exposure peciod. Similarly for Thermex TMT steel,
the comosion current density in OPC. PPC. OPC+20FA and OPC+30FA concrete varied
from 0.063 pA/cm® to 0.084 pAsem’. 0.042 pAscmto 0.066 pA/cm?, 0.027 lb"h""-'-m1 o
0.061 pA/cm? and 0.013 pAsem® w0 0.027 pA/em’ respectively irrespective of exposure
peviod. From these variations in corrosion current density, it is observed that the
specimens made from OPC concrete showed slighily higher values of comrosion current
density as compared to those made from blended cement (PPC, OPC+20FA and
OPC+30FA) concretes at all exposure periods. The lowest corrosion current density
values were observed in the specimens made from OPC+30FA concrete for both types of
steel ie. Tempcore TMT and Thermex TMT. This is due to the formation of denser
microstructure in OPC+30FA concrete, thereby resuiting in higher resistivity concrete

and retarding the diftusion of oxygen 1o steel reinforcement level in concrete.
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Fig. 6.15 Corrosion current density of Tempcore TMT steel in contral mix made with different

types of binder at different ages
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Fig. 6.16 Corrasion current density of Thermex TMT steel in control mix made with different
types of binder at different ages

6.2.2.1 Effect of Composite Chioride and Sulfate Exposure on Corrvosion Current
Density of Steel Reinforcement Embedded in Contaminated Concrete

The values of corrosion current density (L} of Tempcore TMT steel in OPC, PPC,
OPC+20FA and OPC+30FA concrete specimens admixed with different concentrations
of NaCl plus Na;80, and NaCl plus MgSO, at the age of 90 days are shown in Fig. 6.17
and Fig. 6.18. Further, the corrosion current density of Tempcore TMT ste¢l in OPC,
PPC, OPC+20FA and OPC+30FA concrete specimens admixed with different
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concentrations of NaCl plus Nu:SQO, and NaCl plus MgSQO; and further subjected to these
exposure environment are shown in Fig. 6.19 and Fig. 6.20 at the age of 180 days and in
Fig. 6.21 and Fig. 6.22 al the age of 270 days. Similarly, the corrosion current density of
Thermex TMT steel in OPC. PPC. OPC+20FA and OPC+30FA concrete specimens in
NaCl plus Na; SO, and NaCl plus MgSQ, exposure environment are shown in Fig. 6 23
and Fig. 6.24 at the age of 90 days, in Fig. 6.25 and Fig. 6.26 at the age of 180 days and
in Fig. 6.27 and Fig. 6.28 at the age of 270 days.
From Fig. 6.17 to Fig. 6.28. it is observed that the corrosion current density values
increased with an increase in NaCl dosage in all types of binders and for both types of
steel reinforcement irrespective of Na:SO, and MgSO, concentration. The increase in
corresion current density with increase in NaCl dosage may be atiributed to increase in
CI' ion concentration at the rebar level, which results in increase in conductivity of
concrete. Further. there was an increase in corrosion current density of steel
reinforcement in concrete with increase in concentrations of N2;SQ4 and MgSQ, in the
conjoint presence of NaCl plus Na:SO, and NaCl plus MgSQO, respectively. While
comparing the effect of cation type associated with sulfate ions on corrosion current
density, it is inferred that the steel reinforcement in NaCl plus MgSO4 environment
showed higher corrosion current density as compared to that in NaCl plus NaxSO.
envitonment for all binders and steel type. This indicates that not only the increase in
concentration of sulfate ions but also the associated cation type affected the corrosion
current density of steel reinforcement and sulfate ions associated with Mg"" cation has
more deleterious effect than that associated with Na' cation on corrosion performance of
steel reinforcement. On comparison of corrosion current density between control mix and
those admixed and further exposed to composite sodium chloride plus sodium sulfate and
sodium chloride plus magnesium sulfate, it is found that the control mix specimens
exhibited lower values of corrosion current density as compared to those subjected to

varying concentrations of NaCl plus Na;SOy and NaCl plus MgSQO,.

From Fig. 6.17 to Fig. 6.22. it is observed that the corrosion current density of Tempcore
TMT steel in prismatic concrete specimens in the conjoint presence of sodium chloride
plus sodium sulfate were in the ranges of 0.13 pA/em’ to 0.68 pAscm?® at the age of 90
days, 0.024 pAsem’ to (.56 pAfem® at the age of 180 days and 0.1 l.faAuf’cm2 to 1.05
mﬁu"uu:rn2 at the age of 270 days. irrespective of binder type. Similarly in the conjoint

presence of sodium chloride plus magnesium suifate. the corrosion cucrent density of
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Tempeore TMT steel varied from 0.36 pAscm® 1o 1.98 pA cm” at the age of 90 days, 0.37
pA/em? to 4.64 pNﬂml at the age of 180 days and 0.52 pA-cm® to 10.5 pAszem?® at the age
of 270 days. Further from Fig. 6.23 to Fig. 6.28. it is observed that the corrosion current
density of Thermex TMT steel in prismatic concrete specimens in the conjoint presence
of sodium chloride plus sodium sulfate were in the ranges of 0.3 uAem® to 0.82 pAfem?,
0.13 pAsem’ to 0.72 pA/em’ and 0.3 pAsem?® 1o 2.23 pAscm?® at the ages of 90 days, 180
days and 270 days respectively, irrespective of binder type. Similarly. the corrosion
current density of Thermex TMT steel in the conjoint presence of sodium chloride plus
magnesium sulfate varied from 0.63 pA/em’ to 3.55 pAsem’, 112 pAsem’ to 5.2 pAfem?
and 1.14 chmz to 11.8 pAsem’ at the ages of 90 days, 180 days and 270 days
respectively. From these values, it is observed that the corrosion current density of steel
reinforcement in concrete in the presence of NaCl plus NaxSO, decreased with an
increase in exposure period till 180 days and afier that the corrosion current density
increased at the age of 270 days for both types of steel reinforcement. It may be noted that
the prismatic reinforced concrete specimens admixed with NaCl plus Na;SO; were
subjected to laboratory exposure condition till the age of 90 days and were then further
exposed to NaCl plus Na;SO; solutions with alternate wetting and drying cycles. The
decrease in the comosion current density of steel reinforcement at the age of 180 days
may be attributed to filling of pores in concrete with calcium chloroaluminate and
calcium sulphoaluminate {formed respectively as a result of reaction of admixed chloride
and sulfate ions with hydrated CaA), thereby retarding the diffusion of CI" and SO3- ions

to the rebar level in concrete. Further, with increase in exposure to the extemnal solutions,

there is increase in penetration of chloride ions to the rebar level through the pores of

concrete due to higher rate of diffusion of chloride ions than that of the sulfate ions [134)

and also due 10 increased solubility of ettringite in chloride solution [43). As reported by

Harrison [90], the solubility of ettringite in chloride solution is three times greater than

that in water. Thus there is increase in corrasion current density of steel reinforcement at

the exposure age of 270 days due to increase in C1” ion coneentration at the rebar level, In

MNaCl plus MgSO4 environment, the corrosion cutrent density of steel reinforcement

increased with 3
conductivity of concrete due ingress of higher amount Cl” ioa to the rebar level because of

of C-S-H to non-cementitious M-S-H as result of reaction of MgSQ, with C-

n increase in exposure period. This is atiributed (0 increase in

conversion

&.H in the conjoint presence of NaCl and MgSO,.
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From Fig. 6.17 10 Fig. 6.22, it is observed that the cormosion current density values of
Tempcore TMT steel in OPC. PPC, OPC+20FA and OPC+30FA concrete were in the
ranges of 0.09 pA/cm’ w0 1.05 pAsent’, 0.076 pAscm® to 0.83 ijcm’, 0.046 pA/em’® to
0.76 pA/em” and 0.024 pAsem’” 10 0.53 pAjem’ respectively, in the conjoint presence of
NaCl plus Na:SO. inespective of exposure period and NaCl plus Na,SO, concentrations.
Similarly, the corrosion cwrent density values of Tempecore TMT steel in the comjont |
presence of sodium chloride plus magnesium sulfate in OPC, PPC, OPC+20FA and
OPC+30FA concrete varied from 0.36 pAsem® to 5.36 pAsem?, 0.5 pAjem® to 6.8
pAlem’, 0.58 pA/em” 10 8.2 pA/em” and 0.64 uA/em” to 10.5 pAlem? respectively. For
Thermex TMT steel. the corrosion curvent density in OPC, PPC, OPC+20FA and
OPC+30FA concrete varied from 0,34 pA/em’ to 2.23 pAsem’, 0.31 pAlem® to 1.94

pA/em®, 0.27 pAsem® to 0.82 pAsem” and 0.13 pA/em? to 0.77 pA/em® respectively in

the conjoint presence of NaCl plus Ma,SQ,, whereas in the conjoint presence of NaCl
plus MgS8Q,, the corrosion current density in QPC, PPC, OPC+20FA and OPC+30FA
concrete varied from 0.63 pA/em® to 5.61 pAfcm’®, 0.69 pAlem® to 6.87 pAlem?, 0.89
uAfem?’ to 8.56 pA/cm® and 0.96 pAsem® 1o | 1.8 pAfem?® respectively for Thermex TMT
steel, as observed from Fig. 6.23 to Fig. 6.28,

From the above corrosion current density values, it is inferred that, the corrosion current
density of both types of steel in blended cement concrete specimens were lower than
those in OPC concrete spectmens in the conjoint presence of sodium chloride plus sodium
sulfate, whereas the opposite variation was observed in the conjoint presence of sodium
chloride plus magnesium sulfate i.e. the ¢orrosion current density values in OPC concrete
were lower than those in blended cement concrete specimens. The lower corrosion
current density in blended cement concrete (PPC, OPC+20FA and OPC+30FA) as
compared to that in QPC concrete in the conjoint presence of NaCl plus NaSO,4 may be
attributed ¢o relatively higher resistivity of blended cement concrete because of
production of additional C-8-H and reduction in formation of gypsum and ettringite due
to lower availability of calcium hydroxide in blended cement concrete. In the conjoint
presence of NaCl plus MgSQ,. the lower corrosion current density in OPC concrete than
that in blended cement concrete may be due to increase in resistivity of OPC concrete as a
result of filling of pores with magnesium hydroxide (brucite) to a greater extent. In

blended cement concrete, the higher corrosion density in the conjoint presence of NaCi

TH-2120_10610424



CORROSION BEHAVIOUR OF STEEL REINFORCEMENT IN CONCRETE AGAINST COMPOSITE CHLORIDE-SULFATE EXPOSURI

plus MgSOy may be auributed to lower resistivity as a result of formation of gypsum and
non-cementitions magnesium silicate hydrate.

On comparing the steel type, it is observed that Tempcore TMT steel exhibited lower
corrosion density as compared to Thermex TMT steel in all the binders and also in the
conjoint presence of both NaCl plus Na,SO; and NaCl plus MgSO,. The improved
performance of Tempcore TMT steel as compared 10 Thermex TMT steel in the conjoint

presence of chloride and sulfate ions may be attributed to improved surface
mierostructure of Tempceore TMT steel.
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Fig. 6.17 Corosion current density of Tempcore TMT steel at 90 days in different concrete mixes
admixed with varying concentrations of NaCl plus 3% Na;50, and NaCl plus 3% MgSO,
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Fig, 6.18 Corrosion current density of Tempcore TMT stect at 90 days in different concrete mixes
admixed with varying concentrations of NaC’] plus 6% Na.50, and NaC'l plus 6% MgSQ,
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mixes admixed and further exposed to varying concentrations of NaCl plus 6% Na.S0, and NaCl

plus 6% MpSQ, with alternate wetting and drying cycles
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Fig. 6.21 Corrosion current density of Tempeore TMT sieel at 270 days in different concrete
mixes admixed and further exposed o varying concentrations of NaCl plus 3% Na,S0,and NaCl
plus 3% MgSO, with alternate wetting and drying ¢ycles
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Fig, 6.22 Corrosion current density of Tempcore TMT steel at 270 days in different concrete

mixes admixed and further exposed to varying concentrations of NaCl plus 6% Na,SO4and NaCl
plus 6% MgSO, with alternate wetting and drying cycles
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Fig. 6.23 Corrasion current density of Thermex TMT steel at 90 days in different concrete mixes

admixed with varying concentrations of NaCl plus 3% Na.50, and NaCl plus 3% MzS0,
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Fig. 6.24 Cotrosion current density of Thermex TMT steel at 90 days in different concrete mixes

admixed with varying concentrations of NaCl plus 6% Na;5$0, and NaCTl plus 6% MgSQ,
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Fig. 6.25 Corrosion current density of Thermex TMT steel at 180 days in different concrete mixes
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Fig. 6.26 Corrosion current density of Thermex TMT steel at 180 days in different concrete mixes

admixed and further exposed to varying concentrations of NaCl plus 6% Na;30, and NaCl plus
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Fig. 6.27 Corrosion current density of Thermex TMT steel at 270 days in different concrete mixes
admixed and further exposed to varying concentrations of NaCl plus 3% Na:80, and NaCl plus
3% MgSOy with aliernate wetling and drying cycles
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Fig. 6.28 Corrosion current density of Thermex TMT steel at 270 days in different concrete mixes
admixed and further exposed to varying concentrations of NaCl plus 6% Naz S04 and NaCl plus
6% MgSO4 with alternate wetting and drying cycles
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6.3 SUMMARY

The results obtained from corrosion potential measurement of steel reinforcement
embedded in concrete admixed with chloride-sullate jons and turther exposed 0 these
ions indicated that the probability of occurrence of steel reinforcement corrosion
increased in the presence of chloride and sulfate ions (associated with sodium and
magnesium cations) for all binders and steel type. Further, the corrosion potential values
became more negative with increase in concentrations of NaCl, Na-SO, and MgSQOy, Steel
reinforcement in OPC concrete showed more negative potential values as compared to
that in blended cement (PPC, OPC+20FA and OPC+30FA) concretes in the conjoint
presence of NaCl plus NaxSO;, thereby indicating higher probability of occurrence of
corrosion in OPC, whereas in the conjoint presence of NaCl plus MgSQs, the probability
of occurrence of steel reinforcement corrosion was higher in blended cements ag

compared to QPC for both types of steel reinforcement.

The results indicated that the corrosion current density of steel reinforcement increased
with an increase in NaCl, Na;504 and MgSO, dosage for all types of binder and steel
reinforcement. Further, the corrosion current density of steel reinforcement was higher jn
NaCl plus MgSC4 environment as compared (o that in NaCl plus Na>-SO, environmeng,
The corrosion current density of both types of steel reinforcement in blended cement
concrete specimens were lower than those in OPC concrete specimens in the conjoint
presence of sodium chloride plus sodium sulfate, whereas the opposite variation was
ohserved in the conjoint presence of sodium chloride plus magnesium sulfate i.e. the
corrosion current density values in OPC concrete were lower than those in blended
cement concrete specimens. On comparing the steel type, it is observed that Tempcore
TMT steel exhibited lower corrosion density as compared to Thermex TMT steel in all
binders and in the conjoint presence of NaCt plus Nax504 and NaCl plus Mg80Os. The
varigtions in the corrosion current density of steel reinforcement embedded in concrete in
the conj

variation3s
olutions (presented in Chapter 5) contaminated with composite chloride and

oint presence of NaCl plus Na;SO, and NaC! plus MgSQ, are consistent with the

in corrosion current density of steel reinforcement in the electrolytic concrete

powder §

sulphate i0
powder solutions (presented in Chapter 5) are also consistent with that in the

ns. Further, the variations in passivity of steel reinforcement in the electrolytic

concrete
corrosion cu

swent density of steel reinforcement cmbedded in concrete in the conjoint

loride and sulfate ions along with the associated cation type.
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Overall, OPC+30FA and Tempeore TMT steel exhibited best performance against the
combined eflect of sodium chloride and sodium sulfate whereas OPC and Tempcore
TMT showed bust performance against the combined effect of sodium chloride and

magnesium sullale in terms ot reduced corrosion current density as compared to other
types of binder and steel.
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CHAPTER 7

PERFORMANCE OF CONCRETE IN SULFATE AND CONJOINT
CHLORIDE-SULFATE ENVIRONMENT

7.1 GENERAL

The deterioration of concrete and reduction in its compressive strength are caused due to
its exposure to the aggressive ions like sulfate and chloride ions. The durability
performance of concrete made with different types of binder namely OPC, PPC,
oPC+20FA (20% fly ash) and OPC+30FA (30% fly ash) at water-binder ratios (w/b
ratios) of 0.45 and 0.5 and exposed to sulfate and chloride-sulfate solutions for a period of
360 days was evaluated thorough visual inspection; measurements of change in weight
and change in compressive strength of concrete cube specimens. Two exposure
conditions were adopted viz. exposure I: continuous full immersion and exposure IT: full
;mmersion with alternate wetting and drying cycles. To elucidate the effect of sulfate and
chloride 1ons on the micrpstructure of concrete, X-ray diffraction (XRD) analysis and
Field emission scanning e¢lectron microscopy (FESEM) analysis were conducted. The

results ol these experimental investigations are presented and discussed in this chapter.

72 VISUAL APPEARANCE OF CONCRETE CUBE SPECIMENS

The visual appearance of” concrete cube specimens before subjecting them (o exposure
solutions 1s shown in Fig. ¥.1.
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As already stated in Chapter 3, the concreie cube specimens made with different types of
binder viz. OPC, PPC, OPC+20FA and OPC+30FA and w/b ratios of 0.45 and 0.5 were
subjected to exposure solutions containing varying concentrations of sodium sulfate
(Naz2S0s), magnesium sulfate (MgSQOs), sodium chloride plus sodium sulfate (NaCl +
Na>S04) and sodium chloride plus magnesium sulfate (NaCl + MgS0Oy).

The visual appreance of some of the cube specimens after exposure to sulfate solutions of
12% Na;S0. and 12% MgSOs with alternate wetting and drying cycles are shown in Fig.
7.2 and Fig. 7.3 respectively. The signs of deterioration was observed on the surface of
the cube specimens as evident from these figures. Further. there was no significant
surface deterioration on the cube specimens at other concentrations (3% and 6%) of

Na;S0s and MgSOyq solutions for both types of exposure condition (i.e. continuous and

alternate wetting and drying).

sual appearance of concrete cube specimens exposed to 12% Na»SOy4 solution with

Fig. 7.2 Vi .
alternate wetting and drying cycles for a period of 360 days
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Fig. 7.3 Visual appearance of concrete cube specimens exposed to MgSO4solution with alternate

wetting and drying cycles for a period of 360 days

From Fig. 7.2, it is observed that the concrete cube specimens exposed to Na:SOy
solution showed deterioration at the edges of the specimens. However, the cube
specimens exposed to MgSQy solution showed deterioration in the form of peeling of the
surface skin on all the faces of the cube specimens with the aggregates exposed as
observed from Fig. 7.3. The peeling of surface skin of concrete in MgSOs solution is

attributed to the loss of cohesiveness between the surface layer; and the inner cement
matrix and the aggrepates.

Further from visual examination. it is observed that there was no significant deterioration
on surface of concrete cube specimens exposed to NaCl + NazSO4 and NaCl + MgS04
solutions. This indicates that the degree of surface deterioration was mitigated in the
specimens exposed to NaC'l + Na.SOs and NaCl + MgSO4 solutions as compared to those
exposed to only sullite solutions. However, a crystalline salt deposition was observed on

the surface of all the specimens exposed to sulfate and conjoint chloride-sulfate solutions.
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73 CHANGE IN WEIGHT OF CONCRETE EXPOSED TO SULFATE
ENVIRONMENT AND CONJOINT CHLORIBE-SULFATE ENVIRONMENT

The degree of deterioration was evaluated by measuring the change in weight of the
concrete cube specimens. This method of monitoring the concrete cube specimens is a
non-destructive means of checking the degree of deterioration of concrete. To evaluate
the weight change (reduction/increase) due 10 the effect of sulfate ions and conjoint
chloride-sulfate ions, the weight of all the specimens were measured before they were
subjected to different exposure solutions. After the completion of the exposure period of
360 days, the cube specimens were weighed and subsequentiy the change in weight was
calculated as the percentage of the original weight of the cube specimen (stated already in
chapter 3). It is to be noted that, three replicale cube specimens of a concrete mix were
subjected to a given exposure solution and accordingly the average change in weight (%)

was calculated.

7.-3.1 Change in Weight of Concrete Subjected to Exposure Solutions with
Coatinuous Full Immersion and Full Immersion with Alternate Wetting and Drying
Cycles

The average change in weight (%) of cube specimens are plotted for different types of
binder (viz. OPC, PPC, OPC+20FA and OPC+30FA), w/b ratios (0.45 and 0.5) and
different exposure solutions {viz. vai-ymg concentrations of Na;SO04 and MgS804). These
plots are shown in Fig. 7.4 and Fig. 7.5 at w/b ratios of 0.45 and 0.5 respectively for
continuous full immersion condition and in Fig. 7.6 and Fig. 7.7 respectively for full
immersion with alternate wetting and drying cycles. It may be noted that replicate cube
specimens from all the concrete mixes were also exposed to normal water for a period of

360 days with same exposure conditions.
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Fig. 7.4 Average change in weight (%) of concrete specimens made from different types of binder
and w/b ratio of 0,45 and exposcd to varying concentrations of Na-50; and MgSOs solutions for a

period of 360 days under continuous full immersion condition
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Fig. 7.5 Average change in weight (%) of concrete specimens made from different types of binder
and w/b ratio ol 0.5 and exposed to varying concentrations of Na;SOy and MgS0O, solutions for a

period of 360 days under continuous full immersion condition
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Fig. 7.6 Average change in weight (%) of concrete specimens made from different types of binder
and w/b ratio of (.45 and exposed to varying concentrations of Na-50 and MgSQ); solutions for a

period of 360 days under full immersion with alternate wetting and drying cycles
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Fig. 7.7 Average change in weight (%) of concrele specimens made from different types of binder
and w/b ratio of 0.3 and exposed o varying concentrations of Na SOy and MgSOy solutions for a

period of 360 days under full immersion with aliernate wetting and drying cycles

From Fig. 7.4 1o Fig. 7.7, it is observed that the cube specimens exposed to varying
concentrations ol NapSQy and MgS0y showed negauve change m weight percentage,
which indicates that the weight of cube specimens reduced alter exposure to the sulfate

solutions. The loss in weight of cube specimens may he attributed to the deterioration of
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concrete in the presence of sullate jons. Further, it is found that the weight loss is higher
in the specimens exposed 10 MeSO, solution as compared to those exposed 1o NaxSO4

sofution at all concentrations, as observed from Fig. 7.4 to Fig. 7.7. The similar
observation was reported by Jiang and Niu {134]). The higher weight loss of concrete
specimens exposed 1o MgSO; solution may be attributed to the destabilization of calcium
silicate hydrate {C-S-H) as the magnesium sulfate attack is directed extensively towards
C-S-H gel. thereby converting it 10 non-cementitious magnesium silicate hydrate {M-S-
H).

Further from Fig. 7.4 10 Fig. 7.7. it is observed that the concrete specimens made with
OPC exhibited higher weight loss percentage as compared to the other types of binder at
both w/b ratios when exposed o Na:SOs solution, whereas for exposure to MgSO.
solution. the cube specimens made with OPC+30FA exhibited higher weight loss
percentage as compared to the other types of binder at both w/b ratios. While evaluating
the effect of w/b ratio, it is observed that the specimens made with w/b ratio of 0.5
exhibited higher weight loss as compared to those made with w/b ratio of 0.45 in NaxS04
solutions whereas the opposite variation was observed in MgSO, solutions ie. the
specimens made with w/b ratio of 0.45 mostly showed higher weight loss as compared to
those made with w/b ratio of 0.5. These variations in weight loss of concrete with binder
type and w/b ratio in different sulfate solutions may be attributed to the variations in the
extent of deterioration of concrete due to effect of sulfate ions along with the associated
cation type (Na” and Mg*+),

The plots of average change in weight (%) of cube specimens made from different
concrete mixes and exposed to varying concentrations of NaCl + Na4xSQq and NaCl +
MgSO, solutions arc shown in Fig. 7.8 and Fig. 7.9 at w/b ratios of 0.45 and 0.5

respectively for continuous full immersion condition and in Fig. 7.10 and Fig. 7.11

respectively for full immersion with alternate wetting and drying cycles.
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Fig. 7.8 Average change in weight (%) of concrete specimens made from differeni types of binder
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Fig. 7.9 Average change in weight (%) of concrete specimens made from different types of binder

and w/b ratic of 0.5 and exposed to varying concentrations of NaCl+Na.50, and NaCl +MgSO,

solutions for a period of 360 days under cominuous full immersion condition
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Fig. 7-10 Average change in weight (%) of concrete specimens made from different types of
binder and w/b ratio of (.45 and exposed ta varying concentrations of NaCkHNax80,and NaCl
+MgS8QO4 solutions for a period of 360 days under full immersion with alternate wetting and

drving cycles
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Fig. 7.11 Average change in weight (%} of concrete specimens made from different types of
binder and w/b ratio of 0.5 and exposed to varying concentrations of NaClH+Na:50, and NaCl
+MgSO, solutions for a period of 360 days under full immersion with alternate wetting and

drying cycles
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From Fig. 7.8 to Fig. 7.11, it is observed that the concrete specimens exposed to varying
concentrations of NaCl + Nax50. showed positive change in weight percentage. which
indicates that the weight of the concrete cube specimens increased afier 360 days of
¢xposure. The weight gain (although marginal) of the cube specimens exposed to NaCl +
Na>SOy4 environment may be attributed 0 the formation of products as result of reaction
of the chloride and sulfate ions with hydrated cement phase. Further it is observed that the
cube specimens exposed to NaCl + MgSOy; environment showed negative change in
weight percentage. This indicates that the specimens exposed 1o NaCl + MgSQy solutions
showed a reduction in the weight of concrete. The reduction in weight (although
marginal) of concrete may be due to the deleterious action of MgSO. on calcium silicate
hydrate (C-3-H).

From Fig. 7.4 w Fig. 7.11, it )s observed that the weight loss of concrete cube specimens
exposed to only Na2S0: and MgSQj4 solutions is higher as compared to those exposed to
NaCl + Na:SQy and NaCl + MgSOy solutions. This indicates thal the presence of chloride
fons along with sulfate ions might have mitigated the sulfate attack on concrete. While
observing the effect of varying concentrations of NaCl + Na:SOu on different cypes of
binder, it is observed that the concrete specimens made with OPC showed maximum
weight gain as compared to other types of binders at both w/b ratios. While analyzing the
effect of varying concentrations of NaCl + Mg80, on different types of binder, it is
observed that the concrete specimens made with QPC+30FA showed the maximum
weight loss than other types of binder at both w/b ratios as evident from Fig. 7.8 to Fig.
7.11. On comparing the average change in weight (%) of concrete between different
exposure conditions i.¢. continuous full immersion and full immersion with alternate
wetting and drying cycles, it is observed that the weight loss of concrete was higher in the
specimens under weiting and drying exposure as compared to continuous full immersion
exposure in all exposure solutions. The aforementioned discussions indicate that the
effect of sulfate attack in terms of weight loss was more prominent in sulfate and conjoint
chloride-sulfate solutions when the sulfate ion is associated with magnesium cation as

compared to that associated with sodium cation.
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74 COMPRESSIVE STRENGTH OF CONCRETE SUBJECTED TO SULFATE
AND CONJOINT CHLORIDE-SULFATE ENVIRONMENT

The average compressive stength of concrete cube specimens afier 360 days of expasure
to mormal water for dilterent types of binder and w/b ratios are shown in Fig. 7.12 and
Fig. 7.13 for continuous tull immersion condition and full immersion with alternate
wetting and drying cycles respectively. From these figures, it is inferred that the
maximum compressive strength after 360 days of exposure (0 normal water was attained
by OPC+30F A conurete tollowed by OPC+20F A, PPC and OPC concretes. This indicates
that the presence of fly ash has resulted in development of higher compressive strength in
concrete. The higher compressive strength in concrete mixes made with PPC, OPC+20FA
and OPC+30F A as compared 10 that in OPC is attributed to the effect pozzolanic reaction
producing additional C-S-H in concrete. Further, it is observed that the concrete

specimens made with w/b ratio of 0.45 exhibited higher compressive strength as
compared to those made with w/b ratio of 0.5.

While comparing the effect of different exposure conditions, it is observed that the
concrete mixes made at w/b ratio of 0.45 exhibited lower compressive strength in
continuous full immersion condition as compared to that in full immersion under alternate
wetting and drying condition. However, the concrete mixes made at w/b ratic of 0.5
exhibited higher compressive strength in continuous full immersion as compared to that
in full immersion under cyclic wetting and drying condition. This varistion in
compressive strength with exposure condition may be attributed to the variations in the

extent of hydration and pozzolanic reactions in concrete at different w/b ratios.
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Fig. 7.12 Average compressive strength of concrete after exposure to normal water for a period of

360 days under continuous full immersion condition
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Fig. 7.13 Average compressive strength of concrete after exposure to normal water for a period of

360 days under full immersion with alternate wetting and drying cycles

The average compressive strength of concrete cube specimens after 360 days of exposure
o sulfate and chloride-sulfate solutions are presented in Table 7.1 and Table 7.2
respectively at w/b ratios of 0.45 and 0.5 for continucus full immersion condition,
Similarly, the average compressive strength of concrete for full immersion with alternate
wetting and drying cycles are presented in Table 7.3 and Table 7.4 respectively at w/b
ratios of 0.45 and 0.5. In addition, the compressive strength of concrete exposed to

normal water is also presented in these tables.
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Table 7.1: Average 360 day compressive stirength of concrete made from OPC, PPC, OPC+20FA

and OPC+30FA at w b ranio of 0.45 and exposed to normal water and solutions containing
varying concentrations of Na:S0., MgSO,, NaCl + Na; SO, and NaCl + MgSO, under continuous

full imwmersion condition

Exposure condition: Continuous full immersion

Average Compressive strength (N/mm?)

:::.rj Exposure soluwtions
OrC PPC OPC+20FA OPC+30FA
Normal water 6.2 68.5 70.4 72.7
I%aNa 50, 36.2 174 37.8 395
GN%a 80, 335 34.7 35 364
12%Na-S0, 328 33.6 34.2 335.8
3% MgSOy 337 332 325 31.7
6% MgSO, 30.6 203 29.6 29.1
129 MgSQO, 3o 29.2 28.9 28.4
3%NaCl + 3%Na,;S0, 51.7 53.07 55.3 56.7
I%NaCl + 6N%a.S0, 50.8 52.1 54.8 55.8
045 3%NaCl + 1294Na,S0, 49.6 50.3 53.2 551
5% MNaC] + 3%Na SO, 57.9 58 5913 59.8
5%NaCl + 6%Na SO, od 57.5 58 58.4
3%NaC| + 12%Na;S0, 55.8 56.8 57.2 57.4
IH‘?’% MgSO. 48.5 47.3 46.1 452
3% NaC| + 6% MgSO, 47 :5:4 45.2 44.3
3% NaCl + |30, MgSO, 459 ____4_4_}_2 433 42.1
3% NaCl + 3% MgSO, 527 50.3 50.2 49.7
5% NaCl + go, MeS0s 51;_:___'50.1 49 48.4
,__—SE_ESI_:EE_ML{SO4 jf_______fj i e
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Table 7.2: Average 360 day compressive strength of concrete made fraom OPC, PPC. OPC+20FA
and OPC+30FA at wrb ratio of 0.5 and exposed to normal water and solutions containing varying
concentrations of NaSOy, MgSOy, NaCl + Na:SO; and NaCl + MgSO, under continuous full

imiersion condition

Exposure condition: Continucus full immersion

Average Compressive strength {Nsmm*)

r‘:tﬁ Exposute solutions
oPC PPC OPC+20FA  OPC+3I0FA

Nommal water 65.6 66 66.4 67
3%Na:50. 35.1 36.7 16.3 38.6
ON%arS 0y 324 31.6 348 36
12%Na3 80y 31.7 329 339 352

3% MghO, 34.8 34 313.7 33

6% MgS0, 31.2 30.7 30.1 29.3

12% MgSOy 30.8 30.1 29.6 28.7
F%BMaCl + 3%Nax30y 51.1 52.8 54.7 56
FI%%eMaCl + 6N%a;30;4 M3 51.7 333 53.7
0.5 J9%NaCl + 12%MNa; S50 492 50.1 52 548
5%NaCl + 3%NaSO. 56.4 57.5 58.6 59
5%NaCl + 6%MNa>50, 558 56.6 57.1 58.1
5%NaCl + 12%MNa; 504 54.7 35.2 56.4 56.6
3% NaCl + 3% MgS0y 49.3 48.4 47.3 46.1
3% NaCl + 6% MgSO, 43.4 473 46.4 45.2
3% NaCl + 12% MgSO, 47.2 46.1 45.5 44,7
5% MNaCl + 3% MgSO, 54.% 53.2 52.6 516
5% NaCl + 6% MgSOq 534 52.1 51.5 50.7
5% NaCl + 12% MgSOu 52.6 51.5 504 49.6
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Table 7.3: Average 360 day compressive sirength of concrete made from OPC, PPC, OPC+20F A
and OPC+301F A at w b ratio of 0.45 and ¢xposed to normal water and solutions comaining
varying concentrations of Na:$0:, MgSQ,, NaCl + Na:SO; and NaCl + MgSOq under full

immersion with alsermate wetting and drving cycles

Exposure condition: Full immmersion with alterate wetting and drying cycles

Average Compressive strength (N/mm?)

:::.I:) Exposure solutions
! OPC PPC OPC+20FA OPC+30FA
Normal water 69 70 70.4 71
3%uNaxS0, 354 36 36.8 37.4
6MNYaa.50, 325 339 4.6 35.3
12%aNa-80, 31.3 33 332 341
3% MgS0, 32.8 30.4 20.8 28.6
6% MgSO, 29.6 28.7 27.5 26.9
12% MpSO, 29 28 27 26.3
6
_%NaCl + 3%Nass0, 50.9 52.1 54.1 5
304 53.7 535.3
oNaCl + 6N"%a:S0, 49.8 51.3 '
T s S
045 3%iNaot 4 52.9 54.6
12%Na-S0. 48.4 50
 Svanae 58 584
*NaCl + 304Na,80, 56.3 57
s -
573
>%Nacy 4 6%NaS0O, 55.2 56.6 57.6
o 5 55.8
3 ’3Nac*| + 12%Na-S0, 54.7 55.7 3¢
44
L1
% MgSO, 47.6 46.2 ¥
3% Nac ‘_'T—"—:;l— 42.3
— % mgso, a3 B0
T 12% Mgso, 44.1 1142__,,.’-' "
Sﬁ"ﬁ Na{il 49.3

"'H: Na(‘n 4%, f
I+6ﬁ/ o 4Q.2 :

' Nagy 5
T TP Meso, 497 4
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Table 7.4: Average 160 day compressive strength of concrete made from QPC. PPC. GPC+20FA
and OPC+30F A at wb ratio of 0.5 and exposed to normal water and solutions containing varying
eoncentrations of Na:5C,, MgS0,, NaCl + Na:;S50, and NaC'l + MgSO, under full immersion with

altermate wetting and drying cycles

Exposure condition: Full immersion with alternate wetling and drying cycles

Averape Compressive sirength (N/mm?*)

t‘::; Exposure solutions
aPC PPC OPC+20FA  OPC+30FA
Normal water 5%.8 594 G0.6 61.4
3%Na:S0, 34.7 35.2 35.5 36.2
EN%a:80, 31.2 326 331 34.7
12%N2;50, 30.6 318 325 338
3% M5S0, 34 336 33.2 32.5
% MgS0, 30.9 30.2 268 26.1
12% MgS0, 30 29.7 293 284
J%NaCl + 3%Na:SOs 50.5 51.3 53.8 56.2
3%NaCl + 6N%a;50, 49.6 50.4 52.4 54.3
0.5  3%WNaCl + 12%Na;50. 48.8 49.5 51 53.7
5%NaCl + 3%NaS0, 53.3 56.2 57.6 58.7
5%NaCl + 6%Na50, 53.2 54.6 56.1 57.7
5%NaCl + 12%Na 304 32.2 54 554 56.2
3% NaCl + 3% MgS0, 48.2 47.8 46.2 45.2
3% NaCl + 6% MgSO0, 47.1 46.4 45.1 44.3
3% NaCt + 129% MgSO, 46.3 45.3 443 418
3% NaCl + 3% Mg30, 5316 52.1 51.3 50.2
5% NaCl + 6% MgS0, 52.3 501 50.2 491
5% NaCl + 12% MgSO, 50 50 49 | 48.3
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From Table 7.1 1o Table 7.4. it is observed that, the concrete specimens exposed to sulfate
and conjoimt chloride-sulbate solutions exhibited lower compressive swength as compared
to those¢ exposcd to normal water. This indicates that the e¢xposure of concrete to
aggressive environment lemds to reduction in its compressive strength. Further, it is noted
that the concrete mixes made with OPC showed higher compressive strength as compared
to blended cement concrete mixes (PPC. OPC+20FA and OPC+30FA) in MgS04 and

NaCl + MgSO4 environment at atl concentrations whereas the opposite behaviour was

observed in Na:SO, and NaCl + Na:SQy environment Le&. the blended cement concrete

mixes (PPC. OPC+20FA and OPC+30FA) exhibited higher compressive strsngth as

compared 10 OPC conerete at both w/b ratios.

74.1 Reduction i, Compressive Strength of Concrete Subjected to Sulfate and

Conjoint ChloridE-Sulfate Environment and
For evaluating (he , eduction in compressive strength of concrete exposed to sulfate

conjoint chloride. in compressive smength (%) was

sulfate solutions, the average reduction
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concrete made at w/b ratio of 0.5 are shown in Fig. 7.26. Fig. 7.27. Fig. 7.28 and Fig. 7.29

respectively for full immersion with alternate wetting and drying cycles.

OPC and w'b ratio of 0.45
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Fig. 7.14 Average reduction in compressive strength (%) of concrete made from OPC al w/b ratio
of 0.45 and subjected to varying concentrations of Na:8O4, MgSOa. NaCl+Na:S50, and NaCl

+MgS 0, solutions for a periad of 360 days under continuous full immersion condition
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Fig. 7.15 Average reduction in compressive srength (%) of concrete made from PPC at w/b ratio
of 0.45 and subjected to varying concentrations of Na:S0Oy, MgSOy, NaCl+Na:SO, and NaCl

+MgS804 selutions for a period of 360 days under continuous full immersion condition
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OPC and wb ratio of 0.5
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Fig. 7.18 Average reduction in compressive strength (%) of concrete made from OPC at w/b ratio
of 0.5 and subjected to varying concentrations of NasS0,, MgS0,, NaCl+Na:80, and NaCl
+MgS 0y solutions for a period of 360 days under continwous full immersion condition
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Fig, 7.19 Average reduction in compressive strength (%) of concrete made from PPC at w/b ratio
of 0.5 and subjected to varying concentrations of NaySQOy, MgSQ,, NaCl+NaxSQO4 and NaCl

+Mg80; solutions for a period of 360 days under continuous full immersion condition
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g 70 -

T

= rp— IS
¥ 50 J

£ ] —&—ANS
5 30 | —— 12NS
g- 30- == IMS
= | - ¥=- 6MS
8 20 | -~ 12MB
g

3 10

;-

m 0 L]

e Exposure solutions

Fig. 720 Average requciion in compressive strength (%) of concrete made from OPC+20FA at

w/b 1810 0£ 0.5 g5 subjected (o varying concentrations of Na:504, MgS04 NaCl+N8;SO.and

NaCl +Mgsq, solumions for a period of 360 days under continuous full immersion condition

|

OPC+30FA and wib ratio of 0.5

Redwetion in Compressive strengih (%)

s
x Expﬂsm fom 0P{:+30FA at

Mapa . oncrete ma
w/b 12tio of g ¢ Yeduction in compressive strength (%) of ¢ <O MESO™ NaCHNa:80s and

an . . ..
NaCl +Mgg(, d Subjected 1o varying concentrations of Na full imnersion condition
1 500y continuous

Ons for a period of 360 days under

i
I
b
]

TH-2120_10610424




CHAPTER 7

— OPC and w'b ratio of 0.45
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Fig. 7.22 Average reduction in compressive strength (%) of concrete made from OPC at w/b ratio
of 0.45 and subjected to varying concentrations of NaxSO,, MgSO,, NaCl+Na.50; and NaCl
+MgS0. solutions for a period of 360 days under full immersion with aliernale wetting and

drying cycles

- BPC and w/b ratio of 3.45
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Fig. 7.23 Average reduction in compressive strength (%) of concrete made from PPC a1 w/b ratio
of 0.45 and subjected to varying concentrations of NapSCy, MgSOy, NaCl+Na;S50, and NaCl
+MgS0, solutions for a period of 360 days under full immersion with alternate wetting and

drying cycles
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Reduclion in Conprossive strength (%)

OPC and wb ratio of 0.5
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Fig. 7.26 Average reduction in compressive sirength (%) of concrete made from OPC at w/b ratio

of 1.5 and subjected to varying concenirations of Naz50,, MgSOy, NaCl+Na:580,; and NaCl
+MgSQ; solutions for a period of 360 days under full immersion with altermate werting and

drying cycles
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Fig. 7.27 Average reduction in compressive strength (%) of concrete made from PPC at w/b ratio
of 0.5 and subjected to varying concentrations of NazSOQy, MgSO4, NaCHNaxSO,; and NaCl

+MgSO4 solutions for a period of 360 days under full immersion with alternate wetting and
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CHAPTER 7

From Fig. 7.14 to Fig. 7.29, it is observed that the reduction in compressive strength of
concrete varied with binder type, w/b ratio, exposure solution and exposure condition,
After 360 days of exposure, the maximum compressive strength reduction of OPC, PPC,
OPC+20FA and OPC+30FA concrete were 54.6%. 52.9%. 52.1% and 52.0% respectively
in Na;80, solutions and 58.0%, 60.0%. 61.6% and 63.0% respectively in MgSO.
solutions. Similarly, the maximum compressive strength reduction of OPC. PPC.
OPC+20FA and OPC+30FA concrete were 29.9%, 28.6%. 24.9% and 23.1% respectively
in NaCl + Nax:SO4 solutions; and 36.1%, 40.0%. 40.2% and 42.5% respectively in NaCl +
MgSO, solution irrespective of w/b ratio, exposure condition and concentrations of
sodium chioride, sedium sulfate and magnesium sulfate. These values indicate that the
compressive strength reduction in OPC was higher as compared to that in PPC,
OPC+20FA and OPC+30FA in Na:804 and NaCl + Na:SOs solutions, whereas the
opposite variation was observed in Mg304 and NaCl + MgSQO, solutions i.e. the reduction
in compressive strength of concrete was higher in PPC, OPC+20FA and OPC+30FA as
compared to that in OPC at all concentrations of sulfate and chioride salts: and for both
wib ratios and exposure conditions. This indicates that blended cement concretes (PPC,
OPC+20FA and OPC+30FA) exhibited improved resistance to sodium sulfate attack
whereas they showed poor resistance 10 magnesium sulfate attack as compared to QPC
concrete. The similar observations were reported by Rasheeduzzafar et al. [46) and Al-

Amoudi [133].

The improved resistance of blended cement concretes (PPC, OPC+20FA and
OPC+30FA) in Na280s and NaCl + Naz;SO4 environment may be attributed to the
formation of relatively denser microstructure as a result of production of additional C-S-H

due to pozzolanic reaction and reduction in formation of gypsum and euringite as result

of less availability of calcium hydroxide and C3;A in blended cement concretes. The

formation of lower amount of gypsum and etringite in blended cement concretes as

compared to that In QPC concrete is corroborated from the typical XRD profiles shown in
Fig. 7.30, Fig 7.3, Fig. 7.32 and Fig. 7.33 for QPC, PPC, OPC+20FA and OPC+30FA
concrete respectivel}' at w/b ratio of 0.45 when exposed io 12% Na:SO4. 3% NaCl + 12%
Nay SOy and 5% NaCl + 12% Nax304 solutions with alternate wetting and drying cycles.
The XRD profiles shown in these figures indicate the formation of gypsum (G) with peak
at 32.1° 20, and enringite (E} with peaks at 8.8° 29, 15.75° 28, 25.6° 20, and 27.5° 20.

From these XRD profiles, it is observed that the blended cement concretes showed less
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and NaCl + Na; S0 solutions for a period of 360 days under full immersion with alternate wetting

and drying eycles
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Fig. 7.32 XRD profile of OPC+20%FA concrete at w/b ratio of (.45 and exposed to Na,SOy

and NaCl + NaxSOssolutions for a period of 360 days under full immersion with alternate wetting

and drying cycles
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The XRD profiles shown in Fig. 7.30, Fig 7.31, Fig. 732 and 7.33 indicate the
precipitation of caleium hydroxide (CH) through well-defined peaks at 18.04° 20 and
34.1° 20 in all the concrete mixes. The corerete mixes made with PPC, OPC+20FA and
OPC+30FA showed less intense peaks of calcium hydroxide as compared to that made
with OPC. The less peak intensity of calcium hydroxide in blended cement concretes is
attributed to its consumption in the pozzolanic reaction. Further, the peaks of quartz (Q)
were found at 20.85° 26, 26.65° 26 and 39.45° 20 as observed from Fig, 7.30 to Fig, 7.33,
which is mostly due to the presence of aggregates in the concrete. Similarly, the peaks of
thaumasite (T) and calcium carbonate (CC) were found at 27.9° 20 and 29.4° 20
respectively in the XRD profiles.

The formation of ettringite in the form of needle-like crystals in the concrete mixes
exposed 1o Na:8Os and NaCl + NaxSOs solutions are indicated by the FESEM
micrggraphs shown in Fig. 7.34, Fig. 7.35, Fig 7.36, and Fig. 7.37 respectively for OPC,
pPC. OPC+20FA and OPC+30FA concrete mixes exposed 0 NaxSOs solutions and in
Fig. 7.38, Fig. 7.39, Fig 7.40, and Fig. 7.41 for the concrete mixes exposed to NaC| +
N 4S04 solutions with alternate wetting and drying cycles. In addition, the presence of C-
g-H, calcium hydroxide, gypsum and calcium carbonate in concrete was alsg observed

from these micrographs.

@ 200 nm EHT = 20Q &V Signal A = InLens m
b= WD= 58 mm Mag = 5626 K X

Fig.‘?..%d FESEM micrograph of OPC concrgte made at w/b ratio of 0.45 and exposed to

% Na:804 solution under full immersion witly alternate wetting and drying cycles for a period
12

of 360 days: (A) Ettringite and (B) Calcium hydroxide
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.

. 2l .
200 nm EHT = 200 kV Signal A = InLens m
H WD = 58 mm Mag = 6114 K X

Fig.7.35 FESEM micrograph of PPC concrete made at w/b ratio of 0,45 and exposed to
12% Na:S0y solution under full immersion with alternate wetting and drying cveles for a period

of 360 days (A) Ettringite and (B) C-5-H

EHT = 200 kV Signal A = InLens
i WD= 58 mm  Mag= 562K X

Fig.7.36 FESEM micrograph of OPC+20%F A concrete made at w’'b ratio of 0.45 and exposed to
12% Na250y4 solution under full immersion with alternate wetting and drying cycles for period of
360 days (A) Gypsum, (B) Enringite and (C') C-5-11
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= WD = 5&8mm MESEL“EE_.%’%LE”E W
Fig. 7.37 FESEM micrograph of OPC+3024FA concrete made at w/b ratio of (.45 and exposed to
12% Na:80; solution under full immersiom with alternate wetting and drying cycles for a period

of 360 days (A) Eitringite and (B) C-8-H

KV

EHT = 200
WD = 58mm Mag = 56 26 K X

Fig.7.38 FESEM micrograph of OPC Goncreie made at w/b ratio of 0,45 and exposed to

596 NaCl + 129, Na:504 solution under fu}] immersion with alternate wetting and drying cycles

for a period of 160 days (A) Gypsum, (B Euringite, (C) Calcium hydroxide and (D) C-8-H
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Signal A = InLens m
H WD= 58mm Mag= 56 26 K X

Fig. 7.39 FESEM micrograph of PPC concrete made at wib ratio of .45 and exposed to

5% NaCl + 12% Na:SOj4 solution under full immersion with alternate wetting and drying cycles

for a period of 360 days
(A) Gypsum, (B) Euringite, (C) Fly ash particle and (D) C-8-H

EHT = 200 kV Signal A = InLens m
b WD= 58 mm Mag= 56 26 K X

Fig. 7.40 FESEM of OPC+20%FA concrete made at w/'b ratio of 0.45 and exposed 1o 5% NaCl +
1294 Na;S0. solution under full immersion with alternate wetting and drying cycles for a period

of 360 days (A) Ettrmgite, (B) Caleium carbonate. (C) Calcium hydroxide and (1) C-5-H gel
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of more amount ettringite (E) in PPC, OPC+20FA and OPC+30FA concrete as compared
to that in OPC concrete as indicated by its peaks at 8.8° 20, 15.75° 26. 25.6° 26, and 27.5°
20 in the XRD profiles shown in Fig. 7.42 1o Fig 7.45.
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Fig. 7.42 XRD profile of OPC concrete at w/b ratio of 0.45 and exposed to Mg80),

and NaCl + MgS0Oq solutions for a period of 360 days under full immersion with alternate

wetting and drying eveles
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The XRD profiles shown in these figures (Fig. 7.42 o Fig 7.45) indicate the formation of
magnesium hydroxide (MH) with peak at 33.9° 28, calcium chloroaluminate (CCA) with
peak at 23° 28 and calcium hydroxide (CH) with peaks at 18.08° 20, 34.2° 20. and 36.5°
26. Similarly, the peaks of quartz (Q), thaumasite (T) and calcium carbonate (CC) were
found at 20.85° 20, 26.65° 20 and 39.45° 20: 27.9° 20: and 29.4° 20 respectively as
observed from Fig. 7.42 to Fig. 7.45. The typical FESEM micrographs shown in Fig,
7.46, Fig. 7.47, Fig. 7.48 and Fig. 7.49 respectively for OPC., PPC. OPC+20FA and
OPC+30FA also indicate the formation of calcium hydroxide, gypsum, ettringite and non-

cementitious, fibrous M-S-H in these concrete mixes exposed to MgSQO4 solutions.

= wD= 50mm Mag =

Fig. 7.46 FESEM micrograph of OPC concrete made at wi/b ratio of 0.45 and exposed to

12% MgSQy solution under full immersion with alternate wetting and drying cycles for a period
of 360 days: (A) Fibrous M-8-H and (B) Ettringite
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Fig. 7.49 FESEM micrograph of OPC+30%FA concrete made at w/b ratio of 0.45 and exposed to
12% MgS0O4 solution under full immersion with alternate wetting and drying cycles for a period

of 360 days (A) Fibrous M-S-H and (B) Ettringite

7.4.2 Effect of w/b ratio on Compressive Strength of Concrete Subjected to Sulfate

and Conjoint Chloride-Sulfate Environment

While analyzing the effect of w/b ratio on reduction in compressive strength of concrete,
it is observed from Fig. 7.14 to Fig. 7.29 that, the average reduction in compressive
strength of concrete made at w/b ratio of 0.45 vary from 43.6% to 54.6% and 13,1% to
29.9% respectively when exposed to Na2SOs and NaCl + NaaSOs solutions, whereas that
at w/b ratio of 0.5 vary from 42.4% to 51.7% and 4.4% to 25% respectively when
exposed to these solutions, irrespective of binder type, exposure condition and
concentrations of NaCl and Na:SO4. Similarly, the average reduction in compressive
strength of concrete at w/b ratio of 0.45 when exposed to MgSOas and NaCl + MgS0,
solutions vary from 50.1% to 63.0% and 21.9% to 42.5% respectively and that at w/b
ratio of 0.5 vary from 47.0% to 57.2% and 8.8% to 33.3% respectively when exposed to
these solutions irrespective of binder type, exposure condition and concentrations of NaCl
and MgSO4. These results indicate that the concrete made at w/b ratio of 0.45 exhibited
hisher reduction in compressive strengih as compared to that made at w/b ratio of 0.5.
Thus, a decrease in w/b ratio enhanced the reduction in compressive strength of concrete

when exposed (o sulfate and conjoint chloride-sulfate solutions. T'he higher reduction in
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compressive strength of concrele at lower w/b (0.45) ratio as compared to that at higher

wrb (0.5) ratio is attributed to the salt crystallization in the pores of the concrete at lower

wib ratio. The finer pore structure (i.e. reduced pore space) of concrete at lower w/b ratio

may not be sulficient 1o accommodate the expansive products formed as a result of

higher w/b ratio.

74.3 Effect of Exposure Condition on Compressive serength of Concrete Subjected

to Sulfate and Conjoint Chioride-Sulfate Environment

For evaluating the effect of exposure condition on compressive strength, the average
reduction in compressive strength (%) of concrete has been compared between
continuous full immersion condition and full immersion with alternate wetting and drying
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chloride salts) might have exerted internal stresses thereby resulting in expansion and

dismption of the concrete as compared to that in continuous full immersion condition.

7.4.4 Effect of Na:5O4, MgS80, and NaCl Concentration on Compressive Strength of
Concrete

While evaluating the effect of Na;S0y and MgSQ, concentrations on reduction in
compressive strength of concrete, it is observed from Fig. 7.14 to Fig. 7.29 that the
average reduction in compressive strength (%) of concrete increased with an increase in
concentration of NaSO4 and MgSQy for sulfate and conjoint chloride-sulfate solutions in
all the concrete mixes and for both exposure conditions i.e. continuous full immersion
and full immersion with alternate wetting and drying cycles. The increase in reduction of
compressive strength with increase in Na:804 concentration is attributed to the formation
of higher amount of gypsum and ettringite and that with increase in MgSO,4 concentration
is attributed to the formation of higher amount of gypsum and non-cementitious M-S-H in
concrete. Further from Fig. 7.14 to Fig. 7.29, it is observed that the average percentage
reduction in compressive strength of concrete decreased with an increase in NaCl
concentration in the conjoint chloride-sulfate solutions in all the concrete mixes. This
indicates that the deterioration of concrete due to sulfate attack is retarded with increase
in NaCl concentration in the conjoint NaCl + Na:SO4 and NaCl + MgSO; solutions.

7.4.5 Comparison between the Effects of Sulfate ion and Conjoint Chloride-Sulfate
ions on Compressive Strength of Concrete

While comparing the reduction in compressive strength of concrete in different exposure
solutions, it is observed from Fig. 7.14 to Fig. 7.29 that the average reduction in
compressive strength of concrete in N2;504, MgSO,, NaC! + Na;SO; and NaCl + MgSO,
solutions varied from 41.0% to 34.6%, 42.2% to 63.0%. 4.4% t0 29.9% and 8.8% to
42.5% respectively irvespective of binder type, w/b ratio, concentration of these salts and
exposure condition. From the aforementioned values of average reduction in compressive
strength (%), it is inferred that the reduction in compressive strength of concrete in
MgSQy4 solution is higher as compared to that in Na:SOQy solution. The higher reduction in
compressive strength of concretg in MgS804 environment is anributed to the conversion of
C-5-H o non-~cementitious fibrous M-S-H, This is also corroborated from FESEM

micrographs shown in Fig. 746 to Fig. 7.49, which indicate the formation of non-
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cementitious fibrous M-S-H in cancrete exposed to MgSQOa solution, whereas a relativel,

denser micrastructure wias observed in the concrete exposed to NaxSO4 solution as

observed fyom FESEM micrographs shown in Fig. 7.34 to Fig. 7.37.
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While comparing the effect of cation type associated with sulfate ions in the conjoint
chloride-sulfate environment, it is ohserved that the reduction in compressive strength of
concrete in NaCl + MgS0, solution is higher as compared 10 that in NaCl + Na=SO,
solution. The higher reduction in compressive strength of concrete in NaCl + MgSOs
solution is attributed 10 the more deleterious action ol MgSOs In case of Na® cations
associated with sulfate ions, the strength reduction is due to the expansion and cracking
caused by formation of gypsum and ettringite, whereas in case of Mg™ ™ cations associated
with sulfate ions the strength reduction is due to the formation of insoluble magnesium
hydroxide {brucite) and decalcification of C-5-H to non-cementitious M-5-H, along with
the formation of ettringite and gypsum. Therefore, the effect of MgSQOy4 is more
deleterious than that of NaxS0, leading to higher reduction in compressive strength of
conerete. As stated earlier, the formation of magnesium hydroxide was confirmed through
its peaks in the XRD profiles shown in Fig. 7.42 to Fig. 7.45 for the concrete exposed to
MgSO, and NaCl + MgSO; solutions. Similarly, the formation of fibrous magnesium
silicate hydrate (M-S-H) in the presence of Mg™* cations associated with sulfate ions is
also corroborated from the FESEM micrographs shown in Fig. 7.46 to Fig. 7.49 for the
concrete exposed to MgSOy environment.

7.5 SUMMARY

From the visual examination of concrete after exposure to Na:SO; solutions, it is
observed that the cube specimens showed deterioration at the edges, whereas exposure to
MgSOy solutions showed deterioration in the form of peeling of the surface skin on all the
faces of the cube specimens with the aggregates exposed. No significant deterioration was
observed on surface of cube specimens exposed to NaCl + NaxSQ4 and NaCl + MgSQ,
solutions.

The average change in weight (%) and average reduction in compressive strength (%) of

concrete varied with binder type, w/b ratio, exposure solution and exposure condition. -

The variations in compressive strength of concrete attributed to the formation of
compounds such as gypsum, etiringite, calcium chloroaluminate, magnesium hydroxide
and M-S-H in the presence of sulfate and conjoint chloride-sulfate ions are corroborated
from the results of XRD and FESEM analyses.

The blended cements (PPC, OPC+20FA and OPC+30FA) exhibited lower reduction in
compressive strength as compared to OPC in sodium sulfate and sodium chioride plus
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sodium sulfate environment whereas QPC showed lower reduction in compressive
strength as comparcd 1o blended cements in magnesium sulfate and sodium chloride plus
magnesium sulfite eny ironment. Further the reduction in compressive strength was lower
at wib ratio of (1.5 as compared to that at 0.45. While comparing the exposure solutions, it
is observed that the reduction in compressive strength of concrete decreased in the order:
MgSOy > NasSOQ, = NaCl plus MaSO, > NaCl plus Na1S0,. Further, the reduction in
compressive ste mgth of concrete was higher under aliemate wetting-drying exposure
condition as comp

. . ; ndition.
ared 1o that under continuous full irmmersion co
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CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

4.1 SUMMARY
{n this chapier, the conclusions obtained from the comprehensive experimental

nvestigation on the effect of chloride and conjoint chloride-sulfate contamination on 28-

day compressive strength of concrete, microsttuctural changes occurred in concrete, and

chemical composition of electrolytic concret® powder solution prepared from different

concrete mixes are presented. In addition, the canclusions obtained from electrochemical

pehaviour of steel reinforcement in electrolytic concrere powder solutions contaminated
with varying concentrations of sodium chlorid€, sodium chloride plus sodium sulfate and
godium chloride plus magnesium sulfate ar¢ also presented. Further, the conclusions
grawn from corrosion behaviour of steel reinforcement embedded in concrete that is

ed with varying concentrations of chloride-sulfate jons and subsequently exposed t0
the conclusions obtained

ironment under

admix
conjoint chloride.sulfate environment are presented. In addition,

from performance of concrete in sulfate and gonjoint chloride-sulfate env

different exposure conditions are also enumerated.

3.2 CONCLUSIONS FROM COMPRESSIVE STRENGTH OF CONCRETE

CONTAMINATED WITH CHLORIDE AND CHLORIDE-SULFATE IONS

s The concrete made fram OPC exhibited lower compressive strength at the age of
28 days as compared (o that made from PPC at all levels of chloride and conjoint

chloride-sulfate contaminations for both w/c ratios (0.45 and 0.5).

» The specimens admixed with varying concentrations of sodium chloride showed

higher compressive strength as compared to those admixed with varying
concentrations of conjoint sodium chloride plus sodium suifste and sodium
chloride plus magnesium sulfate at w/¢ ratios of 0.45 and 0.5 for both OPC and

PPC.

e While abserving the effect of cation type associated with sulfate ions on 28-day
compressive strength of concrete, it is found that concrete admixed with sodium
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chloride plus magnesium sulfate exhibited fower compressive strength as

compared to those admixed with sodium chloride plus sodium sulfate.

83 CONCLUSIONS FROM MICROSTRUCTURE OF CONCRETE AND
ELECTROLYTIC CONCRETE POWDER SOLUTION (ECPS) CHEMISTRY

The XRD profiles showed less peak intensity of ettringite (E} and more peak
intensity of calcium chloroaluminate (CCA) in OPC concrete as compared to that
in PPC concrete at all levels of admixed NaCl. This is attributed to the preferential
reaction of chloride ions with C3A to form more amounts of calcium
chloroaluminate thereby, resulting in lesser availability of C:A to react with
gypsum to form lower amount of ettringite in OPC,

In the conjoint presence of NaCl plus Na:SOs and NaCl plus MgSO4, the XRD
profiles of concrete made from different types of cement (i.e. OPC and PPC} and
w/e ratio (i.e. 0.45 and 0.5) showed variations in the formation of euringite (E),
gypsum (G), calcium chloroaluminate (CCA) and calcium hydroxide (CH) as
indicated by their respective peak intensitics.

The Fourier transform infrared (FTIR) specira of concrete contaminated with
sodivm chloride, sodium chloride plus sodium sulfate and sodium chloride plus
magnesium sulfate for OPC and PPC indicated the functional groups associated
with different products ie. gypsum, caicium carbonate and ettringite formed in
cancrete through the transmittance bands of Q-H, SO, CO3-and Al-O.

The XRD prefiles indicating the formation of differen compounds in concrete in
the presence of chloride and conjoint chlotide-suffare ions were consistent With
the functional groups associated with those compounds as observed from FTIR
spectrum analysis.

The formation of C-S-H, calcium hydroxide, gypsum. ettringite. and calcium
chloroaluminate in concrete contaminated with sodium chloride. sodium chloride
plus sodium sulfate and sodium chloride plus magnesiym sulfate were also
substantiated by the FESEM micrographs of concrete made from OPC and PPC.
In addition, the FESEM micrographs also indicated the formation of magnesium
hydroxide (brucite) and non-cementitious M-S.H in the concrete admixed with
sodium chloride plus magnesiuom suffate.
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& The chemical composition of electrolytic concrete powder solution (ECPS)
prepared from various concrete mixes contaminated with sodium chloride, sodium
chloride plus sodium sulfate and sodium chloride plus magnesium sulfate
indicated that the concentrations of Cl°, SO, Na*, Ca** and K* ions vary
significantly with varying conceatrations of NaCl, NaCl plus Na;SO; and NaCl
plus MgSO..

¢ The electrolytic concrete powder solutions contaminated with varying dosages of
NaCl, NaCl plus Na:SO4 and NaCl plus MgSOs showed higher concentrations of

CI ion and SO ion at w/c ratio of 0.45 as compared to that at wlc ratio of 0.5 for
both OPC and PPC.,

e The concentration of CI' ions in electrolytic concrete powder solutions
contaminated with varying dosages of NaCl, NaCl plus Na;SOs and NaCl plus
MgS0. decreased in the order: NaCl + MgSO4 > NaCl > NaCl + Na:50e

®» The concentration of SO;" ions in electrolytic concrete powder solutions
contaminated with varying concentrations of NaCl, NaCl plus Na:80¢ and NaCl
plus MgSO, decreased in the order: NaCl + Na; SO, > NaCl + MgSO4 > NaCl.

s The electrolytic concrete powder solution contaminated with NaCl plus Naz504
showed higher pH as compared to that contaminated with NaCl plus MgSO, for
both types of cement and w/¢ ratio.

e The conductivity of chloride contaminated electrolytic concrete powder solution
prepared from PPC was higher than that prepared from OPC. This is attributed to
higher concentration of CI" ion in PPC as compared that in OPC.

e The conductivity of electrolytic concrete powder solution was higher in the
presence of NaCl plus MgSOs as compared to that in the presence of NaCl plus
Na:SO. This indicates that the presence of sulfate ions when associated with
magnesium cation increases the conductivity of concrete in the presence of

chloride 1ons.
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8.4 CONCLUSIONS FROM PASSIVITY OF STEEL REINFORCEMENT IN
ELECTROLYTIC CONCRETE POWDER SOLUTION

» Different zones of corrosion namely active zone. passive zone and pitting 2one of
steel reinforcement in electrolytic concrete powder solution (ECPS) in the
presence of chloride and conjoint chloride-sulfate ions were obtained and the
corresponding boundary potential values of these zones of corrosion were
determined.

¢ In uacontaminated ECPS, the range of passive zone of steel reinforcement is more
as compared to that im NaCl, NaCl plus Na:SO, and NaCl plus MgSO,
contaminated ECPS. This indicates that the presence of chloride and sulfate ions

in concrete decreases the passivity of steel reinforcement.

* The range of passive zone decreased with increase in admixed NaCl concentration
in all the concrete mixes, which indicates thae the presence of chloride ions in

concrete reduces the passivity of steel reinforcement

¢ The range of passive zone is more in OpC as compared 10 ppC in chloride
contaminated electrolytic concrete powder solutions for both types of steel and
w/c ratio. This is attributed to more chloride binding in OPC as compared to that
in PPC, which resulted in lower CI' ign coneentration in ECPS prepared from
OPC than that prepared from PPC. The higher chloride binding in OPC was also
confirmed from the XRD profiles through more jntense peaks of calcium
chloroaluminate in OPC than that in PPC,

¢ In the conjoint presence of NaCl plus Na;S0,, PPC showed higher range of
passivity as compared to OPC, whereag OPC showed higher range of passivity as

compared to PPC in the conjoint presence of NaCl plus MgSOa.

® Among sicel type and wic ratio, Tempeore TMT stee| and W/ ratio of Q.5
exhibited higher range of passivity ag cOmpared to Thermex TMT steel and wic
ratio of 0.45 respectively in the ECpg Contaminated with chloride ions and
composite chloride-sulfate ions (for hoth Cations),

® The presence of sulfate ions associated with Nga* cation in chloride epvironment
{i.e. NaCl plus Na:304) has mitigated 1he effect of chioride ions O reducing the

passivity of both Tempcore TMT sieel sng Thermex TMT sieel.
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® For Tempcore TMT steel, the presence of sulfate ions associated with Mg™ cation
in chloride environment (i.e. NaCl plus MgSO,) has stimulated the effect of
chloride ions on reducing the passivity of steel reinforcement, whereas for
Thermex TMT steel the presence of sulfate ions associated with Mg*" cation in
chloride environment has mitigated the effect of chloride ions on reducing the
passivity of steel reinforcement.

® The range of passive zone of both types of stecl reinforcement was more in the
presence of NaCl plus Na:SO;4 as compared to that in the presence of NaCl plus
MgSOy for both types of cement and w/c ratio. This indicates that Mg-oriented
suifate atiack is more aggressive in reducing the passivity of steel reinforcement
as compared to Na-oriented sulfate attack in the presence of chloride ions.

e Overall, the passivity range of steel reinforcement in electrolytic concrete povwder
solutions contaminated with varying concentrations of NaCl, NaCl plus Na:SO4
and NeCl plus MgSO; decreased in the order: NaCl + NazSOs > NaCl > NaCl +
MgSO..

8.5 CONCLUSIONS FROM CORROSION POTENTIAL AND CORROSION
CURRENT DENSITY OF STEEL REINFORCEMENT IN ECPS

¢ The presence of chloride and conjoint chloride-sulfate lons increased
probability of occurrence of steel reinforcement corrosion int electrolytic concrete

powder solution for both types of cement, steel and w/e ratio.

, . . i with increase
& The corrosion current density of steel reinforcement increased

concentration of NaCl in the ECPS contaminated with NaCl, NaCl plus Na;SO4
and NaCl plus MgS80O..

e There was increase in corrosion current density of steel reinforcement with
increase in MgSO« concentration in ECPS contaminated with NaCl plus MgSO.,
whereas there was no systematic variation in corrosion current density with

concentration of Na;SO, in ECPS contaminated with NaCl plus Nax50a.

e Portland pozzolana cement (PPC) exhibited higher corrosio
ordinary Portland cement (OPC) in the presence of chioride ions. In the conjoint
presence NaCl plus Na;SO,, OPC showed higher corrosion current density as
compared to PPC, whereas PPC showed higher comosion current density as

n current density than
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compared to OPC in the conjoint presence NaCl plus MgSQu. This indicates that
OPC is likely to exhibit longer corrosion propagation period in NaCl and NaCl
plus MgS04 cnvironment, whereas PPC is likely to exhibit longer corrosion
propagation period in NaCl plus Na;SO4 environment.

e Among steel type and w/c ratio, Tempecore TMT steel and w/c ratio of 0.5
exhibited lower corrosion current density as compared o Thermex TMT steel and
wic ratio of 0.45 respectively in the presence of NaCl, NaCl plus Na:504 and
NaCl plus MgSQ..

¢ On comparison between NaCl and NaCl plus Na>SO,_the presence of sulfate ions
associated with Ma® cation has mitigated the effect of chloride ions on corrosion
current density of both Tempcore TMT steel and Thermex TMT steel-

* On comparison berween NaCl and NaCl plus MgSO;, the presence of sulfate ions
associated with Mg™ cation has stimulated the effect of chloride ions on COrrosion
currént density of Tempcore TMT steel, whereas for Thermex TMT steel. the
presence of sulfate ions assaciated with Mg** cation has mitigated the effect of
chloride ions on corrosion current density,

¢ In chloride-sulfate environment, the presence of sulfate jons associated with Mg**
cation has more deleterious effect than Na* cation in terms of higher corrosion
current density of steel reinforcement,

¢ There exists a good corrclation betwean passivity range and carrosion parameters

(corrosion potential and corrosion curreng density) of steel reinforcement in
sodium chloride, sodium chloride Plus sodiym sulfate and sodium chloride plus

magnesium sulfate contaminated electrolytic concrete powder solutions-

86 CONCLUSIONS FROM CORROSION ppyaviouR OF STEEC
REINFORCEMENT EMBEDDED IN CONCRETE

¢ The probability of occurrence of steel reinforcement corroSion in concrege

increased in the presence of chloride and sulfate jons (associﬂted with Na* and

Mg"™ cations) for all binders (OPC, PPC, OPC+20FA. OpC+30FA) and steel type
(Tempcore TMT and Thermex TMT). '
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8.7 CONCLUSIONS FROM PERFORMANCE OF CO
SULFATE AND CONJOINT CHLORIDE-SULFAT

The corrosion current density of steel reinforcement in concrete increased with an
increase in NaCl, Na;SO4 and MgSOQs dosage in all types of binder and for both

types of steel reinforcement.

The steel reinforcement in concrete showed higher corrosion current density in
NaCl plus MgS0Qs environment as compared to that in NaCl plus Na:80.
environment for all types of binder and steel reinforcement. Thus in the presence
of chloride ions, the sulfate ions associated with Mg™ cation has more deleterious
effect than that associated with Na* cation on corrosion performance of steel

reinforcement.

The corrosion current density of both types of steel in blended cement (PPC,
OPC+20FA and OPC+30FA) concretes were lower than those in OPC concréte in
the conjoint presence of sodium chloride plus sodium suifate, whereas in the
conjoint presence of sodium chloride plus magnesium sulfate, the steel
reinforcement in QPC concrete showed lower comosion current density as
compared to that in blended cement concrete.

Between steel type, Tempcore TMT steel exhibited lower corrosion density as
compared (o Thermex TMT steel in all the binders and in the conjoint prosence of
NaCl plus Na:SO04 and NaCl plus MgSOs.

Qverall, OPC+30FA and Tempcore TMT steel showed hest performance against
the combined effect of sodium chloride plus sodium sulfate, whereas OPC and
Tempcore TMT steel showed best performance against the combined effect of
sodium chloride plus magnesium sulfate in tenns of reduced corrosion current
density as compared to other types of binder and steel reinforcement.

NCRETE EXPOSED TO
E ENVIRONMENT

S04 soluti
The visual examination indicated that, concrete exposed to NaS04 solution

showed deterioration at the edges of the cube specimens, whereas that exposed to
MgSOs solution showed deterioration in the form of peeling of the surface skin on

all the faces of the cube specimens with the aggregates exposed.

The degree of surface deterioration was mitigated in the conorete exposed to NaC'l

+ Na:504 and NaCl + MgSO, solutions a8 compared to that exposed to only
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sulfate solutions (NaxSOs and MgSQy). as no signilicant deterioration was

observed on the surface of cube specimens exposed to compesite solutions.

® The effect of sulfate attack in terms of weight loss was more prominent in suifate
and composite chloride-sulfate solutions when the sulfate ion is asseciated with
Mg™ cation as compared 1o that associated with Na“ cation.

* Blended cement (PPC, OPC+20FA and OPC+30FA) cancreles exhibited better
resistance to sodium sulfate attack (when exposed to Na:SOs and NaCl -+ Na:SO4
solutions), whereas OPC concrete showed better resistance to magnesium sulfate
attack (when exposed to MgSOs and NaCl + MgSQ; solutions) in terms of lower
reduction in compressive strength.

® Decrease in w/b ratio enhanced the reduction in compressive strength of concrete
when expased to sulfate and composite chloride-sulfate solutions-

* On comparison between the exposure conditions, the reduction in comptressive
strength of concrete was higher under ful) immersion with altemnate wetting and
drying cycles as compared to that under continuous full immersion condition.

exposure solutions, the reduction in

compressive strength of concrete increased with an increase in concentration of
Na:30;4 and MgSQ,,

® In sulfate and composite chloride-gu|fate

* The reduction in compressive strength of concrete decreased with a0 jncrease in
NaCl concentration in the CoOmposite chloride-sul fate solutions in all the concrete

deterioration of concrete due to sulfate attack when exposed 10 NaCl + Na;80,
and NaC’l+ MgSQy environmeng.
the formation of

® The varistions in compressive strenpth
magnesium

compounds such of concrete anributed 1@
a . )

hydroxide and M-S.H ride-sul fate

: tn the presence of sulfate and composité chl
lons are corroborated from the resyjyg of XRD» and FESEM anal ys€*

*  While comparing the exposure solutions, 1he reduction 1
3 Uetion 1

concrete decreased in the order: MgS(}, > Ne:SO ';;} plus Mg Qs 7 NaCl
az .
plus Naa 8Os, Thus, when chioride 2304 > N  sulfate ions

10 . i
_ _ _ NS are present cancomitantly ¥
m the surrounding environmeng

. - a
of’ ¢g . |fate

ncrete, e . the Y
concrete. 1} mitigates
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CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

8.8 SUGGESTIONS FOR FURTHER WORK
Following are the suggestions for further study:

® The present study can be carried out by using ground granulated blast fummace slag
(GGBS) and silica fume in the preparation of concrete at varying water-binder
(w/b) ratios and evaluating their effect on propetties of concreie against chloride

and sulfate envircnment.

® The present investigation can also be extended to study the role of chiloride and
composite chloride-sulfate ions on performance of high strength concrete and self-
compacting concrete.

e The present study can also be extended by incorporating different corrosion
inhibitors in concrete and evaluating their performance against steel reinforcement

corrosion against chloride and composite chloride-sulfate exposure conditions.
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Fig. A1 Anodic polarization curves of Tempcore TMT steel obtained for two replicate steel

specimens in ECPS prepared from OPC concrete at w/c ratio of 0.45 and admixed with 3% NaCl

by mass of cement

1000

750

500

250

Potential (mV/SCE)

AR LA R R R A A N R LA LA L B ) LR
f ] ] T L

10 10 10° 107
Current density {A/cm?)

Fig. A2 Anodic polarization curves of Tempceore TMT stecl in ECPS prepared from OPC and w/e

ratio of 0.45 at varying concentrations of NaCl (NC) admixed by mass of cement
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Fig. A3 Anodic polarization curves of Tempcore TMT steel in ECPS prepared from PPC and wic

ratio of 0.45 at varying concentrations of NaCl (NC} admixed by mass of cement
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Fig. A13 Anodic polarization curves of Tempcore TMT steel in ECPS prepared from PPC and
w/e ratio of 0.5 at varying concentrations of NaCl (NC) and Na:804 (NS) admixed by mass of
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Fig. A14 Anodic polarization curves of Thermex | MU stee? @ ECPS prepared from OPC and wi/c
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Fig. A17 Anodic polarization curves of Thermex TMT steel in ECPS prepared from PPC and w/c
ratio of 0.5 at varying concentrations of NaCl (NC) and Na;S04 (NS) admixed by mass of
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Fig. A25 Anodic polarization curves of Thermex TMT steel in ECPS prepared from PPC and wie
ratio of 0.5 at varying concentrations of NaCl (NC) and MgSQOs (MS) admixed by mass of cement
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