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Abstract

This study was conducted to investigate the effect of relatively high temperatures (25 to 70°C)
and chloride and sulfate contamination on the reinforcement corrosion in ordinary portland cement (OPC)
and blended cement concretes. To achieve the objectives of this research study, more than 500 concrete
specimens were cast and tested. The effect of temperature and chloride and sulfate contamination on the
compressive strength, porosity, electrical resistivity, alklinity, water soluble chloride and sulfate
concentration, and corrosion of reinforcing steel was evaluated.

Results indicated that both the temperature and chloride-sulfate contamination influence the
comopressive strength of OPC and blended cement concrete specimens. The compressive strength in
OPC and blended cement concrete specimens was observed to decrease with increasing exposure
temperature. Addition of chloride and chloride plus sulfate ions resulted in a decrease in the strength of
OPC specimens, while an increase in the strength of the blended cement concrete specimens was
indicated due to the addition of these salts. The cumulative pore colume in the OPC paste specimens was
observed to increase with increasing exposure temperature. This trend was also observed in blended
cements.
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THESIS ABSTRACT

NAME OF STUDENT C. N. SADATH ALI KHAN

TITLE OF STUDY THE EFFECT OF TEMPERATURE AND SALT
CONTAMINATION ON CORROSION OF
REINFORCING STEEL IN OPC AND
BLENDED CEMENT CONCRETES

MAJOR FIELD CIVIL ENGINEERING
DATE OF DEGREE JUNE, 1993

This study was conducted to investigate the effect of relatively high temperatures
(25t0 70 °C) and chloride and sulfate contamination on the reinforcement corrosion in
ordinary portland cement (OPC) and blended cement concretes. To achieve the
objectives of this research study, more than 500 concrete specimens were cast and
tested. The effect of temperature and chloride and sulfate contamination on the
compressive strength, porosity, electrical resistivity, alkalinity, water soluble chloride
and sulfate concentration, and corrosion of reinforcing steel was evaluated.

Results indicated that both the temperature and chloride-sulfate contamination
influence the compressive strength of OPC and blended cement concrete specimens.
The compressive strength in OPC and blended cement concrete specimens was
observed to decrease with increasing exposure temperature. Addition of chloride and
chloride plus sulfate ions resulted in a decrease in the strength of OPC specimens,
while an increase in the strength of the blended cement concrete specimens was
indicated due to the addition of these salts. The cumulative pore volume in the OPC
paste specimens was observed to increase with increasing exposure temperature, This
trend was also observed in blended cements.

The C17/OH- ratio was also observed to increase with the exposure temperature.

The effect of temperature on ClI7/OH- ratio was more pronounced for exposurc
temperatures of more than 40 °C.

The reinforcement corrosion activity, as measured by the corrosion current density
on steel, in both the OPC and blended cement concrete specimens was observed to be
higher in specimens contaminated with both chloride and sulfate salts as against those
contaminated with only chloride salts. This indicates that the presence of both chloride
and sulfate ions increases the rate of corrosion. At 70 °C exposure temperature, and
chloride-sulfate contamination, the performance of all the blended cements investigated,
except ASTM C 618 Class C fly ash, was not better than that of plain cements. This
indicates that the technological benefit of using supplementary cementing materials like
fly ash, silica fume and blast furnace slag can be utilized only when the chloride and/or
sulfate contamination contributed by the mix constituents are minimized.
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CHAPTER 1

INTRODUCTION

1.1 PERFORMANCE OF CONCRETE IN AGGRESSIVE
ENVIRONMENTS
Portland cement concrete is extensively used to build the infrastructure needed for
the modern development all over the world. The reasons for its extensive use are : (a)
its economic superiority over other construction materials, (b) ease of molding, (c)

nominal maintenance requirements, (d) availability of the constituent materials, etc.

It was assumed that concrete produced by mixing of cement, aggregate and water
can withstand all types of weather and exposure conditions. Concrete was thought of
as a maintenance-free material, until durability problems were reported from various
parts of the world. Notable among the case histories, where concrete was blamed for
its failure as a maintenance-free material, are the deterioration of bridge decks in USA
and Europe, and the deterioration of reinforced concrete structures in the coastal areas
of the Arabian Gulf [1,2,8]. It is estimated that more than $ 20 billions are needed for
the repair and rehabilitation of highway structures in the USA, and £ 600 million for
road bridges in the UK [1]. The cost of repair and rehabilitation of reinforced concrete
structures in the Arabian Gulf is not well documented. But undoubtedly, considerable
amount of resources have to be allocated towards restoring the useful service-life of
structures serving in this environment. The deterioration of concrete structures, mainly
due to reinforcement corrosion, in the temperate climatic conditions of North America
and Europe are caused due to the use of chloride salts; Which are used as deicer salts
[1]. The reduction in the useful service life of conciete structures in the coastal areas of
the Arabian Gulf is attributed to an interplay of geomorphic and environmental factors
characterized by (i) environment charged with high concentrations of chloride and
sulfate, (ii) high ambient temperature and humidity, (iii) daily and seasonal variations in

the temperature and humidity, (iv) contaminated ground water at very shallow depths



and (v) contaminated and absorptive aggregates.

The major forms of deterioration observed in the Arabian Gulf conditions are
reinforcement corrosion, sulfate attack and salt weathering. But, wide occurrence of
deterioration due to reinforcement corrosion overshadows all other forms of concrete
failure [2]. It may not be out of place to mention that to meet the growing demand for
infrastructure, specifications borrowed from other parts of the world were in
judiciously used by the construction industry in this part of the world. The inadequacy
of the imported specifications, for the local conditions was realized only after failures

were observed within a short span of about 10 to 15 years [2].

The failure of concrete to act as a durable material in this aggressive geomorphic
and environmental conditions, is attributable to the unrealistic evaluation of the severity
of the service conditions. The environmental and geomorphic conditions in the coastal
areas of Arabian Gulf constitute a very hostile environment for concrete structures.
The geomorphic conditions are characterized by contaminated aggregates, soil and
ground water. The soil, and ground water which are contaminated with chloride and
sulfate salts form an aggressive environment for structural components placed below
grade. Environmental conditions characterized by the daily and seasonal variations in
the temperature and the humidity regimes influence the performance of concrete

components above grade.

Results of field studies carried out at King Fahd University of Petroleum and
Minerals (KFUPM) indicat_ed reinforcement corrosion to be the major form of
deterioration [2]. Initiation and propagation of reinforcement corrosion was hitherto
attributed mainly to chlorides which arc present in the concrete as contribution from the
mix constituents or by permeating to the steel-concrete interface from the service-
environment. However, premature deterioration of concrete, mainly due to
reinforcement corrosion, indicates the need to evaluate other factors affecting the

mechanism of reinforcement corrosion, other than chloride. In this direction, the other



factors which seem to influence the mechanisms of reinforcement corrosion in concrete
are elevated temperature and humidity conditions, and the sulfate ions contamination

of concrete either through the mix ingredients and/or permeation from the environment.

Studies [3] carried out by Holden, et al. on the pore solution composition of pastes
made with chlorides and sulfates, indicate an increase in the OH" ion concentration due
to inclusion of sulfates as compared to the alkalinity of pore solution of cement pastes
contaminated with only chloride salts. Their results also showed a substantial decrease
in the chloride binding capacity of cements in which sodium chloride and sodium
sulfate were mixed. These results reflect the tendency of sulfate ions to react
preferentially with the tricalcium aluminate (C3A) phase, thus inhibiting the formation
of calcium chloroaluminate. Al-Tayyib et al [4] reported seven fold increase in
corrosion activity in mild steel exposed to sulfate containing calcium hydroxide
solutions over those containing chloride salts. In another study carried out at KFUPM
[5], sulfate ions permeating into hardened concrete from the external environment were
observed to significantly influence the rate of reinforcement corrosion. The results of
the studies cited above have an important bearing on the durability performance of
concrete structures in this region, as ground water, aggregates and environment are
heavily contaminated with both chloride and sulfate salts. These salts may be inducted
into the concrete either through the mix water, and aggregates or penetrate the hardened
concrete from the external environment. Further, the ground water table being shallow,

the concrete components inadvertently get contaminated with the chloride and sulfate

salts.

Environmental conditions in the coastal arcas of the Arabian Gulf are characterized
by the daily and seasonal variations in the temperature and humidity regimes. The
variations in the humidity and temperature regimes accentuate the deterioration
processes. The ambient temperatures in the Arabian Gulf area are relatively high (25 to

45 °C) compared to USA or Europe (10 to 20 °C). The direct solar radiation effect



raises the surface temperature of concrete to as high as 70 to 75 °C. This thermal effect
influences the over all mechanisms of the corrosion of steel reinforcement in concrete;
both induced by chloride ingress and carbonation. Higher rates of carbonation were
observed in structures exposed to hot weather conditions [6]. Chloride diffusion is also
known to increase with increasing temperature [7]. Thus, there is a need to elucidate
the mechanisms of reinforcement corrosion under elevated temperature conditions as is
the case in the coastal areas of the Arabian Gulf. Since superstructures in the Arabian
Gulf area are exposed to elevated temperatures and chloride and sulfate salts, the
concomitant effect of elevated temperature and sulfate-chloride contamination on the

mechanisms of reinforcement corrosion need also to be investigated.

Since the durability characteristics of concrete are extremely permeability oriented,
mineral admixtures like pozzolans, and industrial by-products such as fly ash, blast
furnace slag and silica fume are being used to produce dense and impermeable
concrete. The use of these materials reportedly reduces heat of hydration as well as
cracking and degradation due to sulfate attack, alkali-aggregate reaction and corrosion
of reinforcement [8]. However, the addition of a wide range of blending materials of
differing chemical composition introduces significant diversity into the cement system.
While a variety of blending materials have been extensively used in other countries,
meager data are available on the performance of cements incorporating these
supplementary cementing materials in the Arabian Gulf region. Whatever data
available on the performance of blended cement concretes were developed through
laboratory studies and are mainly concentrated on the chloride induced corrosion of
steel in these concretes. Since pozzolans combine with Ca(OH); to form secondary
calcium silicate hydrates, it would seem reasonable to think that this can cause a
reduction in the pH level within the concrete. Studies conducted at KFUPM [6]
indicated higher depths of carbonation in concretes incorporating about 40% fly ash as
replacement of cement. Incorporation of silica fume in concrete is known to decrease

the pH of the pore solution. The chloride binding capacity of such concretes is also



known to be lower than in other concretes. As such, the mechanism of reinforcement
corrosion in blended cements, particularly under the influence of elevated
temperatures such as in the Arabian Gulf, and in the presence of chloride and sulfate

salts introduced as contamination needs to be investigated.

1.2 RESEARCH OBJECTIVES

This study was conducted to investigate the effect of relatively high temperatures
(25 to 70 °C) and chloride and sulfate contamination's on the reinforcement corrosion

in plain and blended cement concretes. The specific objectives of this study were:

@ to evaluate the effect of temperature and sulfate contamination on the water

soluble chloride and sulfate concentration in the plain and blended cements,

(i)  to study the effect of chloride and sulfate contamination on the alkalinity of

cement,

(iii)  to investigate the effect of chloride and sulfate contamination on the electrical

resistivity of concrete, and

(iv)  to ascertain the synergistic effect of relatively high temperatures and chloride

and sulfate contamination's on reinforcement corrosion.

The data developed through this study will be helpful in planning strategies for
producing durable concrete to withstand the aggressive service conditions of the

Arabian Guif.

1.3 RESEARCH PROGRAM

To achieve the objectives of this research study, extensive laboratory investigations
were carried out. The laboratory work was divided into five series. The salient features

of the work performed in each of these series is discussed in the following paragraphs,



while the details of the experimental techniques used are discussed in Chapter 3.

1.3.1  Series I: Effect of Temperature and Salt Contamination's on the

Compressive Strength of Concrete

In this series, the effect of relatively high temperatures, and chloride and sulfate
contamination's on the compressive strength of plain and blended cement concretes
was investigated. The details of the materials, test conditions and experimental

techniques used in this series are shown in Fig. 1.1.

1.3.2  Series II: Effect of Temperature and Salt Contamination on the Concrete

Porosity

In this series the effect of relatively high temperatures and chloride and sulfate
contamination's on the pore size distribution in plain and blended cements was
evaluated. The details of the materials, test conditions, and experimental techniques

used i this series are shown in Fig. 1.2.

1.3.3  Series III: Effect of Temperature, and Salt Contamination on the .

Electrical Resistivity of Concrete.

In this series the effect of relatively high temperatures and chloride and sulfate
contamination on the electrical resistivity of plain and blended cement concretes was
investigated. The details of the materials, test conditions, and experimental techniques

used in this series are shown in Fig. 1.3.

1.3.4  Series IV: Effect of Temperature and Salt Contamination.on the Chloride
Binding Capacity of Cements

In this series the synergistic effect of relatively high temperature and chloride and

sulfate contamination on the OH", CI" and SO, ion concentrations in plain and

blended cements was investigated. The details of the materials, test conditions, and



experimental techniques used in this series are shown in Fig. 1.4.

1.3.5  Series V: Effect of Temperature and Salt Contamination on

Reinforcement Corrosion

In this series the effect of relatively high temperatures and chloride and sulfate
contamination's on the reinforcement corrosion in plain and blended cements was
investigated. The details of the materials, test conditions, and experimental techniques

used in this series are shown in Fig. 1.5.
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CHAPTER 2

LITERATURE REVIEW ON CONCRETE
DURABILITY

21 COMPOSITION OF PORTLAND CEMENT CONCRETE

Portland cement concrete essentially consists of coarse and fine aggregate, cement,
and water. Other admixtures, such as pozzolans, and chemical admixtures, such as
water reducers, air entraining agents, maybe used to obtain desired properties. Since
aggregates are considered inert the durability performance of portland cement concrete
is predominantly governed by the chemical composition of the cement. The strength of
portland cement concrete is a function of the physical and chemical properties of
cement, properties of coarse and fine aggregate, cement to aggregate ratio and the water
to cementitious material ratio. Because portland cement concrete is weak in tension,
concrete structural members are reinforced with steel bars. Concrete incorporating steel
reinforcement is called reinforced concrete. Since the durability performance of

concrete is predominantly governed by the properties of cement[11], a discussion of

cement chemistry will be worthwhile.

Portland cement essentially consists of clayey and siliceous materials burnt at
around 1600 °C. The chemical composition of unhydrated cement is normally denoted

by the following notation[8§].
C3S - Tricalcium silicate
C,S - Dicalcium silicate
C3A - Tricalcium aluminate

C4A - Tetra calcium aluminofferrite
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Normally, 3-5% of gypsum is added to cement to regulate the time of set. When
cement is mixed with water, it forms a gel called calcium silicate hydrate (CSH),
which binds the coarse and fine aggregate. The reaction of water with calcium and
silica in cement is primarily responsible for the production of the CSH gel. Calcium
hydroxide (Ca(OH),) is produced as a byproduct of cement hydration. The quanturh
of Ca(OH), liberated is dependent on C3S/C,S ratio. However, the quantum of
Ca(OH), produced due to hydration reaction is more than 30% by weight of cement
[9]. The Ca(OH), produced by the hydration reaction significantly influences the
durability performance of portland cement concrete. On one hand it increases the
alkalinity of the pore solution which is helpful in providing electrochemical protection
to steel, while on the other hand it forms an essential component for deterioration of
portland cement concrete due to sulfate attack. The deleterious and beneficial role of
Ca(OH), on the performance of portland cement concrete will be elucidated in the
following sections. The other compound of cement which controls its durability
performance is tricalcium aluminate (C3A). The susceptibility of portland cement
concrete to sulfate attack increases with increasing quantum of C3A, whereas a higher

CsA content is beneficial from reinforcement corrosion view point [8].

2.2 DETERIORATION OF CONCRETE

ACI Committee 201 [10] defines durable concrete as that which can resist
weathering action, chemical attack, abrasion, or any other process of deterioration. The
concrete deterioration processes are generally classified into physical and chemical [8].

Physical deterioration processes includes abrasion, erosion, cavitation, crystallization of
salts in pores, frost action, scaling, fire, early thermal contraction, long-term ;lrying
shrinkage, crazing etc. While Chemical deterioration process generally include
reinforcement corrosion, sulfate attack, alkali-aggregate reaction, carbonation etc.

These types of deterioration are triggered by the chemical reaction, between one or

more of the cement constituents, with the aggressive species present within the concrete
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or contributed by the external environment. However, once concrete is chemically
attacked, physical effects may accelerate the deterioration process, and they are
intermingled with each other, and the separation of the main cause is difficult at

advanced stage of deterioration.

Published reports and papers [1,2,11,12] indicate that concrete cracking and
spalling due to corrosion of reinforcing steel, and cracking and loss of strength due to
sulfate attack are the major form of deterioration of concrete structures in almost all
parts of the world. These forms of concrete deterioration are caused by the presence of
sulfate and/or chloride ions in concrete. Other forms of concrete deterioration, which
manifests in the form of crazing and map cracking and is attributed to the reaction of
cement with certain reactive components in aggregates, such as silica and carbonates,
has also been reported [13]. However, deterioration of concrete due to sulfate attack
and reinforcement corrosion is more pronounced than that due to alkali-aggregate
reaction, particularly in the Arabian Gulf [2]. As such, this literature review will be

restricted to concrete deterioration due to corrosion of reinforcement and sulfate attack.
22.1  Sulfate Attack

Deterioration of concrete due to sulfate attack is caused by reaction of certain
cement constituents namely Ca(OH), and C3A with sulfate ions. This type of
deterioration was identified as early as 1918, by Thorvaldson and his co-workers[9].
Sulfate attack is manifested in sulfate bearing soils and ground waters. Soil and ground
water contain dissolved sulfates in the form of MgSO4.7H,0 (Epsom), NapSOy.
10H,0 (Merablite), or CapSO4.2H50 (gypsum or Glauber's salt). Sulfate attack takes
place only when these salts are in solution. Since the solubility of Ca;SQy is very low,

sulfate attack is predominantly attributed to the reaction of cement with NapySO,4 and

MgSO4 [8]

Sulfate attack in concrete is primarily characterized by the reactions of sulfate ions
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from the various sources and gypsum with hydrated calcium aluminate or hydrated

mono sulfo aluminate (AFp,) which is unstable and exists as a hydration product in

cements with high C3A content. These reactions are shown in following equations [8].

Ca(OH); + NapSOy +2 HyO — 2CaSO,.HoO + 2NaOH @2.1)
Ca(OH), + K5S04 + 2Hy0 — CaS0,.2H,0 + 2KOH 2.2)
2C3A + C3ACS Hyg — 3C3A. CS Hyg (AFp) (2.3)

The reaction of AFy, with sulfate ions, either from the external sources or internal
sources, results in the formation of ettringite (3Ca0.Al;03 3CaS04.3H,0) some
times referred as AF;. Reaction products are expansive in nature and has a volume 6 to

7 times that of the original cement. The reaction is shown in the equation below. This

results in the cracking of concrete.

C3ACSHjg+2CH+2S+12H - C3A3CSH3+CH  (24)

Another type of sulfate attack is portlandite (Ca(OH,)) based on the reaction with
the sulfate jons. This type of deterioration gencrally occurs in low C3A, sulfate
resistant, cements. C3S and C,S produce more than 20% of Ca(OH), as by products
of hydration. Ca(OH), has great affinity towards sulfate ions and is soluble in water.
This results in the formation of gypsum causing production of AF,. This type of
attack is manifested by an eating away or softening of the cement matrix which leaves
the aggregate standing out from the eroded concrete. The effect of cement chemistry

on the two types of sulfate deterioration are presented graphically in Fig. 2.1 and 2.2,

respectively [9].

Another type of sulfate attack, which is more deleterious compared to the two Lypes

discussed earlicr, is the reaction between the cement compounds, especially Ca(OH),,
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and the magnesium sulfate. In this type of sulfate attack reaction between Mg,SO4 and
Ca(OH),, gypsum and Mg(OH); are formed. This reaction lowers the pH of the
cement pore solution to about 10.4 due to low solubility of Mg(OH),. Thus CSH gel
liberates lime to maintain the required pH of 12.5. This reaction converts part of CSH

gel into a non-binding lime less, silica gel, and accelerates the degradation process [8].

MgSO, + Ca(OH), + 2H,0  — CaSO4 2H,0 + Mg(OH), (2.5)
3Ca0 2Si0 + 3MgS0, 7TH,0 — CaSO4 2H,0 + 3Mg(OH), + 2 Si0) (2.6)

As shown in the above equation the main constituent of cement that reacts with
Mg,S0Oy is Ca(OH),. In the absence of Ca(OH),, such as in the blended cements; in
which it is consumed by the pozzolonic reaction, the Mg ion reacts with the CSH gel

thus accelerating the deterioration process [14] .

Preventive measures to mitigate sulfate attack include (1) minimizing the sulfate
contamination of the constituent materials (ii) using a dense and impermeable concrete

through use of low water cement ratio and (iii) use of cement type compatible with the

service environment.

'Type V cement was hitherto used when concrete is placed in sulfate bearing soils
and ground waters. But due to its susceptibility to portlandite based sulfate attack that
is characterized by high C3S/C,S ratio, pozzolanic cements are normally used.
B_lending of properly characterized pozzolans reduces the quantity of Ca(OH),, and

decreases the permeability of sulfate ions, thereby retarding deterioration of concrete

[91.
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2.2.2  Corrosion of Reinforcement

The corrosion of reinforcing steel in concrete is the single most important cause of
poor durability of structural concrete. It has received increasing attention in recent years
because it was first observed in marine structures and chemical manufacturing plants.
More recently numerous reports of its occurrence in bridge decks, parking structures,
pipes, buildings, piles, pre-stressed concrete, and other structures exposed to chlorides

have made the problem particularly prominent.

Metals are formed or manufactured at elevated energies from their ores. These
metals tend to revert to their native state, either in the form of oxides chlorides or
sulfides. This process is called corrosion. Steel corrodes because the corrosion
products are thermodynamically more stable than the metals themselves. It may occur
by direct oxidation such as burning, or by acid attack, but these are of little concern to
reinforcement in concrete. Corrosion of steel in concrete due to stress corrosion,
hydrogen embrittlement, stray electrical current etc. have rarely been reported as
possible causes of distress. Therefore, it is believed that nearly all of the corrosion of

concrete reinforcement that occurs are essentially due to electrochemical reaction [17].

The corrosion of reinforcement in concrete is an electrochemical process involving
a galvanic cell wherein chemical energy is converted to electrical energy. When steel is
embedded in concrete, potential difference at various parts of the rebar [17] are
produced due to complex and heterogeneous nature of concrete. This potential may be
either due to differences in metal composition itsclf (metal defects or impurities) or
much more readily due to differences in the physical and / or chemical environments of
the highly heterogeneous concrete. The latter may be due to differences in alkalinity,
chloride concentrations, oxygen availability, segregation, compaction, bleeding,
permeability, and exposure conditions. When conditions are favorable, corrosion of
steel occurs through the dissolution of metal ions into the electrolyte leaving the

electrons. This is defined as an anodic reaction and the point at which this reaction
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occurs is known as an anode. The electrons which are released at the anodic site react
with moisture and oxygen forming OH~ ions (oxygen reduction). This reaction is
known as the cathodic reaction and its location is known as cathode. The OH" ions
flow back to the anode to complete the circuit, and reacts with Fet™ to form Fe(OH),
which is an indirect oxidation resulting from dissimilar environments, or dissimilar
potentials around the rebar. In general, electrochemical corrosion requires four primary

elements, an anode, a cathode, an electrolyte and a circuit [17].

Passivation of Steel in Concrete

All metals, including steel are naturally protected from corroding by a phenomena
called passivation. The passive film is formed due its reaction with the environment.
When steel is first exposed to the environment, it reacts with air to form ferric oxide
Fe,03, blue colored layer, which protects steel from corrosion. The high alkalinity of
the pore solution in the concrete results in the formation of a tightly adhering sub
microscopically thin film of -ferric oxide which passivates the steel and protects it from
corrosion [15,16]. Further, the dense and impermeable structure of concrete which
retards the ingress of aggressive species like moisture, oxygen, and carbon dioxide,

into its interior provides physical protection to steel.

Loss of Passivation

The passive film on the steel surface is disrupted by the reduction of pH of the pore
solution either due to carbonation or due to the penetration of aggressive ions like
chlorides, to the steel concrete interface. The chlorides may be induced into the
concrete through the mix constituents namely aggregates, water and admixtures.

Although they may penetrate the hardened concrete from the service environment [1,8].

The damage to concrete resulting from corrosion of embedded steel manifests in
the form of expansion, cracking and cventually spalling of the cover. Additionally, a

reinforced concrete member may suffer structural damage due to loss of bond between
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steel and concrete. The loss of rebar cross sectional area sometimes leads to the

structural failure [17].

Mechanisms of Corrosion of Steel in Concrete

Corrosion of steel in concrete is an electrochemical process. At the anode, metallic

ions of iron go into solution by oxidation i.e. loss of electrons.
Fe -» Fett+2e @.7)

At the cathode, dissolved oxygen in the pore water which has diffused to the steel
surface is reduced by electrons supplied by the anodic reaction to form hydroxyl ions in

the presence of moisture as follows:
O, +2H;0 +4e” — 4 (OH) (2.8)

The current completes the circuit back to the anode through the concrete in the
form of negative hydroxyl ions. The rate of this transfer depends on the temperature,
moisture content, ionic concentration, and electrical resistivity. This is an ionic
diffusion process, but it can be modeled by Ohm's law relating the potential,. current
and resistance of the electrolyte [42]. The OH ions at the anodé then combine with

Fett cation to form ferrous hydroxide as follows:

Fe'™ +20H" — Fe(OH), 2.9)

Given sufficient time and oxygen, ferrous hydroxide can be further oxidized to
form insoluble hydrated red rust which is accompanied by large increase in volume up

to ten times that of the original metal (Fig. 2.3 and Fig. 2.4).

Factors Affecting the Corrosion of Reinforcing Steel

Corrosion of reinforcement in concrete is a heterogeneous complex electrochemical

reaction involving various parameters.
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The most significant active parameters affecting the reinforcement corrosion are

[10]:

) Concrete mix variables: affect the alkalinity (pH), the quantity of uptake and
transmission of water, oxygen and chlorides. These factors significantly affect
the magnitude and rate of corrosion. The concrete mixture variables that affect

the corrosion process are: w/c ratio, aggregates, cement and admixtures.

(ii) Construction variables: influence the condition that facilitate the movement of
water, chlorides, and oxygen to the steel concrete interface. Some of these
variables like concrete cover over reinforcement steel, degree of consolidation,

and curving of concrete have profound effect on the corrosion processes.

(i) Temperature and humidity: are also known to influence the kinetics of
hydration, setting and hardening of concrete and initiation and propagation of
corrosion of reinforcement. The factors affecting reinforcement corrosion in

concrete are schematically shown in Fig. 2.5.
2.2.3  Effect of Chloride Ions on Reinforcement Corrosion

Presence of chloride ions at or near the steel concrete interface has a uniquely
damaging effect on the degree of protection afforded by concrete to the embedded steel.
It is now acknowledged that chloride ions are primarily responsible for the
overwhelming majority of the reported cases of corrosion of steel in concrete. Almost
all researchers agree that the chloride ion acts as an essential catalyst in the corrosion
reaction. The precise role which the chloride ion plays in the corrosion processes,
however, is not agreed upon. Most researchers believe that the chloride ion initiates the
corrosion reaction by depassivating the protective oxide film on the steel surface
allowing the iron to dissolve into solution. However, the depassivation does not
necessarily occur through a direct reduction of alkalinity in the electrolyte by the

chloride-induced reaction. Some researchers now believe that the chloride ion also



22

reacts directly by migrating through the film, as first proposed by Hoar [19]. The
actual mechanism of migration, however, is not well understood or agreed upon.
Ogura and Ohama [20] recently suggested that nucleation sites are related to
microscopic inclusions and grain boundaries on the metal surface. Other theories
include the effects of chloride ion concentration [21-24] and localized concentrations
resulting in the lowering of pH at the film-electrolyte interface due to reduction of the

iron oxide film.

Chloride ions also cause a shift of potential of the steel. Non-uniform penetration
of chloride ions to the level of the steel produces differences in potential and leads to the
formation of "Macro" corrosion cells. This is a general occurrence, and results from
such factors as variations in concrete cover and local differences in concrete quality.
On reaching the steel substrate, the chloride ion acts as a catalyst for the oxidation of

steel by taking an active part in the anodic reaction. According to Uhlig [21] it oxidizes

the steel to form FeCl; and draws its unstable ferrous ion into solution, where it reacts
with the available hydroxy! ions to form Fe(OH),. This releases the C1 ions back into

solution and consumes hydroxyl ions, as seen in the following reactions:

2FeT+6Cl™ — 2FeCly +4e” | (2.10)
120, +H,0+4¢” — 20H" (2.11)
FeCly +2OH™ — Fe(OH),+3Cl” 2.12)

The electrons released in the oxidation reaction flow through the steel to the
cathode. This process results in an increase in the concentration of chloride ions and a
reduction of the pH at the points of corrosion initiation, probably accounting for the
process of pitting corrosion. The lowered pH at these sites contributes to the continual
breakdown of the passive oxide film [25]. The last equation shows that three
molecules of chloride are released as a byproduct, indicating that once the chloride ion

reaches the metal surface, no further chlorides are required and depending on the
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electrical resistivity of concrete either general or local corrosion proceeds.

It is reported [26-28] that chloride ions react with hydrated tricalcium aluminate
phase in cement to form calcium chloroaluminate (C3A.CaCl,.10H;0). Because of
this reaction with tricalcium aluminate, a threshold concentration of chloride ions in the
concrete mass must be present above which localized chloride concentrations can be
effective in destroying the passive film surface. The American Concrete Institute
Building Code Requirements (ACI 318-85) [29] limit water soluble chlorides to 0.15%
by weight of cement, while the BS CP 8110 [30] allows a maximum of 0.4% acid
soluble chlorides by weight of cement. According to Hausmann [31] corrosion
initiates when the C1/OH" is above 0.6 (Fig. 2.6). Lambert et al [32] investigated the
relationship between CI/OH" and corrosion current density in various cements. Their
investigations indicated that passive condition of steel in concrete characterized by

corrosion current density (Icopp) values substantially lower than 100 mA/cm? are

maintained until a threshold C17/OH" ratio of approximately 3 was exceeded. There
was a considerable scatter in the values of I recorded at C1/OH" ratios in excess of
3 and, even at CI”/OH-" ratios as high as 15 to 20, there were instances where

reinforcing bars did not show significant corrosion.

Gouda [33], based on tests conducted in Ca(OH), solutions of pH in the range of

11.8 to 13.95, indicated that the threshold C17/QH™ ratio is 0.30. Diamond [34] has

also supported this value.

Also, there are conflicting data on the extent of chloride that combines chemically
with C3A. Clear [35] reported that when the total chloride content is near corrosion
threshold level only 15 to 50 percent of the chloride will combine, the balance remains
as free or uncombined chloride. Research carried out by Monfore and Verbeck [36]
indicated that as much as 75 to 90 percent of the chloride ions combined with the
cement to form chloroaluminate compound and only the remaining existed in the

uncombined or free soluble chloride.
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Effect of Carbonation on Reinforcement Corrosion

Carbonation involves the reaction of carbon dioxide with calcium hydroxide in the
cement to form insoluble calcium carbonate and water. This reaction results in a
significant reduction in pH of the electrolyte due to removal of hydroxyl ions from the
pore water resulting in the decrease of pore pH of pore solution to about 8.5 [37]. At
this low pH, the steel is no longer passive and corrosion can occur if other conditions
are satisfied. Factors influencing the carbonation of concrete and the subsequent
corrosion of embedded steel include concrete mix design, depth of reinforcement
cover, curing, moisture conditions, temperature and the presence of chlorides. For a
high quality, dry or water saturated concrete, carbonation is normally not a problem.
Although carbonation is normally not a significant concern because it proceeds at a
very slow rate. However significant corrosion damage resulting from carbonation of
light weight concrete has been reported [38]. Also, the importance of carbonation,
which is a slow process, under natural conditions has grown in recent years owing to

the increased atmospheric pollution and the aging of the concrete structures.
Effect Sulfate Contamination on Reinforcement Corrosion

While much is known about the role of sulfate ion on concrete deterioration, very
little data exist on the effect of sulfate ions on chloride-induced reinforcement
corrosion. Stratfull [39] investigated the individual effect of sodium sulfate and sodium
chloride on reinforcement corrosion. In his studies, corrosion of reinforcing steel in
concrete was observed only in specimens subjected to sodium chloride solution, while
no reinforcement corrosion was observed in specimens treated with sodium sulfate
within the duration of the tests (214 days). The effect of sodium chloride as well as
sodium sulfate, added to the cement paste specimens, on the pore solution chemistry of
plain and blended cements was investigated by Holden et al. [3]. The chloride ion
concentration in the specimens contaminated with chloride and sulfate salts was

observed to be more than that in specimens contaminated with only chlorides. This
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effect was attributed to the preferential reaction of the C3A of the cement with the
sulfate ions, thus inhibiting the binding capacity of chlorides with C3A and formation
of calcium chloroaluminate (Friedel's salt). An increase in the hydroxyl ion
concentration was also observed with sulfate addition because the hydroxyl ions tend to
enter the pore solution to balance the anions removed in the form of insoluble complex
salts. However, the net effect of sulfate and chloride was found to increase the C1/OH"
ratio when compared to the effect chlorides existed alone in cement for the five types of
cement pastes investigated [3]. Treadaway et al. [40] have confirmed the results of the
aforesaid laboratory studies by conducting long-term exposure trials. Al-Tayyib et al.
[4] reported 7 fold increase in the corrosion activity in mild steel exposed to sulfate

containing calcium hydroxide solutions over that exposed to chloride salts.

The role of sulfate ions on chloride-induced reinforcement corrosion when the
sulfate and chloride ions permeate hardened concrete from the external environment is
also not clear. However, since the diffusion rate of chloride ions is much higher than
that of sulfate ions, Friedel's salt is initially formed. At a later stage, when the sulfate
ions penetrate the hardened concrete, they react with Friedel's salt leading to the
liberation of chlorides ions. Studies carried out by Al-Amoudi and Maslehuddin [41]
on the interactive effect of chlorides and sulfates on corrosion of steel in cement paste
specimens indicated that while sulfate ions are hardly able to induce reinforcement
corrosion, considerable reinforcement corrosion was observed in specimens immersed
in the chloride-sulfate solutions. The concentrations of {ree sulfate beyond 0.55% and
above and associated with 15.7% chloride ions were found to be necessary to accelerate
the corrosion process. An extension of this study [42] to plain and blended cement
concrete specimens indicated a similar trend. However, the effect of sulfate
concentration was found to be more pronounced on the rate of corrosion, while no

systematic effect was observed on the time to initiation of corrosion.

In the Arabian Gulf, concrete is contaminated with both chloride and sulfate ions
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and is exposed to relatively elevated temperature conditions. The concomitant effect

of these factors needs to be fully elucidated.

2.3 BLENDED CEMENTS

Pozzolonic and cementitious by products, such as fly ash, blast furnace slag and
silica fume, are being strongly suggested as additives to improve the properties of
concrete in general and durability, in particular. When such materials used as a partial
replacement or addition to the cement, they modify both the physical structure and
chemical composition of the hydrated cement. The advantages of incorporating these
materials to the cement include, improved resistance to sulfate and dilute acid attack,
reduction in amounts and rate of heat evolution which is beneficial in the casting of
thick sections of concrete, reduction in the alkali level of the cementitious component in
order to minimize the risk of alkali silica reaction, improvements in the characteristics
of fresh concrete, continuing strength development and decrease in the permeability to

water and other aggressive species.

The cementitious and pozzolanic properties of blended cements depend on the
chemical composition, source of origin, particle-shape, size and distribution, and
mineralogical composition. Siliceous and pozzolanic byproducts are classified into five
categories by Mehta [43] and adopted by the RILEM Technical Committee on the Use
of Siliceous By Products in Concrete. Mehta's classification of the pozzolanic material

is shown in Table 2.1. Fig. 2.7 shows classification of blended cements on CaO-

Al;03-Si0; trinary system.
2.3.1 Pozzolanic Reaction in Blended Cements

Pozzolans are defined as siliceous or aluminous siliceous materials with little or no
cementitious property which react with Ca(OH),, a byproduct of hydration of cement,

and forming a relatively stable low strength CSH gel in the presence of moisture [8].
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This secondary CSH gel, although less dense than the primary CSH gel,
effectively fills up the large capillary space, thus improving the strength and
impermeability of the hardened cement. The resulting structure is likely to be dense
with a refined and discontinuous pore structure [8]. The pozzolanic action has three
features, first the reaction is slow, second the lime is consumed, third the pore structure

refined.

Among the pozzolanic materials, blast furnace slag efficiently fills up the large
capillary voids, due to hydration of particles of blast furnace slag itself with water. This
produces highly impermeable concrete. Fly ash particles do not react with water [9] and
leaves some space as shown in the Fig. 2.8 This increases the permeability, in

comparison with blast furnace slag and ordinary portland cement.
2.3.2  Durability of Blended Cement Concretes

Compared to ordinary portland cement, blended portland cements indicate superior
durability performance when the properly characterized pozzolans are used in
appropriate proportions, mixed and cured. Since deterioration process, such as
expansion and cracking of concrete due to sulfate attack, alkali aggregate reaction,
freezing and thawing, corrosion of embedded steel etc., are mainly dependent on the
permeability of concrete, blended cements have an advantage over plain cements.
Since micro cracks and continuous pores in concrete arc the principle source of
permeability, pozzolanic materials show improved performance compared to plain

cements due to a reduction in the permeability and discontinuous pore structure [43].
Permeability

Water is usually involved in most processes of concrete deterioration; therefore, it
is the permeability of concrete to water which generally controls the rate of
deterioration. Since micro cracks in concrete are the principal source of permeability,

by reducing the micro cracks caused by a variety of physical and chemical factors,
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incorporation of supplementary cementing materials in concrete the mineral admixtures

can have a beneficial effect on general durability of concrete [11].

Quantitative data from water permeability tests on concrete are generally not reliable
because of experimental problems, such as the difficulty to achieve a steady state of
flow. However, Berry and Malhotra [44] cited studies dated as far back as 1950's to
show that well-cured (age 6 months) concrete pipe containing 30 or 50% fly ash, as
replacement of cement were approximately five times as impermeable as the
corresponding concrete without the fly ash. Douglas [45] cited Kondo et al. and
Bakker's work on cement mortars to show that, with curing age, the diffusion
coefficient in slag cement mortars diminished faster than the diffusion coefficient in
ordinary portland cement mortar. The slag cement mortars were 10 to 100 times less
permeable to water than portland cement mortar. Bakker [46] has reported extensive
data on diffusion coefficients of Nat, K*, and CI” ions in 0.50 to 0.65 w/c mortars

made with blended Portland cement, containing 60 or 75% slag.

Condensed silica fume being highly pozzolanic, compared to fly ash or slag, it
decreases the concrete permeability rapidly. Results from studies by Markesiad [47]
and Gjorv [48] on water permcability of concretes in which the cément content varied
from 100 to 500 kg/m3 showed that a lean concrete mixture incorporating 100 kg/m3
cerfxent and only 10% condensed silica fume had its permeability decreased to about 4
x 10719 m/sec, compared to 1.6 1077 m/sec without the silica fume. The permeability
of concrete containing 100 kg/m3 cement and 20% silica fume was similar to the one
containing 250 kg,/m3 cement and no silica fume. At high cement contents, the degree

of effectiveness of silica fume in reducing the permeability of concrete was diminished.
ulfate Attack

Sulfate resistance of fly ash blended cements was investigated by various

researchers [49-52]. Due 1o a wide variation in physical properties and chemical
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composition of different fly ashes their performance in terms of sulfate attack is also
variable. Dunstan [49] from his study, conducted on 13 concrete mixes made with
lignite or sub-bituminous coal sources, established an empirical sulfate resistance
factor, R, related to the chemical oxide analysis of the ash. R was reported to be
directly proportional to sulfate resistance. If R is less than 1.5, the sulfate resistance of
the fly ash blended cement was improved. However, when R is more than 3, the
sulfate resistance was reduced. Mehta (50) based on his experimental data showed that
even fly ashes having an R factor less than 1.5 reduced the sulfate resistance. He
suggested that rather than the chemical composition, or R factor of fly ash, it is the
mineralogical composition of cement and fly ash interaction product that controls the
sulfate resistance. When hydrated cement-fly ash mixtures contained the mono suifate
hydrate or (AF,) or calcium aluminate hydrates, sulfate immersion showed expansion
and strength loss associated with ettringite formation. However, when fly ash cement,
contained ettringite prior to immersion in sulfate it performed satisfactorily. Whether a
hydrated cement fly ash system will form a AFm, calcium aluminum hydrates or

ettringite depends on its alumina to sulfate ratio.

As with fly ash, use of blast furnace slag leads to reduction in concrete permeability
and the calcium hydroxide content and hence they enhance the sulfate resisting
characteristics of concrete. From various studies [53-56] it has been shown that higher

levels of slag content, greater than 60%, are most cffective in inhibiting the deterioration

due to sulfate attack.

Results of tests conduced at KFUPM [57], and others [58,59] show that silica
fume addition to Portland CCI;ICX][ improves the resistance to sodium sulfate attack.
However incorporation of silica fume can impair resistance of hardened concrete to
magnesium sulfate attack. Rashceduzzalar et al. [57] observed that the pozzolanic
reaction between calcium hydroxide and silica fume removed most of the calcium

hydroxide from the hydrated ccment, as confirmed by X-ray diffraction analysis.
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Apart from decreasing the vulnerability to formation of gypsum, the reduction in
calcium hydroxide concentration increases the solubility of hydrated calcium
aluminates thereby causing the sulfate reaction to occur through solution and thereby
without expansion. Mehta [59] has hypothesized that in the absence of calcium
hydroxide the ettringite produced is in the form of large lath-like crystals which are not
expansive. It is only in the presence of calcium hydroxide that micro-crystalline
ettringite is formed which is capable of absorbing the large amounts of water on its

surface causing considerable expansion.

Reinforcement Corrosion

The reinforcing steel in concrete remains covered with a passive iron oxide film,
which must be destroyed before the electrochemical reactions resulting in steel
corrosion can begin. The depassivation of steel can occur in the presence of chlorides
or when the pH of concrete is reduced to <11 by acid attack such as by carbonation.
Once the steel has been depassivated, the progress of corrosion would be controlled by
the rates of oxygen and moisture flow to the steel and the electrical resistivity of

concrete. Furthermore, the spalling of concrete cover is dependent on the tensile

strength of concrete.

‘When supplementary cementing materials are used in ordinary portland cement, the
hardened concrete is dense and impermeable [8]. Also the electrical resistivity and the
flexural strength of blended cement concretes is higher than that of ordinary portland
cement concrete [11]. The increase in impermeability and attendant favorable changes
in the flexural strength and electrical resistivity extends the time to initiation of

corrosion and reduces the rate of corrosion [111].

Duc to lower amounts of calcium hydroxide available in concretes containing
mineral admixtures, there is a concern about their carbonation behavior. From a review

of several publications, Berry and Malhotra [60] concluded that well-compacted and



31

properly cured concretes, with low w/c ratio, appear to be sufficiently impermeable to
resist the advance of atmospheric carbonation beyond the first few millimeters. The
authors cited a study by Ho and Lewis, in which an inverse relationship was found
between the concrete strength and depth of carbonation. At strength levels lower than
30 MPa the fly ash cement concrete was more readily carbonated than the reference
concrete without fly ash. This happened when the concretes were exposed to
carbonation at a given age, rather than at an equivalent strength. The fly ash concretes
cured to 90 days before carbonation, showed a lower rate of carbonation compared to
the reference concrete. In conclusion, compared to normal concrete, a fly ash concrete
increases the corrosion protection of reinforcing steel provided it is adequately

proportioned, mixed and cured prior to environmental exposure.

In concrete made with a cement containing a relatively large amount of slag (50 to
75 wt. %), greater carbonation depths compared to control concrete were reported by
some researchers. For instance, Litvan and Meyer [62] found that the long-term depths
of carbonation were greater in a slag concrete. This was attributed to the coarsening of
the pore size distribution as a consequence of carbonation of the slag-cement paste. On
the contrary, due probably to calcium carbonate formation by chemical reaction
between Ca(OH), and CO, subsequent sealing of large pores, the reference concrete
containing portland cement showed a decreasing carbonation rate with age. Evidently,
as Berry and Malhotra [60] concluded, the solution lies in using a low wi/c ratio, high
cement content, and adequate consolidation and curing of concrete so that carbonation

can be stopped at the concrete surface.

With regards to silica fume concretes, Vennesland and Gjorv [61] and Gjorv [63]
reported the results of 10 or 20% silica fume incorporation on the rate of oxygen
transport, carbonation, and electrical resistivity. Although, as a result of silica fume
incorporation, the rate of oxygen transport through water-saturated concrete as well as

the depth of carbonation were only slightly reduced in lean concrete mixes [low cement
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contents and high W/(C+SF) ratios], the electrical resistivity was significantly
enhanced. In a high-strength concrete mixture with 400 kg/m3 cement content, 20%
silica fume, and 0.38 W/(C+SF), the electrical resistivity increased from about 9 to
about 127 K-Q.cm due to silica fume addition. This, obviously, would have a dramatic
effect on reducing the corrosion potential of steel in concrete containing condensed

silica fume.

2.4 EFFECT OF TEMPERATURE ON CORROSION OF
REINFORCEMENT

In arid and semi-arid regions concrete is exposed to relatively high temperatures of
40 to 45 °C. Concrete surface temperatures reaches to 70 to 75 °C due to solar
radiation's. It is well known that increase in temperature increases the kinetics of the
corrosion reaction and respective factors. These effects are confirmed by Mehta and
Gerwick [64]. The concrete used in beams of San Mateo Bridge over San Francis Bay
is high quantity 375 kg,/m3 cement with w/c of 0.45. All beams were exposed to same
environment. After 17 years, the steam cured beams had to be repaired because of
corrosion damage. But the naturally cured beams showed no damage. They believe
that micro cracking due to temperature gradients in the steam cured beams made them

more permeable to chlorides and oxygen thus accelerating the corrosion process.

It was observed that increase in temperature decreases the viscosity [65] of water
thus allowing more flow of dangerous species and hence accelerating the corrosion
process. The increase of kinetics of corrosion reaction at elevated temperatures is in

good agreement with Arrhenius Equation {66].

As this is the case, very little performance data is available on the corrosion
behavior of reinforced concrete at relatively high temperatures. It was stated that [67]
for the adopted mix details the initiation time for the corrosion of rcinforcement at 30

°C is approximately one third of that at 10 °C.
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Fig. 2.1 C3A Oricnted Sulfate Attack (after Rasheeduzzafar[9])
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A'IODIC REACTION

Fe <> Fe*t  + 2e"

IRON IRON ION 2 ELECTRONS

CATHODIC REACTION

%0, + H,0 + 2e° T——> 2(0H)
OXYGEN WATER 2 ELECTRONS 2 HYDROXYL IONS

Fig. 2.3 Anodic and Cathodic Reactions (after Bernard and Verbeck[17])
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boo |+| HO |+ 2¢ |==|2(0H) (CATHCDE)

Fig. 2.4 Flow Diagram Depicting the Corrosion Process (after Bernard and Verbeck
(17
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Fig. 2.7 Classification of Blended Cements on Ternary CaO-Al,03-Si05 System
Composition (Aflter Mehta [43])
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Fig. 2.8 Hydration of Ordinary and Blended Portland Cements (As Quoted in Ref. 9)
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CHAPTER 3

METHODOLOGY OF RESEARCH

This chapter outlines the type and number of specimens, materials and techniques
used to carry out the experimental program in this study. Whenever possible ASTM or
BS methods have been used for the testing carried out in this study. Any deviation

from the standard methods have been described in this chapter.

3.1 SPECIMENS

Concrete and cement paste specimens were used in the experimental program.
Concrete specimens were used to evaluate the compressive strength, electrical
resistivity and reinforcement corrosion. The cement paste specimens were used to
determine the alkalinity, chloride and sulfate ion concentration. These specimens were
also used to evaluate the porosity and micro structure. The details of the specimen

geometry and number uscd for each test are shown in the Table 3.1.

3.2 CONCRETE MIX DESIGN

Plain and blended cement concrete mixes were designed using absolute volume

method. The following factors were kept invariant in all the concrete mixes:

. Cementitious material: 350 kg/m3
. Effective water cementitios material ratio: 0.50
. coarse to the fine aggregate ratio: 1.63

The weights of ingredients used in the plain and blended cement concrete mixes are

shown in Table 3.2.
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33. MATERIALS

3.3.1 Cementitious Materials

In the plain cement concrete and cement paste specimens, ASTM C150 Type I
cement was used. The chemical composition of cement is shown in Table 3.3. Four
pozzolans were used in the preparation of blended cement concrete and cement paste

specimens. The pozzolans used in the preparation of blended cements were:
1. ASTM C618 Class F Fly ash

2. ASTM (618 Class C Fly ash

3. Blast Furnace Slag

4, Silica Fume.

The chemical composition of the pozzolans used is shown in the Table 3.3. The
chemical compositions of cements were determined in the laboratory. In fly ash
blended cement concrete and paste specimens 20% cement was replaced. In silica fume
blended cement concrete and paste specimens 10% silica fume was uséd as a
replacement of cement. Blast furnace slag blended concrete él]d paste specimens

contained 70% blast furnace slag and 30% Type I cement.
3.3.2  Aggregates

The coarse aggregate used in the concrete mixes were crushed limestone procured
“from quarries in Riyadh. The specific gravity and absorption of coarse aggregates were
determined in accordance with ASTM C 127. Data on the specific gravity and
absorption of coarse aggregates are shown in Table 3.4. The Coarse aggregates grading
was selected in accordance with ASTM C 33. The chosen grading curve lies between
the lower and upper limits of curves for 12.5 mm maximum size. The coarse

aggregates grading used in all the mixcs is shown in Table 3.5.
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Beach sand was used as fine aggregates in all the concrete and cement paste
specimens. The specific gravity, and absorption of the fine aggregates are shown in

Table 3.6. Typical sieve analysis of the sand used is plotted in Fig. 3.1.
Portable water was used in the preparation of concrete and cement paste specimens.
3.3.3  Mixing and Casting of Concrete and Paste Specimens

The concrete constituents were mixed in a revolving drum type mixer. The
constituents were mixed for approximately 3 to 5 minutes till the concrete was
uniform. Additional mixing time of two minutes was provided for concrete mixes
containing silica fume. In contaminated cement concrete mixes the salts, sodium
chloride and sodium sulfate, were mixed thoroughly in the water, before it was
introduced in the mixer. Further, a water reducing admixture, Conplast 430, was added
in the silica fume cement concrete mixes at a dosage of 0.9 % by weight of the
cementitious material to increase the workability. After mixing, the concrete was placed
in the molds in two layers and vibrated on a vibrating table, till complete consolidation
was achieved. After casting the surface of the specimen was leveled and then covered
with plastic sheets to minimize the loss of moisture. The cement paste specimens used
for the determination of chloride, alkalinity and sulfate concentration and porosity
determination were made with a water to cementitious material ratio as in the concrete
specimens. The cement paste, was mixed in a laboratory blender till a uniform color
was obtained. The cement paste was also placed in the molds in two layers and
consolidated by slow speed vibration till all the entrapped air was eliminated. In
blended cement paste specimens the cementitious material, was first mixed in the

blender and then water added in installments till a uniform color was observed.
3.3.4  Specimen Curing and Exposure

After casting the concrete and cement paste specimens were cured under plastic

sheet at laboratory conditions for one day. After this period, the specimens were then
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demolded and cured under 100% Relative Humidity for a further period of 27 days

before they were placed in the exposure chamber.

To evaluate the effect of temperature on the durability performance of plain and
blended cement concrete and paste specimens, plain and contaminated, were placed in
humidity-temperature chambers. Four such chambers were used to maintain the
temperature at 25, 40, 55 and 70 °C. The relative humidity in these chambers was
maintained invariant in the range of 85-90%. Plates 3.1 and 3.2 show the chambers
used for exposure of specimens at 40, 55 and 70 °C. The specimens were retrieved at

predetermined intervals from the chambers for testing.

3.4 EXPERIMENTAL TECHNIQUES
3.4.1  Reinforcement corrosion

Ordinary portland and blended cement reinforced concrete specimens, 200 x 200 x
75 mm, made with two 12 mm bars were used to evaluate the reinforcement corrosion
due to salt contamination and temperature. Electrical wires were soldered to the bars,
and the wire steel interface was coated with epoxy paint. Part of the bars and their ends
were also coated with epoxy paint o prevent crevice corrosion. Rebars were placed in
the molds using plastic spacers which provided the bars an overall cover of 37.5 mm.
Two bars were used in each specimen to facilitate corrosion measurements. One bar
was used as working electrode while the other was used as the counter electrode. The

details of the reinforced concrete specimens are shown in plate 3.3 through 3.9.

Reinforcement corrosion was monitored at periodic intervals by measuring
corrosion potentials and corrosion current density. The corrosion potentials were
measured by connecting the negative terminal of a high impedance voltmeter to the
rebar. The positive terminal of the voltmeter was connected to a saturated calomel
electrode (SCE) placed on the surface of the concrete specimen. The corrosion current

density was measured using a Potentiostat/Galvanostat and lincar polarization
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resistance method. In this technique the working electrode is polarized by applying a
potential of £10 mV of the corrosion potential against the reference electrode and the
resulting current between the working and the counter electrode is measured for each

potential increment. The corrosion current density, Ioorr is then calculated using the

following relationship proposed by Stern and Gearey [68].
Ieor=B/Rp

where B =8, B¢ /(2.3.(B4+8¢))
B3, and Beare the anodic and cathodic Tafel constants.

Rp is the slope of the potential current curve.

A typical linear polarization potential current plot obtained using this technique is

shown in Fig. 3.2.

The Tafel constants can be determined by polarizing steel to £250 mV of the rest
potential or corrosion potential. In the absence of sufficient data on Tafel constants, a
value of 100 mV is normally used for steel in highly resistive media [69]. Goﬁzalez et
al [701 have observed a good corrclation between weight-.loss determined by
gravimetric method and LPRM techniques by using values of B equal to 26 mV for
steel in active condition and 52 mV for stect in passive condition. Al-Tayyib et al [71)
also observed good relation between weight-loss determined by gravimetric method
and LPRM technique. In the present study By=B.=120 mV was used for all the
specimens. An Amel Potentiostat/Galvanostat with IR compensation was used to
polarize the steel. Plate 3.10 shows the test sct up. As scan rate of 0.1 r-hV/scc was
used in all the determinations. A data acquisition system connected to a computer was

used to collect and analyze the data.
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342  Chemical Analysis

Ordinary portland and blended cement paste specimens were used to evaluate the
effect of salt contamination and temperature on OH ™, CI™, SO4  ion concentrations.
After designated exposure periods, these specimens were retrieved from the
temperature-humidity chamber and finely crushed to pass ASTM # 100 sieve. Five
grams of the crushed powder was mixed with 25 ml of distilled water and the solution
stirred using a magnetic stirrer for 30 minutes. The beaker containing the cement slurry
was securely sealed to avoid carbonation. After stirring, the solution was stored in an
air tight chamber for 24 hours. After this period the cement slurry was filtered through
a medium and fine filter paper and the filtrate collected and stored in air tight test tubes.
Further, the volume of the filtrate adjusted to 100 ml. This filtrate was analyzed to

determine the alkalinity, chloride and sulfate ion concentration.

Alkalinity

To determine alkalinity the cement paste extract was titrated against 0.01 M Nitric
acid using phenolphthalein as an indicator. The OH™ ion concentration, by weight of
cement was calculated using the volume of the filtrate and weight of cement. The pH of
the extract was also calculated from the measured OH™ ion concentration using the

following relationship:
pH =14 +log ,[0H"]
where OH  ion concentration is in Moles/Liter.

Water Soluble Chloride Ion Concentration

The water soluble chloride ion concentration was determined using the
spectrophotometric method [72]. 0.2 ml of the cement extract was diluted to 10 ml
using de ionized water. To this dilute solution 2 ml of saturated mercuric thyocyanate

and 2 ml of 0.25 M ferric ammonium sulfate was added. The solution was lightly
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stirred and then kept undisturbed for half an hour. The absorbency of this solution was
then measured against de ionized water at a wave length of 460 nm. The chloride
concentration of the solution was then evaluated from a calibration curve prepared
using a similar procedure. The chloride ion concentration was then calculated as

percent by weight of cement.

Water Soluble Sulfate Ion Concentration

The sulfate ion concentration was also measured using the spectrophotometric
method [73]. 0.2 ml of the cement paste extract was diluted to 10 ml using de ionized
water. To this solution 2 ml of a conditioning agent and approximately 4 to 5 grams of
Analar grade barium chloride was added and stirred for 60+15 seconds. After stirring,
the solution is placed in the test tube and absorption measured after 5£1/2 minutes
against distilled water on a spectrophotometer at a wave length of 420 nm. The sulfate
ion concentration of the paste extract is calculated from a calibration curve prepared
following a similar procedure. The sulfate ion concentration was also expressed ass

percent by weight of cement
3.4.3  Electrical Resistivity

Electrical resistivity measurements were conducted on 75 mm x 150 mm
cylindrical concrete specimens( Plate 3.11). Two copper rods were inserted in the
specimen 75 mm apart, and fixed with a ccment paste of similar water to cementitious
material ratio as the parent concrete. The specimens were fixed in a prefabricated steel
frame. The fixing plates of this frame are made of copper and are covered with wet
cloth, wetted with copper sulfate solution. The copper plate wet cloth combination was
used to ensure uniform distribution of current across the cross section of the specimen.

Plate 3.12 shows the frame with specimen.

The resistance meter applies a DC. current of known magnitude across the length

of the specimen and the potential drop over a known distance of 75 mm  for the
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specimens used in this study, is measured. The resistance is then displayed by
comparing with known built in circuit. The electrical resistivity instrument used was a
Hippotronics model D4500 ground resistance meter. This is shown in Plate 3.13 Plate
3.14 shows the experimental set up. The electrical resistivity was calculated using the

following relationship

where
p=  resistivity in Q.cm.
R = resistance in Q
A = cross sectional area of the specimen
L = length between the measuring pins
3.44  Compressive Strength Measurements

Compressive strength of concrete specimens, in 75 x 150 mm cylinders, (plate
3.15) was determined at an age of 90 days. Initially the specimens were cured for 28
days in the curing chamber at room temperature. After 28 days, they were exposed to
designated temperaturc in the temperature humidity chambers. The specimens were
then taken out from exposure chambers and capped with sulfur and tested according to
ASTM C 39, using a hydraulically operated digital compression testing machine of

10.1 kN accuracy. Three cylinders were tested and the average values are reported.

3.45 Pore Size Distribution

The effect of temperature on pore size distribution was cvaluated by mercury
intrusion porosimetry (MIP). The hardened cement paste (HCP) is made up of solids,

voids and water. Solids consist of CSH gel, Ca(OH),, Calcium sulfo aluminate and
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unhydrated clinker constitute the solid portion. Voids consist of inter layer space in
CSH gel or gel space, irregular shaped capillary voids and regular shaped air voids.
Water present in HCP is classified based on ease with which it can be removed, as
capillary water, adsorbed water, interlayer water, chemically combined water. The
presence of capillary voids will lead to the porosity of the HCP. Porosity is the volume
property and represents the contents of the pores which are not necessarily
interconnected. Thus porosity is the inherent property which results from the hydration
process of cement. Mercury intrusion porosimetry, helium porosimetry and gas
adsorption/desorption techniques are some of the widely used techniques for

measurement of porosity.

In the Mercury intrusion porosimetry, mercury, a non-wetting liquid is forced into
the pores of the material at a high pressure. Pore size and volume quantification are
accomplished by submerging the sample under a confined quantity of mercury and
then increasing the pressure of the mercury hydraulically. As the applied pressure is
increased the radius of the pores which can be filled with mercury decreases and
consequently the total amount of mercury intruded increases. The data obtained give the
pore volume distribution directly and with the aid of pore physical. model, the pore size

distribution can be ascertained.

In this study, the pore size distribution of the selected samples was carried out
using Carlo Erba Model 2000 high pressure mercury intrusion porosimeter. This is an
automatic instrument for the determination of the pore size and pore volume
distribution in the range of 3.7 to 7500 nm radius. The operating pressure ranges from
0.1 Mpa to 200 Mpa. According 1o Wash Burn equation of capillary suction or
depression, the radius of the cylindrical pore which will be reached by a pressure p is

given by:

r = 2rcosf/P
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where r is surface tension, 0 is the contact angle. If r and are constant for a certain
material, r is inversely proportional to p. In this study a value of r equal to 430 dynes
and equal to 141.3° was used. Then r (nm) = 750/p Mpa. This means that pore sizes

of 3.75 nm to 7500 nm can be detected.

Representative cement paste specimen, approximately 1 gram, was used for pore
size distribution. The pressure in the pressure vessel of the porosimeter was increased
from 0.1 to 200 Mpa slowly. This slow increase of pressure prevented the mercury
from heating up during the test. The measurements of the pressure and the introduced

volume of mercury were recorded and used to draw the pore volume against the radius.
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Test Description Specimen
Type Size Number

Reinforcement Concrete 200x200x75 mm 60
Corrosion

Electrical Resistivity Concrete 75x150 mm 180
Compressive Concrete 75x150 mm 180
Strength

Chemical Analysis Cement Paste 25x25x25 mm 60
Pore size Cement Paste 25x25x25 mm 40

Distribution
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TABLE 3.2 Weights of Constituent Materials per Cubic Meter of Concrete
Constituents Weight
(Kg/ m3)
Ordinary Blast Fly Ash Fly Ash Silica
portland Furnace Class F Class C Fume
Cement
Slag
Cement 350 105 280 280 315
Pozzolan - 245 70 70 35
Coarse 1159 1159 1159 1159 1159
Aggregate
Fine 710 710 710 710 710
Aggregate
Water 175 175 175 175 175
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TABLE 3.4 Specific Gravity and Absorption of Coarse Aggregates

Sieve Absorption (%) | Bulk<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>