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SUMMARY

The reduction in the useful-service life of reinforced concrete construction in the
Arabian Gulf is attributed to reinforcement corrosion. While this phenomenon is
primarily related to chloride ions, the concomitant presence of sulfate salts may
accelerate the deterioration process. Another factor which might influence
reinforcement corrosion is the elevated ambient temperature. While few studies have
been conducted to evaluate the individual effect of sulfate contamination and
temperature on chloride binding and reinforcement corrosion, the synergistic effect of
these factors on concrete durability, viz.- a- viz., reinforcement corrosion, needs to be
evaluated. Further, the environmental conditions of the Arabian Gulf are also
conducive for accelerated carbonation. However, no data are available on the
concomitant effect of chloride-sulfate contamination and elevated temperature on the
carbonation behaviour of plain and blended cements.

This study was conducted to evaluate the conjoint effect of chloride-sulfate
contar?ination and temperature on the pore solution chemistry and reinforcement
corrosion. The effect of chloride-sulfate contamination and elevated temperature on
carbonation in plain and blended cements was also investigated. Pore solution
extraction and analysis, X-ray diffraction, differential thermal analysis, scanning
electron microscopy, DC linear polarization resistance and AC impedance spectroscopy
techniques were utilized to study the effect of experimental parameters on chloride
binding, reinforcement corrosion and carbonation.

The results indicated that the concomitant presence of chloride and sulfate salts and
temperature significantly influences the durability performance of concrete by: (i)
decreasing the chloride binding, (ii) increasing reinforcement corrosion, and (iii)
accelerating the carbonation process. To avoid such deterioration, it is advisable to
minimize both chloride and sulfate contamination contributed by the mixture
ingredients. Due to the known harmful role of sulfate ions in decreasing the chloride
binding and increasing reinforcement corrosion, limits on allowable sulfate
contamination in concrete should also be established.
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CHAPTER 1
INTRODUCTION

1.1 DETERIORATION OF CONCRETE STRUCTURES IN THE
ARABIAN GULF

Portland cement concrete has been extensively used to build the infrastructure
needed for the modern development. The potential of using this material has been fully
exploited by the construction industry and research was carried out to make concrete
stronger and more economical. Researchers have been successful in this pursuit, in that

the production of very high strength concrete, of the order of 100 MPa (14,500 psi), is

now possible.

While cement industry's research and development efforts were totally diverted
towards the production of energy-efficient and high-strength cements, the durability
performance of such cements due to the resulting changes in the chemical composition
was not studied. It was assumed that concrete produced by mixing of cement,
aggregate and water can withstand all the weather and exposure conditions. Concrete
was thought to be 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 poor durability
performance are the bridge decks in USA and Europe, and the deterioration of
reinforced concrete structures in the coastal areas of the Arabian Gulf. It is estimated
that more than $ 20 billions are needed for the repair and rehabilitation ef highway
structures in USA [1], and more than £ 600 millions for repairing road bridges in the

UK [2]. The cost of repair and rehabilitation of reinforced concrete structures in the
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Arabian Gulf is not very well documented, but undoubtedly, considerable resources
have to be allocated towards restoring the useful service-life of concrete structures
serving in this environment. While the deterioration of highway structures in North
America and Europe is attributable to the use of deicer salts, the deterioration of
concrete structures in the Arabian Gulf is caused by: (i) severe climatic and geomorphic
conditions and (ii) incorrect material specifications and defective construction practices.
In this respect, it is not out of place to mention that to meet the growing demand for
infrastructure, specifications borrowed from other parts of the world were injudiciously
used by the construction industry in this part of the world. The adequacy of the

imported specifications was not questioned until after failures were observed within a

short span of about 10 to 15 years [3].

The climate, which is characterized by high temperature and humidity conditions
and large fluctuations in the diurnal and seasonal temperature and humidity, adversely
affects concrete durability in the Arabian Gulf. The temperature can vary by as much
as 20 °C during a typical summer day and the relative humidity ranges from 40 to
100% over 24 hours. These sudden and continuous variations in temperature and
humidity initiate ever present cycles of expansion/contraction and hydration/dehydration
which cause damage due to thermal and mechanical stresses. The damage to concrete
due to these stresses is reflected by microcracking and enhanced permeability, which
results in a tremendous increase in the diffusion of aggressive species, such as chloride,

oxygen, carbon dioxide and moisture, towards the steel-concrete interface.

The other factor which contributes to the poor durability performance of concrete is
the quality of local aggregates. Most of the aggregates available in the region is crushed
limestone which is marginal, porous, absorptive, relatively soft and excessively dusty
on crushing. These drawbacks are attributable to the source material, which comprises

poor quality sedimentary outcrops of younger tertiary dolomitic limestone. The aeolin
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dune and coastal sands form the main source of fine aggregate. These sands are
essentially fine grained and have narrow grading. Nearly all the material passes No. 30
sieve and an appreciable portion, 10 to 20% passes No. 100 sieve. The fineness
modulus is less than 1.3, (ASTM C 33 minimum is 2.3), and lies well outside the
ASTM C 33 grading limits and is finer than zone 4 of BS 882 [4]. The excessive
fineness of sand and its narrow grading lead to a gap-graded particle size distribution in
the combined aggregate grading for nearly all the mixes made using local materials.
The coastal sands are mainly of carbonate origin. These sands are usually absorptive,
fine, poorly graded and are contaminated with chloride and sulfate salts. The grading

characteristics of these sands are more or less similar to those of the dune sands [5].

Furthermore, the fine and the coarse aggregates are characterized by excessive dust
content. Dust and excessive fines cause high water demand resulting in lower strength
and greater shrinkage of concrete. Dust also forms a fine interstitial coating between
the aggregate and the cement paste thereby weakening the bond at ﬁe aggregate-paste

interface. This transition zone, being the weakest link of the concrete composite, may

further lower concrete strength and quality [5].

Sometimes the climatic and geomorphic factors may combine to accelerate the
deterioration processes. In the coastal flats, the groundwater table is relatively high and
close to the ground surface. The capillary rise of moisture and frequent flooding in
conjunction with high evaporation rate leaves a heavy crust of salt in the upper few feet
of the soil. This leaves the soil, groundwater and atmosphere heavily contaminated
with chloride and sulfate salts [3]. The concrete structures situated in coastal areas are

also continuously exposed to the blowing winds which are charged with sea water and

sea salts that can attack concrete chemically and physically. - 8



In the aggressive environmental conditions of the Arabian Gulf, the predominant
modes of concrete deterioration are: (1) corrosion of reinforcement, (2) sulfate attack,
(3) salt weathering, and (4) cracking due to thermal gradients and plastic and drying
shrinkage. However, the wide occurrence of deterioration due to reinforcement

corrosion overshadows all other forms of concrete failure [6].

Since the aim of this study is to evaluate the influence of the Arabian Gulf
environment on reinforcement corrosion further discussion in this chapter, will be

concentrated on the factors influencing reinforcement corrosion.

1.2 CORROSION OF REINFORCEMENT IN THE ARABIAN GULF

Concrete provides both physical and chemical protection to the steel. The chemical
protection is provided by the highly alkaline pore solution (pH > 13). At this high pH,
a sub microscopically thin protective film of y-ferric oxide is formed on the steel which
protects it from corrosion. The physical protection is provided by the dense structure of
the concrete which retards the diffusion of the aggressive species, such as éxygen.
carbon dioxide, moisture and chloride, to the stecl-concrete interface. The break down
of the passive layer is brought about mainly by two factors. Firstly, it is due to the
ingress of atmospheric carbon dioxide to the steel-concrete interface, and secondly due
to the diffusion of the chloride ions. Field studies conducted at King Fahd University
of Petroleum and Minerals (KFUPM) [3] attributed the presence of excessive chloride

concentrations in the concrete to be the main cause of reinforcement corrosion.

Concrete construction in the coastal areas of the Arabian Gulf is continually
exposed to ground and atmosphere contaminated with salts. Aided by'cap"'nllary action
and high humidity conditions, the salt-contaminated groundwater and the salt-laden

airborne moisture and dew find an easy ingress into the concrete matrix. Further, the
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salts also pollute the mix water and the aggregates thereby increasing the total salt
content of the concrete. In the Arabian Peninsula, sulfates and chlorides occur at
several horizons in the geological formations. Numerous salt domes in the Gulf
constitute "built-in" sources of salt contamination especially when they are located in
the zones of groundwater circulations [7]. Other sources of salt are the numerous
sabkhas which constitute natural evaporating pans saturated with brines and which
generate chloride, sulfate and carbonate minerals on their surface crusts. These salts are

wind blown and have been found to heavily contaminate dune sands up to a distance of

40 kms from the shore.

Table 1.1 [8] compares chloride and sulfate content in the atmospheric air in
Dhahran region (July-August) with that in Long Beach, California and Moorhead city
along the Atlantic coast. Table 1.2 [8] compares the chloride content in the Arabian
Gulf sea water with that in the Mediterranean sea and the Atlantic Ocean, respectively.
It is seen that the chloride pollution in the ambient environment in Dhahran is about 490
times that in the air in a typical marine atmosphere in the USA. The chloride content in

the Arabian Gulf is about 1.6 to 2 times as high as the sea water from the

Mediterranean or the Atlantic.

Table 1.1 Chloride and sulfate content in atmospheric air of Arabian Gulf coast
(Dhahran) and Atlantic Coast (Long Beach, Moorehead City), (July-

August) [8]
Salt Dhahran Long Beach Moorehead City
Ck* 63.2 0.13 0.13
SO, * 33.8 0.32 ) 0.=54

* micro milligram per cubic meter of air
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Table 1.2 Chloride content of various sea waters in parts per million [8]

Mediterranean Atlantic Arabian Gulf Mean Sea Water

21,380 17,840 33,660 19,800

The ingrcsg of chlorides, moisture and oxygen into the concrete matrix, in the
Arabian Gulf, is further accentuated by the environmental conditions. Cracking of
concrete due to plastic drying shrinkage, early thermal movements and subsidence
stresses aid the diffusion of the aggressive species into concrete. These deterioration
processes are further aided by the sharp temperature gradients on surfaces and the inner
portions of the concrete. The changes in the diurnal and seasonal temperatures cause
continuous thermal expansion and contraction cycles which may lead to the cracking of
concrete. These expansion-contraction cycles become all the more damaging due to the
thermal incompatibility of concrete components. The differential expansion and
contraction movements of the aggregate material and hardened cement paste may set up
tensile stresses far beyond the tensile capacity of concrete resulting in microcracking.
Limestone, the pmdominantlg'r used aggregate in this region, has a coefficient of thermal
expansion of 1 x10°6/°C. The coefficient of expansion for hardened cement paste is
much higher (usually between 10 x 106 and 20 x 106/°C). With the fall in
temperature, tensile and compressive stresses are set up in the cement paste and the
aggregates, respectively. With the rise in temperature, the stresses are not exactly .
reversed but tensile stresses are set up at the aggregate-paste interface tending to cause
interface bond failure and significant microcracking around the tr:msit{on zone. It has
been shown by Hsu [9] that a volume change of 0.3% is enough to generate tensile
stresses of the order of 800 psi at the aggregate-paste interface. Slate and Matheus [10]

have determined volume changes of cement paste and concrete from the time of casting
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to an age of 7 days. This work shows that volume changes even larger than 0.3%
occur during setting and hardening of concrete. The authors [10], on the basis of a
simple mathematical model, have inferred that tensile stresses of more than 250 psi for

every 10 °C fall in temperature are set up in the concrete.

In summary, the environmental conditions in the coastal areas of the Arabian Gulf
region are conducive for the initiation and propagation of reinforcement corrosion.
Further, corrosion of reinforcing steel is mainly attributable to the excessive amounts of
chlorides in the concrete which are contributed by the mix constituents or those entering
the concrete from the external environment. However, a variety of other factors, such
as temperature, sulfate contamination and carbonation may be expected to influence the

mechanisms of corrosion of steel reinforcement.

1.3  EFFECT OF TEMPERATURE AND HUMIDITY ON
REINFORCEMENT CORROSION

The extreme climatic conditions of the Arabian Gulf are particularly helpful to the
chemical reactions involved in the reinforcement corrosion and other disintegration
processes. The mean annual temperature is generally 8 °C above the value of 18 °C
usually taken to define a hot desert. The summer air temperature frequently reaches 45
to 50 °C. The concrete surface temperature may increase due to solar radiation up to 70
°C [11]. The hot weather conditions in the Arabian Gulf may also cause increased
water demand, slump loss and premature setting, resulting in cold joints and
insufficient compaction and enhanced tendency for plastic shrinkage and pre-setting
cracking in fresh concrete. Concrete cast and cured under hot weather conditions and
not cured sufficiently thereafter may show as much as 30 to 40% reductiorcin strength.
Any dcficiency in curing, which may have negligible effect in mild climatic conditions,

may permanently impair the quality of the cover concrete in hot weather conditions,
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thereby weakening the protective shield against the ingress of aggressive species to the
steel-concrete interface. High rates of evaporation of mixing and curing water cause
significant sulfate and chloride salt concentrations near the surface when concrete is
mixed and/or cured with brackish water which may result in sulfate attack and early
initiation of reinforcement corrosion, particularly if steel is located near the surface.

Thermal and drying shrinkage cracking are a common feature of concrete damage in

this region.

The high temperature and humidity conditions in the Arabian Gulf accelerate the
chemical reactions. The penetration of aggressive substances such as chlorides and
carbon dioxide proceeds more rapidly. Studies [12] carried out on the effect of
temperature and humidity on corrosion processes show that when circumstances are
such that corrosion can occur, its rate is increased by high temperature and high
humidity. The rate of corrosion appears to be sharply increased by an increase in
temperature in the range of 20 to 40 °C, especially at high humidity. While this is so,

data are lacking on the role of temperature on the mechanisms of reinforcement

corrosion in concrete.

Atmospheric humidity also significantly influences carbonation-induced
reinforcement corrosion. Low corrosion rates have been associated with dry

conditions. It has been suggested that a critical relative humidity for corrosion exists

above which extensive condensation occurs in the concrete pores and that corrosion is

insignificant at lower humidity. Parrott [13] indicated that the corrosion rates are

minimal for RH below 75%.

14  EFFECT OF SULFATE ON REINFORCEMENT CORROSION

Deterioration of concrete by sulfates can occur in either or both of the two ways: (a)

by expansion and cracking due to the formation of ettringite; (b) by surface softening
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due to the formation of gypsum [14]. The deterioration of the first type is due to the
reaction of sulfate ions with tricalcium aluminate present in the cement. . The second
type is due to the formation of gypsum which is produced by the reaction of sulfates
with calcium hydroxide. The reaction products have a greater volume than the
compounds they replace. The increase in the volume due to formation of gypsum can
be more than double the original volume, and that due to the formation of ettringite can
be more than three times the original volume. While the effect of sulfate ions on
deterioration of concrete has been considerably investigated their influence on corrosion
of reinforcing steel has not been adequately researched. Studies conducted by Holden
et al. [15] on the pore solution composition of pastes made with fixed quantities of
chlorides and sulfates indicated an increase in the OH" concentration due to inclusion of
sulfates 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 C3A of
cement, thus inhibiting the formation of calcium chloroaluminate (Friedel's salt).
Therefore, the corrosion risk is likely to be significantly increased in circumstances
where concrete is contaminated with both chloride and sulfate salts. Al-Tayyib et al.
[16] reported seven fold increase in corrosion activity in mild steel exposed to sulfate
containing calcium hydroxide solutions over those containing chloride salts, particularly
at high temperatures. Recent studies [17-19] conducted at KFUPM have indicated that
sulfate ions significantly influence the mechanisms of chloride-induced reinforcement
corrosion. While the sulfate concentration does not significantly influence the time to
corrosion initiation, its presence significantly enhances the rate of reinforcement
corrosion [20]. The results of the studies cited above have an important bearing on the
durability performance of concrete structures in this region, as groundwates, aggregates
and environment are heavily contaminated with both chloride and sulfate salts. These

salts may be introduced into the concrete either through the mix constituents or they
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may penetrate the hardened concrete from the service environment. Further, the
groundwater table being shallow, the concrete components inadvertently get

contaminated with chloride and sulfate salts.

1.5 EFFECT OF CARBONATION ON REINFORCEMENT
CORROSION

Carbonation involves a reaction of atmospheric carbon dioxide with the Ca(OH);
and other cement hydration products to form insoluble CaCO3 and water. This reaction
results in a significant reduction in the pH of the electrolyte due to removal of hydroxyl
ions from the pore water. At low pH, the protective y-ferric oxide film is not formed
and corrosion can occur. Factors influencing carbonation of concrete and the
subsequent corrosion of embedded steel include: concrete mix design, improper curing,
moisture condition, temperature and the presence of chlorides. For high quality, dry, or

water saturated concrete, carbonation is normally not a problem.

Carbonation of concrete may be more rapid in hot dry environments compared to
temperate climates [21-22]). The rate of carbonation is reported to be maximum at
temperatures of 40 to 50 °C and relative humidity of 50 - 70%, which are typical of the
environmental conditions in the countries along the Arabian Gulf [23]. In the presence
of chlorides, accelerated reinforcement corrosion may occur in carbonated concrete,

especially when it is subjected to wetting or drying or high humidity [24].

The importance of carbonation, which is a slow process under natural conditions,
however, has grown in recent years owing to the increased atmospheric pollution and
the aging of the structures. Also, no data are available on the interactive effect of

chloride-sulfate contamination and hot-weather conditions on concrete carkonation and

carbonation-induced reinforcement corrosion.
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1.6 RESEARCH OBJECTIVES

While the effect of chlorides on reinforcement corrosion has been investigated by
several researchers [25-34], sparse data related to the effect of carbonation, temperature
and sulfate salts [16-17, 35-38] on mechanism of chloride-induced reinforcement
corrosion are available. The meagre data developed on these aspects deal with the
individual effects of these factors on corrosion of reinforcement. This may be due to
the fact that in the temperate climatic conditions all these factors rarely act together to
accelerate the reinforcement corrosion process. However, in the coastal areas of the
Arabian Gulf, the daily and seasonal variations in the temperature and humidity

regimes and the salt contamination in concrete contributed by aggregates and mix water

combine together to accelerate reinforcement corrosion.

While the presence of sulfate salts may result in the liberation of chloride ions,
owing to the preferential formation of calcium sulphoaluminate hydrates [24], the rate
of corrosion may increase rapidly when the ambient temperature is increased from 20
to 40 °C. It has been suggested that an increase in temperature of 10 °C can lead to a
doubling of the corrosion rate [39]. If this is the case, the corrosion rate in the Arabian
Gulf climate may be expected to be up to four times that in Europe [25]. Also, higher

rates of carbonation were observed in structures exposed to hot weather conditions

[21,40].

Carbon dioxide and chlorides can act synergistically, in that carbonation can lower
the pH of the pore water allowing chloride attack to occur at chloride concentrations
lower than that required for corrosion in uncarbonated concretes [13]. Furthermore,
carbon dioxide may release chlorides for corrosion initiation by decomposing calcium

chloroaluminate hydrates formed due to the complexing of chlorides by tricalcium

aluminate.
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This research was conducted to investigate the synergistic effect of chloride and
sulfate contamination, temperature, and carbonation on the mechanism of

reinforcement corrosion. The specific objectives of this study were:

@) to evaluate the effect of temperature on the pore solution composition in plain

and blended cements, contaminated with chloride and sulfate salts,

(i) to investigate the effect of temperature and chloride-sulfate contamination on

reinforcement corrosion,

(iii)  to study the synergistic effect of temperature and chloride-sulfate contamination

on carbonation in plain and blended cements, and

(iv)  to assess the conjoint effect of temperature, chloride-sulfate contamination and

carbonation on reinforcement corrosion.

1.7 REPORT OUTLINE

This report presents the results of the experimental work carried out to achieve the
r-esearch objectives as outlined above. Chapter 2 describes the results of field and
laboratory work carried out to evaluate the causal factors for deterioration of reinforced
concrete structures in the Arabian Gulf. In Chapter 3, the influence of chloride and
sulfate contamination and temperature on the pore solution composition in plain and
blended cements is discussed. The concomitant effect of chloride and sulfate
contamination and temperature on reinforcement corrosion is evaluated in Chapter 4.
In Chapters 5 and 6, the influence of hot weather conditions and chloride and sulfate
contamination on carbonation and reinforcement corrosion, respectively, are discussed.

Finally, Chapter 7 summarizes the findings of this study and provides

recommendations for further research.
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CHAPTER 2

DURABILITY PERFORMANCE OF CONCRETE
IN THE ARABIAN GULF

2.1 DESCRIPTION OF THE PROBLEM

The poor durability performance of reinforced concrete structures in the coastal
areas of the Arabian Gulf is now a well recognized fact. As pointed out in the earlier
Chapter, the service conditions for concrete construction in this area are considered to
be amongst the most aggressive in the world. The deterioration of concrete structures,
and the consequent reduction in the useful service-life, is mainly attributed to
reinforcement corrosion. Other forms of deterioration, due to sulfate attack, salt
weathering and plastic shrinkage cracking, are not uncommon. However, the
overwhelming number of cases of concrete failure due to reinforcement corrosion
overshadow deterioration due to other causes. The environmental and geomorphical
conditions of this region act together to form a very aggressive service environment for
concrete. In such an environment, structures built with concrete, which can be rated as

good in the temperate climatic conditions, can hardly serve for a decade or two [41].

The concrete durability problems in the Arabian Gulf region were first reported by
Fookes and Collis [42,43] in 1975. They concluded that deterioration of concrete in
this hot-humid environment is attributable to the environmental and geomorphical
conditions. At the same time, Rasheeduzzafar et al. [3,44] and Al-Gahtani [45]
conducted comprehensive condition surveys of 42 reinforced concrete buildings located
on habitations along the coastal areas in the eastern Saudi Arabia. Serious deterioration
was observed in buildings constructed within 10 to 15 years. These surveys indicated

that only 26% of the 168 study areas exhibited slight or no deterioration. The main
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causes of deterioration were attributed, in decreasing order of importance, to corrosion
of reinforcement, sulfate attack, salt weathering, and cracking due to shrinkage and
thermal gradients [46]. The laboratory investigation of the cores obtained from
structures 22 to 27 years old indicated that chloride content, cover over reinforcing steel
and concrete quality significantly controlled the life of the structure. In buildings more
than 20 years old, severe cracking/spalling was observed in structures with 12.7 mm
cover. The degree of deterioration was observed to decrease with increasing cover
thickness. Rebar corrosion in concrete with 5% water absorption, determined
according to BS 1881, was observed to be three times that in concrete with 3% water
absorption. The loss of metal due to rebar corrosion in concrete of 13,000 Q.cm

electrical resistivity was 12% after 20 years, whereas it was 80% in concrete with

electrical resistivity of 600 Q.cm [3,45].

Pollock et al. [47], Fookes et al. [40] and Kay et al. [48] inspected several
reinforced concrete structures, mainly in the United Arab Emirates. They classified the
cracking of concrete into two major categories in terms of their severity: (1)
progressive; those caused by diurnal temperature cycles, drying shrinkage, structural
distress, alkali-silica reaction and corrosion of reinforcing steel, and (2) non-

progressive; those caused by plastic settlement, plastic shrinkage, thermal hydration,

shrinkage and crazing.

In the subsequent sections, some of the cases of deterioration of reinforced concrete
structures are reported with a view to exploring the possible mechanisms of

deterioration. A summary of the possible causes of concrete failure and their

implication to this study is also presented.
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2.2  CASE STUDIES

This section details the field and laboratory investigations conducted to examine the
performance of in-service concrete structures. The test programme included visual
examination of the structures, field and laboratory tests to assess the quality of concrete
used and evaluation of the severity of the environment. Field observations included
visual inspection of the structures to determine the form and nature of deterioration.
Wherever possible, concrete core specimens were retrieved from the structures. In

some cases, concrete powder was collected using a percussion type drill machine for

chemical analyses.

2.2.1  Pier Foundations (Case study 1)

These structures are circular reinforced concrete pier foundations which are about 2
metre in diameter and 10 m deep [49]. The piers are overlaid by a cap which is about
1.2 metre in diameter and 45 cm high. These foundation structures, which support
high tension power cables, are buried in a very corrosive sabkha environment. The
water table in this region is less than 1 m below grade for most of the year. After about
5 years of service, profuse cracking was observed on the cap surface in most of the
structures inspected. These cracks originated from the edges of the stub angle and
extended radially to the other edges of the foundation cap. The average width of cracks
on the cap surface varied from 0.17 to 0.33 mm (Figure 2.1). About 12 of these
concrete structures were examined in detail. More than 150, 75 mm @ concrete

specimens were cored from the structures for testing.
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The range of physical properties of concrete from these structures is shown in Table
2.1. The compressive strength, pulse velocity, electrical resistivity, absorption, and
permeability results indicated that the concrete used in the foundation elements was of
medium to good quality [50]. Figure 2.2 shows a typical chloride concentration profile
in a pier. The acid-soluble chloride concentration was in the range of 0.27 to 3.3% by
weight of concrete. The extremely high concentrations of chlorides in the concrete were
attributed to the cumulative effect of the following factors: (a) brackish groundwater
was added to the concrete mix during construction, (b) the chloride content of the
constituent materials was very high, (c) curing was carried out with brackish water, and
(d) infiltration of chloride-bearing groundwater into the hardened concrete had occurred.
The groundwater which had diffused through the pier structure evaporated at the grade
level leaving the salt in the concrete. The significant build up of the salt concentration at

the grade level caused severe corrosion at these locations.

Table 2.1 Results of laboratory tests on concrete from pier foundations (Case
Study 1)
Parameter Range of Values
Water-cement Ratio 0.5 -0.55
Cement Content (kg/m3) 314 - 340
Compressive Strength (MPa) ' 25-38
Pulse Velocity (m/s) 3300 - 3800
Concrete density (kg/m3) 2000 - 2100
Electrical Resistivity (2.cm) 670 -2120
Chloride Concentration (% concrete) 0.22-3.30
Sulfate concentration (% concrete) 0.19 - 1.40

38




P72} 0.84
724 0.72
mﬂ.fo‘l
| e ~
16cm 43 = S s bl 3 E b 1bcm
it A 5 g & o o #By
J o a o s 3 4
”m : o~ ~
28¢tm
" & o E E 26cm
S o hd o
F2
ymdn B Abry
i
20cm 2 e = 5§ _ s 8 26cm
o = vy =y
F12 > o n
JL 10 A H a A A E__FI 1
CHLORIDE CONCENTRATION : BY WEIGHT OF CONCRETE

Figure 2.2  Chloride concentration profile in a pier (Case Study 1; Chloride
concentration: % wt. of concrete)

39




2.2.2  Underground Utility Structures (Case Study 2)

Severe damage due to chloride-induced reinforcement corrosion was observed in
some of the 2500 underground reinforced concrete utility structures [49, 51-52]. These
utility structures carry 34.5 to 115 kV power cables and are part of an electrical
distribution network. These structures have an internal dimension of up to 8 m and are
as much as 6 m below the ground surface (Figure 2.3). The groundwater table in most
of the areas is less than 1.5 m below grade. These structures, which are generally

octagonal in shape, are spaced on a grid of approximately 200 to 300 m apart.

More than 24 of these utility structures, placed in a highly corrosive sabkha soil,
were examined. These structures were in service for about 5 years when deterioration
of concrete, mainly on the roof slab, beams and walls, was observed. Cracking of
concrete due to corrosion of reinforcing steel on the walls and beams was evident on
the severely deteriorated structures. Microcracking, leakage of water from the joints

and cable conduits, and salt staining on the walls, floor and roof slab were observed in

all the deteriorated structures.

Table 2.2 shows the results of the tests carried out on some of these structures. The
data on physical properties indicated that the quality of concrete used in most of the
structures was good, except in a few cases it was of medium to good quality [50]. The
electrical resistivity of concrete in as-retrieved condition was low in most of the cases,

indicating a risk of high corrosion rates.
The chloride and sulfate analysis (Figure 2.4 and 2.5) indicated that the salt

concentration was usually high on the surface of the components and decreased with

depth. The salt concentration was also high in the lower parts of the walls and in the
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Table 2.2: Results of tests carried out on concrete from a typical underground

utility structure (Case Study 2)

Parameter Typical Value
Dry density (kg/m3) 2235
Pulse velocity (km/sec) 4.0
48-hour Absorption (%) 5.93
Volume of permeable voids (%) 13.22
Chloride concentration (% concrete) B 0.01-0.24
Sulfate concentration (% concrete) 0.5-1.2

base slabs. At75 mm depth, the chloride concentration was several times the threshold
value in most of the structures investigated. The high concentration of salts in the
components was contributed by the saline groundwater seeping into the structural
components which evaporated through the atmosphere leaving them deposited in the
concrete. Deterioration due to sulfate attack was not indicated in any of the structures,

apparently due to the use of sulfate resisting cement.
223  Columns (Case Study 3)
In this case study, the causal factors for deterioration of columns of a three storey

building were evaluated [49]. The footings of these columns are founded in a highly

corrosive sabkha soil. After four to five years of construction, cracking and spalling of

concrete on the columns due to reinforcement corrosion was evident.
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While all the columns exhibited signs of deterioration of varying degree, the
footings were in good condition. Four columns, which indicated moderate to severe
deterioration, were selected for detailed examination. Cracks along the longitudinal axis
were observed on one of these columns. In another column, localized reinforcement
corrosion, at about 1 m below the top of the footing, was evident. The concrete in the
spalled portions of this column appeared to be very weak and the reduction in the
diameter of one of the corroded bars was about 20%. The compressive strength data

(Table 2.3) indicated that the concrete used in the columns and footings was of good

quality [50].

Table 2.3 Physical properties of concrete (Case Study 3)

Parameter : Range of Values
Compressive strength (MPa) 25 -40
Electrical resistivity ( k.Q.cm) 36-11
Volume of permeable voids (%) 59-12.6
Rebound hammer number 22-50
Pulse velocity (km/sec) 3.5-4.6
Chloride (% concrete) 0.01-042
Sulfate (% concrete) 0.32 - 1.60

2.2.4  Shore Line Protection Structures (Case Study 4)

This is a reinforced concrete wall used for shoreline protection [49]. Minor cracks

were observed in the wall after about two years of service.

A summary of the field and laboratory tests is shown in Table 2.4. The average

compressive strength of concrete in all the members, as indicated by the Schmidt



hammer readings was in the range of 50 - 60 MPa, indicating that very good quality
concrete was used in these structures [S0]. The concrete cover over the reinforcing steel
was more than that usually required for marine structures (> 75 mm). The chloride
concentration was high at the surface and decreased with depth as shown in Figure 2.6.
In most cases, the chloride concentration was lower than the threshold value of 0.03%
by weight of concrete at depths of over 50 mm. The sulfate concentration indicated a
similar trend. The sulfate concentration was higher than the threshold value of 0.6% by
weight of concrete. Since sulfate resisting cement blended with fly ash was used, there
was no noticeable damage due to sulfate attack. The corrosion potentials were in the
range of -95 to -606 mV against copper-copper sulfate (CSE) reference electrode. The
corrosion potentials on rebars in the splash and tidal zones were more negative than
those in the atmospheric zone. The chloride concentration in concrete at a depth of 75
mm (approximate depth over reinforcing steel) is compared with the corrosion status
based on ASTM C 876 in Table 2.5. Probability of reinforcement corrosion (values
more negative than -350 mV CSE) is indicated in the components where the chloride

concentration was more than 0.04% by weight of concrete.

Table 2.4 Test results on concrete from shore line protection structures
(Case Study 4)
Parameter Range of Values
Rebound hammer number 44 - 67
Average cover thickness (mm) 74 - 103
Chloride concentration (% concrete) 0.001 - 0.43
Sulfate concentration (% concrete) 0.1-4.7
Corrosion potentials (CSE) -95 - -606
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Table 2.5 Relationship between chloride content and corrosion status

(Case Study 4)
Structural Chloride Concentration
Component/Visual at 75 mm Depth (% wt. Corrosion Status*

Condition Concrete)
Beam/Sound 0.001 Uncertain
Beam/Stained 0.008 Active/uncertain
Beam/Cracked 0.003 Uncertain/no corrosion
Panel/Sound 0.020 Uncertain
Panel/Stained 0.050 Active
Panel/Cracked 0.040 Active
* Based on ASTM C 876 criterion

2.2.5  Foundations of a Reinforced Concrete Building (Case Study 5)

This case study pertains the concrete deterioration in the foundations of a reinforced
concrete building [53]. This building is a five storey reinforced concrete structure and
measures 90 x 90 m and is supported by 256 columns located at a grid of 6 m in each
direction. The construction is mainly of cast-in-place concrete columns and slabs and
was completed in 1982. The foundations were constructed on compacted sub-grade.
The concrete contained 380 kg/m3 of sulfate resisting cement. The concrete was
designed for a 28-day compressive strength of 25 MPa (3600 psi). The reinforcing
bars were uncoated deformed with a yield stress of 420 MPa (61,000 psi). The water
table was below the footing at the time of the construction. A layer of crushed
aggregate and polyethylene sheeting was placed below the footings as a preventive
measure. The concrete deterioration in the form of cracking, along the reinforcement, at

the grade level on the columns was first observed in 1988. It was noted from
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piezometers, installed at the site during this investigation, that the groundwater level had

risen after the construction due to irrigation of the heavily landscaped areas around the

building.

Selected columns, twelve in number, were exposed for detailed investigation. The
average concrete compressive strength was in excess of the specified strength of 25
MPa. Resistivity values of concrete were as low as 500 Q.cm. Concrete cover over
reinforcement was either equal to or more than the specified cover of 50 mm. The
average acid-soluble chloride content in the columns below grade at the depth of
reinforcement was more than 0.4% by weight of cement. The high chloride
concentration in the concrete components, particularly at the grade level indicated that
the groundwater seeped from the sides of the footings and columns, where no
protection was provided, and diffused through the below-grade portions and evaporated
at the grade level, leaving the salts deposited in concrete. Abundant supply of moisture,

due to capillary action and oxygen at the grade level contributed to the localized

reinforcement corrosion.
2.2.6  Sea Water Cooling Canals (Case Study 6)

This structure is used to supply cooling water to industrial plants in a growing
industrial complex. This is a dual canal system, one branch supplying the fresh water,
while the other removing the used water, and is 10.6 km in length. Stains were
observed on the walls of the canal after about 7 years of service [52,54]. Extensive
concrete delamination due to reinforcement corrosion was also observed on the walls.
Protective measures, such as cathodic protection, using sacrificial anodes and

impressed current systems, were employed to prolong the service life of this structure
[54).
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23 CONCLUSIONS FROM THE CASE STUDIES

The case studies cited above indicate poor performance of concrete in the Arabian
Gulf environment, the predominant cause for the concrete deterioration being
reinforcement corrosion, initiated by salt inclusion either at the initial stages of mixing
or due to ingress from the service environment. While this phenomenon is mainly
related to presence of chloride ions, the high sulfate concentration in the environment
might have accelerated the deterioration process. The mechanisms of such an
acceleration, due to the simultaneous presence of chloride and sulfate, on reinforcement
corrosion is not yet fully elucidated. Another factor of interest in the environmental
conditions of the Arabian Gulf, which significantly influences the deterioration related
to reinforcement corrosion, is the high ambient temperature. The effect of high
temperature as well as its variation on the deterioration processes have been discussed
in Chapter 1. The high ambient temperature may also influence the rate of diffusion of
groundwater into the underground structural components, namely footings and
submerged portions of the columns. At the grade level, the moisture evaporates
leaving the salts behind. The saline groundwater is then wicked into the concrete
maintaining a dynamic water profile/equilibrium [24]. The chlorides tend to
concentrate at or about thc' ground level, leading to excessive corrosion at this location.
The evaporation/wicking process, described above, occurs due to the loss of moisture
from dry concrete exposed to the high ambient temperatures above the grade. The
presence of sulfate ions in the groundwater also significantly influences the
mechanisms of reinforcement corrosion in such situations. Thus, it will be worthwhile
to investigate the simultancous effect of sulfate and temperature on chloride-induced
reinforcement corrosion. Also, blended cements are increasingly used in the Arabian
Gulf to produce dense and impermeable concrete. The effect of chloride-sulfate

contamination and temperature on the pore solution chemistry of these cements needs

also to be investigated.
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Further, the elevated temperature in the Arabian Gulf may also significantly
influence the carbonation of concrete. Meagre data are available on the effect of
chloride-sulfate contamination and temperature on carbonation. Such a study is also
particularly important to evaluate the performance of blended cements in terms of their

resistance to carbonation, since pozzolanic action is liable to reduce the alkalinity of the

pore solution in these cements.
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CHAPTER 3

EFFECT OF TEMPERATURE AND CHLORIDE-
SULFATE CONTAMINATION ON THE PORE
SOLUTION CHEMISTRY

As pointed out in the preceding Chapter, the deterioration of concrete structures in
the Arabian Gulf is primarily attributed to chloride-induced reinforcement corrosion.
The chlorides may be introduced by the mix ingredients, namely aggregates, mixing
and curing water, and admixtures. Alternatively, they may penetrate the hardened
concrete from the service environment. While chloride ions are known for
depassivating the steel, the concomitant presence of sulfate ions can alter the kinetics of
reinforcement corrosion. Substructural concrete components in the Arabian Gulf are
normally in contact with groundwater contaminated with chloride and sulfate salts and
are prone to the concomitant effect of these two aggressive species. The conjoint
presence of high temperature, chloride, and sulfate salts provides an unique
environment for concrete structures in the Arabian Gulf. Another factor, which is
predominant in the Arabian Gulf environment, is the high ambient temperature. As
such, research to study the concomitant effect of these factors on reinforcement

corrosion is highly desirable.

In this Chapter, the effect of temperature and chloride-sulfate contamination on the
pore solution composition in the ordinary and blended portland cements was
investigated. Research to evaluate the synergistic effect of sulfate and chloride ions and
temperature on the pore solution composition in blended cements, such as fly ash, silica
fume and blast furnace slag, is all the more important for this area as these materials

have to be imported and work out to be costlier than ordinary portland cement (OPC).
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- The cement mortar specimens were contaminated with chloride and chloride plus
sulfate salts. For comparison, specimens contaminated with only sulfate salts were
also evaluated. Since sodium chloride and sodium sulfate are the major source of
contamination contributed by the mixture constituents, mainly the aggregates and

mixing/curing water, these salts were used to provide the chloride and sulfate anions.

3.1 EXPERIMENTAL WORK
3.1.1  Experimental Variables

The experimental work reported in this Chapter was divided into two series.

In Series I, the effect of temperature and chloride as well as chloride plus sulfate
contamination on the pore solution composition in two ordinary portland cements and

one sulfate resisting portland cement (SRPC) was investigated. The experimental

variables are detailed in Table 3.1.

Table 3.1: Experimental variables to evaluate the pore solution composition in
ordinary and sulfate resisting Portland cements :

Variable Details
Specimens Mortar specimens made with SRPC, OPC-A,
and OPC-B; (C3A: 3.5, 8.5, and 14.5%)
Contamination Levels 0%
0.8% CI-
1.5% SOz~
0.8% CI" + 1.5% SO3
Exposure Temperatures 25,40, 55 and 70 °C
Pore Solution Extrusion 7, 14, 28, 56, and 84 days
Pore Solution Analyses OH", CI', and SO4

52



Selected mortar specimens were analyzed using X-ray Diffraction (XRD) and

Differential Thermal Analysis (DTA) techniques.

The chemical composition of the cements used is presented in Table 3.2.

Table 3.2: Chemical composition of cements

Constituent SRPC OPC-A OPC-B
(weight percent)

SiO; 22.00 20.52 19.92
AlL03 4.08 5.64 6.81
Fe203 4.24 3.80 1 209
CaO 64.07 64.35 64.70
MgO 2.21 2.11 1.30
SO3 1.96 2.10 2.61
Loss on Ignition 0.80 0.70 0.90
K20 0.31 0.36 0.56
Na0 0.21 0.19 0.28
Naz0 equivalent 0.41 0.43 0.65
CsS 54.57 56.70 57.57
C2S 21.75 16.05 13.68
C3A 3.50 8.52 14.50
C4AF 12.90 11.56 6.36

In Series II, the effect of temperature and chloride as well as chloride plus sulfate
contamination on the pore solution composition of blended cements was investigated.
The experimental variables for this series are detailed in Table 3.3, while Table 3.4

shows the chemical composition of the pozzolanic materials.
As can be seen from Table 3.4, the SO3 content of the blast furnace slag is higher

than that in the other pozzolanic materials. In order to take account of this difference,

the total SO;3 content in all the cements was adjusted to 6%. Further, mortar specimens
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made using OPC-A, contaminated with 6% SO3, were also cast to compare the results

of blended cements with ordinary portland cement.

Table 3.3: Experimental variables to evaluate the pore solution chemistry in
contaminated blended cement mortar specimens

Variable Details
Cements Investigated OPC (C3A: 8.5%)
ASTM C 618 Type F fly ash

cement (20% cement replacement)

ASTM C 618 Type C fly ash
cement (20% cement replacement)

Silica fume blended cement (10%
cement replacement)

Blast furnace slag cement (70% BFS)

Contamination levels 0%

0.8% CI’

0.8% CI'+ 6.0% SO3
Exposure Temperature 25, 40, 55 and 70 °C
Pore solution extrusion After 90 days
Pore solution Analysis OH, CI', SO4

3.1.2  Specimen Preparation

Dune sand of specific gravity 2.62, absorption 0.57% and fineness modulus 1.3
was used in the cement mortar specimens. A sand to cementitious material ratio of 2.0,
(cement content of 1000 kg/m3 of mortar) and effective water to cementitious materials

ratio of 0.50 was used in all the mortar mixes. In the blended cements, the pozzolanic
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materials were used as a replacement of cement. In the fly ash cement mortar
specimens, 20% fly ash was used as a replacement of cement. In the silica fume
cement mortar specimens, 10% cement was replaced with silica fume, while blast
furnace slag cement contained 70% BFS and 30% OPC. 50 mm @ and 75 mm height
cylindrical mortar specimens, cast in plastic vials, were used for extracting the pore
fluid and measuring the chloride, sulfate and hydroxyl ion concentration. The sample

containers were sealed from all sides to eliminate evaporation of water.

Table 3.4: Chemical composition of the pozzolanic materials

Constituent FAC* FAF* BFS* SF*
(weight %)

Si0y 51.3 523 2717 92.5
AlLO3 24.1 252 12.8 04
Fey03 2.0 4.6 1.2 04
Ca0O 14.6 10.0 440 0.5
MgO 2.0 2.2 8.8 0.9
SO3 0.8 0.6 3.1 0.5
Loss on Ignition 0.6 04 0.9 2.6
K20 3.1 0.1 0.1 04
Na0 0.3 0.1 0.4 1.1
Nay0 equivalent 23 0.1 0.5 14

* FAC: Class C fly ash; FAF: Class F fly ash; BFS: Blast furnace slag; SF: Silica fume

Chloride additions were made by dissolving the required quantities of analar grade
sodium chloride, while sodium sulfate was used to obtain the required sulfate
concentration. The cementitious materials and sand were mixed in a mortar mixer till a
uniform mix was obtained and then placed in the plastic vials. The plastic vials were
then tamped lightly to eliminate entrapped air and consolidation of the mixture. After

24 hours of laboratory conditioning, the plastic vials were placed in ovens maintained at

25, 40, 55, and 70 °C till the time of test.
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3.1.3  Pore Solution Expression and Analysis

After the designated exposure periods, mortar specimens were retrieved from the
oven and directly placed on the base of a high pressure pore solution extrusion devise,
similar to that described by Barneyback and Diamond [55], and loading was started
immediately. The pressure applied through the piston was gradually increased and
sustained till sufficient pore solution was collected. The expressed pore electrolyte,
which issued from the fluid drain at the base of the apparatus, was collected in a plastic
syringe. Care was taken to avoid undue exposure of the solution to air, and the

specimens obtained were stored in sealed plastic tubes till the time of analysis.

The pore solution was analyzed for the following:

1. OH" concentration by titrating the pore solution against 0.01 M nitric acid.
Phenolphthalein was used as an indicator. A burette with a least division of
0.02 ml was used for titration. The titration of the pore solution was carried out
after suitable dilution with deionized water. The actual molarity of the nitric acid

was determined by titrating against 0.01 M NaOH.

2 Chloride ion concentration using the spectrophotometric method [56]. 0.1 ml
of the pore solution was diluted to 10 ml using deionized water. To this
solution, 2 ml ferric sulfate indicator and 2 ml ammonium thiocyanate was
added. The mixture was mixed slowly and cautiously by swirling the beaker
and then kept undisturbed for about 30 minutes before the absorption reading
was taken on a Spectronic Model UV 21 spectrophotometer at a wave length of
460 nm against deionized water. The chloride concentration was computed
using a computer program which corresponded to a calibration curve prepared

earlier using a standard chloride solution. The pore solution extracted from
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mortar specimens contaminated with sodium chloride and sodium chloride plus

sodium sulfate was serially diluted so that the chloride concentration was less

than 10 pg/l.

Sulfate concentration using spectrophotometric method outlined in Standard
Methods for Analysis of Water and Waste Water, published by the American
Water Works Association (AWWA) [57]. The pore solution was diluted and
then a buffer solution was added and absorption measured using a
spectrophotometer at a wave length of 420 nm. Barium chloride was then
added to the solution and mixed for a period of one minute and then the solution
was placed in the spectrophotometer and the absorption measured after 5
minutes. The net absorption was used to calculate the sulfate concentration
from the calibration curve prepared using a standard sulfate solution. The pore
solution extruded from mortar specimens contaminated with sodium sulfate
and sodium sulfate plus sodium chloride was serially diluted to maintain the

sulfate concentration within the measuring range.

Pore solution was expressed from two specimens for each exposure period and

temperature. The average values of OH", CI- and SO4™ are reported.

X-Ray Diffraction

X-ray diffraction technique was used to monitor the effect of temperature and

chloride-sulfate contamination on the phase composition in cements. This is a

quantitative analysis method primarily used for determining the weight fractions of

crystalline phases down to about 1%.

X-ray diffraction (XRD) analysis was performed on a Phillips PW 1700

automated diffractrometer with a monochromator and spinner. Diffraction patterns
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were generated on a vertical goniometer attached to a broad focus X-ray tube with a
copper target operating at 45 kV and 30 mA. The analysis is computer assisted so that
the interplanar spacing values can be corrected for the instrument error function by
analyzing a silicon standard and subsequent quantitative analysis. The mortar
specimens were powdered with an agate pestle and mortar and sieved over a #100 (150
1m) sieve to collect the cement. A homogenous sample of this powder was packed
into a sample holder and scanned from 4 - 80° 26 at a speed of 0.01 28/sec. In
powdered form, many grains come into orientation and the quality of the diffraction
. pattern is greatly improved. The phase identification process involves calculating the
most likely match score for a given phase based on peak intensity and peak position
when compared to a database of standard phases, while the weight fraction is calculated

by comparing the intensity of the most intense peaks of that phase with standards.

3.1.5  Differential Thermal Analysis

The differential thermal analysis (DTA) technique is a means of measuring the
amount of heat evolved or absorbed and the temperature at which these changes take
place within a material. The temperature difference between a test substance and
reference material is measured as a function of temperature while the substance and the
reference material are subjected to a controlled temperature heating. A number of
phenomena, such as decomposition, and phase change may take place in a material
when heated at a constant rate. Thermogravimetry (TG) is a technique in which the

change in mass of a substance is measured as a function of temperature while it is

subjected to controlled heating.

Characteristic of decomposition phenomena is the appearance of an endothermic

peak in a DTA curve with a corresponding weight loss. Phase change from crystalline
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to amorphous is indicated by the presence of an exothermic peak without any weight

loss.

The equipment uécd for thermal analysis was a simultaneous thermal analyzer
(STA-429) manufactured by Netzch, Germany. It performs thermogravimetry and
differential thermal analysis simultaneously. About 100 milligrams of powdered
specimen was tested with alumina as a reference material. The temperature was raised
at a uniform rate of 10 °C/min, from room temperature to 1000 °C. In the

thermograms, the weight loss and temperature are plotted simultaneously.

32 RESULTS AND DISCUSSION
3.2.1 Pore Solution Analysis

32.1.1 OH’_Concentration

The OH™ concentration in the SRPC mortar specimens exposed to 25 °C are shown
in Figure 3.1. The OH" concentration in the contaminated specimens was more than
that in the uncontaminated specimens. The OH’ concentration in the specimens
contaminated with sodium sulfate was more than that in the specimens contaminated
with sodium chloride plus sodium-sulfate. The OH™ concentration in the latter
specimens was, however, more than that in the specimens contaminated with only
sodium chloride. Figures 3.2 through 3.4 show the OH" concentration in the
specimens exposed to 40, 55 and 70 °C. These data also indicated a trend similar to

that observed in the specimens exposed to 25 °C.

The high OH" concentration in the pore solution in the contaminated specimens is
attributed to the cation type associated with the sulfate and chloride ions. When sodium
chloride and/or sodium sulfate are added to cement, CI” and/or SO4”" ions react with

the cement hydration products, while Na* cations are released in the pore solution.
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Yonezawa et al. [58] indicated that the increase in the OH™ concentration in the
chloride-contaminated cements is attributable to the formation of calcium-chloro

aluminate (Friedel's salt) as shown below:

2NaCl + Ca(OH)2 — CaCly + 2Na* + 20H" (3.1)

3Ca0.Al1203.10H,0 + CaCly — 3Ca0.A1203.CaCl,.10H20 (3.2)

They attributed the increase in the OH" concentration in the pore solution of the
specimens contaminated with sodium chloride to the affinity between negative ion-

exchangers and CI°, OH™ and SO4™" ions as proposed by Kakihana and Mori [59]. The

affinity increases in the following order:

S04~ > CI'>>0H" (3.3)

According to Equation 3.3, CI ions easily replace the OH™ in negative ion-

exchangers. The negative ion-exchange between CI” and OH™ can be expressed by the

following equation [7]:
R-OH +Na* +ClI" -5 R-CI' + Na* + OH" (3.4)

Where R is an ion-exchanger.

According to Equation 3.4, NaCl added to concrete or mortar transforms to NaOH

while CI ions are fixed with the ion exchanger.

Kayyali et al. [60] supported the increase in the OH™ concentration in the pore
solution of cement paste specimens contaminated with sodium chloride using Debye-

Huckel theory [61] and indicated that when the NaCl concentration was increased, the

OH" concentration also increased.
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The OH™ concentration in the uncontaminated and contaminated SRPC mortar
specimens are plotted against exposure temperature in Figure 3.5. The OH™ values
plotted in this figure represent the average of the concentrations measured at various
periods of exposure. The OH™ concentration in both the contaminated and
uncontaminated specimens indicated no significant change as the exposure temperature
was increased from 25 to 40 °C. However, when the exposure temperature was raised
to 55 °C, the alkalinity was significantly reduced. At 70 °C, the difference in the OH™

concentrations in the contaminated and uncontaminated specimens narrows down. The
reduction in alkalinity of the pore solution with increasing temperature, particularly
above 40 °C, indicates that the reaction of NaCl and/or Na;S04 with the cement

hydration products is inhibited at elevated temperatures (55 °C and above).

The decrease in the OH™ concentration in the uncontaminated specimens may be
attributed to the instability of calcium sulpho-aluminate hydrate formed due to the
reaction of gypsum, normally added to regulate the setting time of cement with C3A,
leading to an increase in the sulfate concentration in the pore solution. When sulfate
ions are released into the aqueous phase, electrical neutrality necessitates either the
removal of an equivalent quantity of cations or fixation of other anions, amongst which
hydroxyl ions constitute the main available species. This effect has been shown by
Herr and Wieker [62], who observed that when the temperature was increased from 20
to 60 °C, the OH™ concentration decreased from 600 mM/1 to about 400 mM/l, after
180 days of hydration. The difference of 200 mM/1 OH™ was balanced by an increase
in the sulfate ion concentration of 100 mM/1. Similar results indicating the reduction in
the OH™ concentration in the pore solution of cement paste specimens, exposed to

temperature of 55 °C and above, have been indicated by Luke and Glasser [63].
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The OH" concentration in the pore solution extruded from OPC-A (C3A: 8.5%)
mortar specimens are shown in Figures 3.6 through 3.9 and the variation in the OH
concentration with exposure temperature is plotted in Figure 3.10. These data indicated

a trend similar to that indicated by SRPC mortar specimens (Figures 3.1 to 3.5).

Figures 3.11 through 3.14 show the OH™ concentration in OPC-B (C3A: 14.5%)
mortar specimens. Figure 3.15 shows the effect of temperature on the OH"

concentration in these specimens. These data also indicated a decrease in the alkalinity

of the pore solution with increasing temperature.

The OH™ concentration in the blended cement mortar specimens is plotted against
exposure temperature in Figures 3.16 through 3.20. The OH" concentration in the
specimens contaminated with sodium chloride plus sodium sulfate was more than that
in the uncontaminated specimens and those contaminated with only sodium chloride.
Further, a reduction in the OH" concentration with increasing temperature was observed

in these cements also.

The data in Figures 3.16 through 3.20 indicated that the OH" concentration in all the
blended cement mortar spef:imens was less than that in the ordinary portland cement
mortar specimens. This reduction in the OH™ concentration may be attributed to the
reaction between the Ca(OH); and the pozzolanic materials. The occurrence of such a
phenomenon in blended cements has been reported by several investigators [15,60,64-
67]. Studies conducted by Diamond [68] and Holden et al. [15] indicated that the
addition of fly ash to portland cement paste causes a small reduction in the pH of the
pore solution. Diamond [68] noted that the alkalies included in the fly ash do not cause
a significant increase in the pore solution alkalinity and, thus, of the pH value. Nixon et
al. [69] indicated a reduction in the OH" concentration of cement blended with PFA; the

OH’ decreasing with the cement replacement level. Their investigation, however,
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indicated that the pore solution composition is significantly affected by the alkalinity of
the cement and the fly ash. Marsh et al. [70] studied the influence of temperature on the
strength gain and calcium hydroxide depletion in hardened cement pastes containing fly
ash, cured at various temperatures. The results of that study indicated a reduction in the
calcium hydroxide content due to an increase in the curing temperature. Further, the
acceleration of the pozzolanic reaction was greater than the acceleration of the hydration

of portland cement for a given curing temperature.

Investigations conducted by Page and Vennesland [64] indicated a reduction in the
pH of the pore solution with increasing addition of silica fume to the cement paste. The
fact that the silica fume reacts with the calcium hydroxide formed during the hydration
process has been reported by Sellevold [71]. Byfors [66] attributed the reduction in the
pH value of the pore solution in silica fume blended cements to the diluting effect when
cement is replaced by silica fume. The reduction in alkalinity of the pore solution of
cement paste specimens incorporating silica fume has also been reported by Byfors et
al. [67], Rasheeduzzafar et al. [65] and Al-Amoudi et al. [72]. Almost all the
researchers attributed the lower alkalinity of the pore solution in the silica fume blended
cements to the highly reactive nature of the silica fume which is able to bind

-_—

. considerably more Ca(OH)3 than fly ash and other pozzolanic materials.

The increase in the OH™ concentration in the blended cements due to incorporation
of chloride and sulfate contamination may be attributed to the fixation of these anions
with the hydration products in these cements, as was hypothesized for plain cements.
Similarly, the effect of temperature on the reduction in the OH" concentration in the
contaminated and uncontaminated blended cements may be attributed to the instability

of the chloride and sulfate complexing compounds, as was presumed for plain

cements.
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Another subject of concern pertinent to blended cements relates to their ability to
protect the steel due to the apparent reduction in the alkalinity of the pore solution. This
apprehension is particularly related to silica fume blended cement which exhibited the
lowest OH™ concentration, specially in the specimens exposed to high temperature. The
lowest OH™ concentration, S1 mM/1 and the corresponding pH of 12.71, was recorded
in the chloride-contaminated silica fume cement mortar exposed to 55 °C. This level of
alkalinity is unlikely to cause steel depassivation as passive condition is normally
observed when mild steel is immersed in aqueous solutions of pure alkali at pH values
in excess of 11.5 [73,74]. Page and Havdahl [75] have indicated that depassivation
does not occur even when 30% silica fume is used as a replacement of cement.
However, concern has been raised as to the effect of this low pH, associated with silica
fume blended cement, on steel depassivation in the presence of sulfate ions [76].
Concentrations of NapSQO4 as low as 0.2% have been shown to depassivate steel in
saturated Ca(OH)3 solution [74] and, in 10 mM/l NaOH, corrosion has been observed

at sulfate concentrations of less than 0.3 mM/1 [77].

3212 Chloride Concentration

The chloride ion concentration in the SRPC mortar specimens gxposed to
temperatures in the range of 25 to 70 °C are shown in Figures 3.21 through 3.24.
These data indicated an insignificant change in the chloride concentration with the

period of exposure, the average standard deviation in the measurements at all the ages

tested being less than 25 mM/1.

Figure 3.25 shows the effect of temperature on the chloride concentration in the
contaminated and uncontaminated SRPC (C3A: 3.5%) mortar specimens. The chloride
ion concentration in the mortar specimens contaminated with sodium chloride was 350

and 363 mM/1 at exposure temperatures of 25 and 40 °C, respectively. However,
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when the exposure temperature was raised from 40 to 70 °C, the chloride concentration
increased almost linearly to 520 mM/L. The chloride ion concentration in the specimens
contaminated with sodium chloride plus sodium sulfate was approximately 550 mM/l

at all the exposure temperatures, indicating that the effect of temperature on the chloride

concentration in these specimens was insignificant.

The chloride concentration in the contaminated SRPC mortar specimens, expressed
as a proportion of its original concentration (735 mM/1 ), are shown in Table 3.5. The
chloride concentration in the specimens contaminated with sodium chloride ranged
from 48 to 71 percent for an exposure temperature ranging from 25 to 70 °C. The
proportion of chlorides remaining in the pore solution in the specimens exposed to 25
and 40 °C was more or less similar in the range of 48 to 49%. However, the
proportion of free chlorides increased with a further increase in the temperature. The
chloride concentration in the specimens exposed to 55 and 70 °C was 62 and 71% of
the original composition, respectively. The chloride concentration in the pore solution
of mortar specimens contaminated with sodium chloride plus sodium sulfate was in the

range of 74 to 78% of the original concentration, for exposure temperatures of 25 to 70
°C.

Table 3.5: Chloride concentration in SRPC mortar specimens

Chloride concentration (% of original concentration in the mix
water)
Temperature
°C)
Chloride Chloride + Sulfate
25 47.5 73.8
40 493 76.6
35 61.9 78.1
70 70.8 75.0
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The chloride concentration in the contaminated and uncontaminated OPC-A (C3A:
8.5%) cement mortar specimens exposed to temperatures in the range of 25 to 70 °C
are plotted in Figures 3.26 through 3.29. These data indicate a trend similar to that
shown in Figs 3.21 through 3.24. The data in Figures 3.26 through 3.29 are
summarized in Figure 3.30, which shows the effect of temperature on the chloride
concentration in the OPC-A mortar specimens. These data indicated a trend more or
less similar to that shown in Figure 3.25. The chloride concentration in the specimens
contaminated with only sodium chloride increased with the exposure temperature,
while the chloride concentration in the specimens contaminated with sodium chloride

plus sodium sulfate was almost unaffected by the exposure temperature.

Table 3.6 shows the chloride concentration, expressed as a proportion of the
original concentration, in the OPC-A mortar specimens. The chloride concentration in
the specimens contaminated with sodium chloride and exposed to 25 and 40 °C was 41
and 55% of the original concentration. These values were 63 and 65%, respectively, in
the specimens exposed to 55 and 70 °C. The chloride concentration in the specimens
contaminated with sodium chloride plus sodium sulfate was in the range of 75 to 78%

of the original concentration for exposure temperature varying in the range of 25 to 70
°C, -

The variation in the chloride concentration with period of exposure in the
contaminated and uncontaminated OPC-B (C3A: 14.5%) mortar specimens is shown
in Figures 3.31 through 3.34. These data indicated a trend similar to that exhibited by
SRPC and OPC-A cement mortar specimens. The effect of temperature on the
chloride concentration in these cement mortar specimens is plotted in Figure 3.35. The
chloride concentration in the specimens contaminated with sodium chloride plus
sodium sulfate increased from about 498 mM/l to about 642 mM/1 for exposure

temperatures in the range of 25 to 70 °C. In the specimens contaminated with only
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Table 3.6: Chloride concentration in OPC-A mortar specimens

Chloride Concentration (% of original concentration in
the mix water)
Temperature (°C)

Chloride Chloride + Sulfate

25 41.0 152

40 54.8 75.65

55 62.7 75.1

70 64.8 78.8

sodium chloride, the chloride concentration increased from about 173 mM/1 to 457
mM/1 due to a similar rise in the temperature. The chloride concentration in OPC-B
(C3A: 14.5%) specimens, expressed as percentage of the original mix water, is shown
in Table 3.7. The chloride concentration in the specimens contaminated with sodium
chloride and exposed to 25 and 40 °C was 23 and 34% of the original concentration,
respectively. In the specimens exposed to 55 and 70 °C, the free chloride concentration
was 48 and 62% of the original concentration in the mix water. The chloride
concentration in the specimens contaminated with sodium chloride plus sodium sulfate

varied from 68 to 87%, of the original concentration for exposure temperatures in the
range of 25 to 70 °C.

In summary, the chloride concentration in the three cements investigated was
observed to increase with increasing exposure temperature. An exposure temperature
of more than 40 °C was observed to be detrimental from the chloride binding
standpoint. Data in Tables 3.5 through 3.7 indicated 130 to 270% increase in the

chloride concentration in the chloride-contaminated specimens as the temperature was
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Table 3.7: Chloride concentration in OPC-B mortar specimens

Chloride Concentration (% of original concentration in
the mix water)
Temperature (°C)
Chloride Chloride + Sulfate
25 23.5 67.8
40 33.8 743
55 48.3 85.4
70 62.2 87.4

raised from 25 to 70 °C. These results indicating an increase in the chloride
concentration due to rise in the exposure temperature, are in agreement with those
reported by Roberts [78]. He evaluated the effect of temperature on the solubility of
pure calcium chloro-aluminate compound and found that its solubility in water and in
solutions of calcium sulfate and calcium hydroxide increased with increasing
temperature. Results of studies conducted by Arya et al. [79], on the factors
influencing chloride binding in portland cements, however, contradict Roberts's
findings. The increase in the exposure temperature was reported to have an
insignificant influence on the chloride concentration in the pore solution. Hussﬁin and
Rasheeduzzafar [80], however, reported higher chloride concentration in the specimens
exposed to 70 °C compared to those exposed to 25 °C. The contradiction between the
results of the present study, those reported by Roberts [78] and Hussain and
Rasheeduzzafar [80] on one hand, and by Arya et al. [79] on the other may be attributed
to the fact that Arya et al. [79] exposed the specimens to 38 °C. As is manifested in the
results of this study, the decrease in chloride binding was only appreciable for exposure
temperatures of more than 40 °C. In a later study, however, Arya et al. [81] while
working on the methods of determining the free chlorides in chloride-contaminated
OPC mortars also studied the effect of temperature of the solvent. They observed that
an increase in temperature beyond 45 °C increased the total chlorides passing into

solution. They indicated that bound chlorides are relcased at temperatures higher than
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45 °C. These results [81] are in agreement with the data presented in this section,
which indicated that considerable chlorides are released into the pore solution for
exposure temperatures of more than 40 °C. The increase in the chloride concentration
of pore solution due to elevated temperature exposure may be also due to a reduction in
its volume. This aspect was not evaluated in this study. However, results of this study
are in agreement with those reported by Hussain and Rasheeduzzafar [80], who based

their calculations on the pore volume, thereby conforming the negative effect of

elevated temperature on chloride-binding.

The decrease in the chloride binding capacity of cements due to the concomitant
presence of chloride and sulfate salts, at room temperature, has been reported by
Holden et al. [15], Hussain [82] and Al-Amoudi et al. [72,83]. Holden et al. [15]
investigated the effect of sulfate ions on the chloride binding in portland and blended
cements. Their results [15] indicated a substantial decrease in the chloride binding due
to the concomitant presence of chloride and sulfate ions. They attributed the reduction
in the chloride binding capacity of the cements, in the presence of sulfates, to the
preferential reaction of the latter with the C3A phase of cement forming calcium
sulpho-aluminate hydrates [84]. Tests conducted by Hussain et al. [82] also indicated a
similar trend. Al-Amoudi et al. [72] investigated the effect of :;ci:din:g differing
quantities of chlorides and sulfates to plain and blended cements on their chloride
binding capacity. These investigations indicated a progressive diminution of the

chloride binding capacity of the cements with increasing quantum of the sulfate salts.

In addition to the preferential reaction with C3A, the sulfate ions may also influence
the chloride binding by altering the alkalinity of the pore solution. Sulfate ions inducted
as sodium sulfate increase the alkalinity of the pore solution. Several investigators [67,
85-86] have reported a significant inhibiting effect of a strong alkaline pore solution

environment on the chloride binding capacity of cement. Gunkel [85] has shown that
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the alkali effect on weakening of the chloride binding may be even greater than the
sulfate effect. Ina 0.5 w/c ratio hardened cement paste with 0-0.4% chloride, added as
NaCl, the chloride concentration in the pore solution increased from 2900 ppm to 4100
ppm when 0.62% NazO was added to the cement through mix water. Chloride
concentrations increased to only 3200 ppm when alkali-free 1.36% CaSO4 was added.
However, the free chloride concentration increased to 5700 ppm when both alkalis and
sulfates were conjointly inducted through 1.42% Na3SOy4. Tests conducted by Tritthart
[86] also indicated that the uptake of chlorides is reduced to half when the storage of
specimens was changed from a 12.5 pH environment (saturated calcium hydroxide
solution) to a pH environment of 13.7 (0.5M NaOH solution). Diamond [87] also
indicated that when the C3A content of the cement is similar, the chloride binding is
higher for chlorides derived from calcium chloride than that derived from sodium
chloride. Several other investigators [79,86,88] have shown that the cation type
associated with the added chloride significantly influences the free chloride
concentration. Tests conducted by Arya et al. [79] show that for 0.5, 1.0, and 2.0%
chloride treatment levels, the chlorides bound when introduced as CaClp were 1.3, 1.8,
and 3.5 times higher than when inducted as NaCl. Similar results have been reported
by Andrade and Page [88], and Theising et al. [89]. The cation effect is ascribable to
several factors [86]. Firstly, to an enhanced OH" concentmtiorr— ami‘ alkalinity
attributable to NaCl addition thereby inhibiting chloride binding as compared with
CaCl; addition; secondly, to an increased hydration promoted by CaCly thereby
facilitating an enhanced chemical combination and adsorption of chlorides by the solid
hydration products; thirdly, to the formation of greater quantities of Friedel's salt
(3Ca0.A1,03CaCl,.10H20) and its ferrite analogue (3Ca0.Fe203,CaCly.10H20) in
the presence of CaClz. Further, it has been suggested on the basis of published
evidence [90,91] that noticeable amount of calcium chloride is bound by the calcium
silicate hydrate (C-S-H) gel, possibly as an inter-layer chemisorbed complex, while

there is negligible binding of NaCl by calcium silicate hydrates. Another view point
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[92] is to the effect that NaCl must react with Ca(OH)2 to form calcium chloride in

order to combine with aluminate phases to form Friedel's salt and calcium chloroferrite.

The variation in the chloride ion concentration with C3A for the four temperatures
investigated and for the specimens contaminated with sodium chloride is shown in
Figure 3.36. These curves indicated a decrease in the chloride concentration with
increasing C3A content. The chloride concentration in OPC-B (C3A: 14.5%) at 25 °C
was about 173 mM/1 compared to 350 mM/1 in SRPC (C3A: 3.62%), indicating a
greater chloride binding in OPC-B due to the higher quantum of C3A. This behaviour
was observed at all the exposure temperatures. The chloride binding, however,
decreased with increasing exposure temperature. The chloride concentration in the
chloride-contaminated SRPC, OPC-A and OPC-B mortar specimens exposed to 70 °C
was 150, 160, and 270%, of that in the similar specimens exposed 25 °C.

The beneficial role of C3A in binding chlorides, by forming insoluble calcium
chloro-aluminate hydrate, 3Ca0.A1,03.CaClz.10H20, at lower temperatures of 20 to
25 °C, is well established [15,81,93-97]. Holden et al. [15] investigated the chloride
binding capacity of cement paste specimens with C3A in the range of 1.9 to 14.0%.
The proportion of unbound chlorides decreased significantly with a;;:lcré-asing C3A
content of cement. More recently, Rasheeduzzafar et al. [96,97] also indicated that the
chloride binding increases significantly with C3A content of cement. In their
investigations, the unbound chlorides for 2.04, 7.59, 8.52 and 14 percent C3A cements

were measured to be 41.3, 24.6, 20.6 and 11.6 percent of the total chlorides,

respectively.

Another aspect of chloride binding capacity of the cements, in situations where
chloride is the only contamination, is the reduction in the quantum of free chloride ions

obscrved even in the low C3A cements, in the range of 0 to 3.5%. This situation is
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particularly interesting since gypsum added to unhydrated cement to retard the setting
time consumes about 5% C3A. Further, it is known that during the hydration of
portland cement, in the presence of chlorides, ettringite is always formed first, until all
the gypsum is consumed, only then calcium monochloro-aluminate hydrate is formed
[98]). Thus, in low C3A sulfate resisting portland cements, the C3A phase is totally
consumed during the formation of ettringite, practically leaving no C3A for the
formation of Friedel's salt. Monfore and Verbeck [99] and Verbeck [100] reported
chloride binding in cements that did not contain any C3A. This indicates that the
chloride complexation by C3A is not the only process involved in the removal of the
free chloride ions from the dangerous role of steel depassivation. There is, however,
little quantitative information available in the literature concerning the relative influence
of cement minerals other than C3A [101] on the reduction in the quantity of chlorides
available in the aqueous phase. In the case of the ferrite phase, C4AF, the reactions
leading to the formation of calcium chloro-aluminate and chloroferrite hydrates have
been shown to occur [78], though their practical importance in binding free chloride
ions is reported to be small [102]. As regards the chloride binding by calcium silicates,
there is a controversy over their role in binding chlorides. Ramachandran [90,103] has
suggested that a high proportion of the chloride ions contributed by the admixture are
rapidly removed from the solution phase, forming an inter-layer chem-i_s':orbéd complex
within C-S-H gel. Diamond and Lopez-Fores [104], using pore solution expression
and analysis technique, indicated that cement pastes made with water/cement ratios of
0.4 to 0.5, retained chloride ions for a fairly long periods of hydration. More recently,
Ramachandran [91] suggested that in mature pastes of C3S, hydrated at a water/solid
ratio of 1.0, and contaminated with calcium chloride, a significant proportion of the
chloride ions become bound to the hydration products though the extent of this binding
was considerably lower than that had previously been indicated [90,103]. Lambert et
al. [101] investigated the chloride ion concentration in the substituted tricalcium silicate

(Jeffrey's alite, Cs4S16AM) which was contaminated with sodium chloride. The
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chloride concentration was almost equivalent to the total chloride content, therefore, it
was inferred that the quantity of chloride ions that became incorporated into hydration
products of alite was insignificant. Diamond [87] attributed the reduction in the
chloride concentration in the pore solution to their removal from the solution to one or

more of the cement hydration products, Friedel's salt being the most obvious product.

The effect of C3A content on the free chloride ion concentration in the cement
mortar specimens contaminated with sodium chloride plus sodium sulfate and exposed

to temperatures in the range of 25 to 70 °C is plotted in Figure 3.37. These results can

be summarized as follows:

The chloride concentration decreased with increasing C3A content for exposure
temperatures of 25 and 40 °C. For example, the chloride concentration in the
sulfate resisting cement was in the range of 542 to 563 mM/1 while in OPC-B it

was in the range of 498 to 546 mM/1 for these temperatures.

2. The chloride concentration in the specimens exposed to 55 °C did not vary
much as the C3A was increased from 3.5 to 8.5%. However, a significant
increase in the chloride concentration was indicated in OPC-B-ExpE)scd to this
temperature. The chloride concentration in SRPC, OPC-A and OPC-B exposed
to 55 °C was 574, 552 and 628 mM/1 , respectively.

3. The chloride concentration in the specimens exposed to 70 °C increased almost
linearly with the C3A of the cement. The chloride concentration in SRPC,

OPC-A and OPC-B was 551, 583 and 642 mM/1 , respectively.

The above results indicate that the concomitant presence of sulfate and temperature

ncgates the beneficial role of C3A in binding the chlorides. Thus, in situations where
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the structural components are contaminated with both chloride and sulfates and exposed
to temperatures of 55 °C and above, low to moderate C3A cement may be more
beneficial than high C3A ordinary portland cement from reinforcement corrosion view
point. However, the corrosion risk is not a simple function of the free chloride
concentration. Other factors, such CI'/OH’, availability of the reactants, and the

resistivity of concrete also govern the reinforcement corrosion process.

The chloride concentrations in the contaminated and uncontaminated blended
cement mortar specimens exposed to temperatures in the range of 25 to 70 °C are
plotted in Figures 3.38 through 3.41. As in the case of sulfate resisting and ordinary
portland cements, the chloride concentration was higher in the specimens contaminated
with both sodium chloride plus sodium sulfate compared to those contaminated with
only sodium chloride. Further, an increase in the chloride concentration was observed
with increasing exposure temperature in the specimens contaminated with only sodium
chloride. The increase in the chloride concentration with temperature may be partly due
to the decrease in the pore volume resulting from elevated temperature and pozzolanic
action in the blended cements. As discussed earlier, the effect of decrease in the pore
volume is presumed to be negligible compared to the effect of temperature on chloride
binding. In the specimens contaminated with sodium chloride plus s6dium sulfate, an
increase in the exposure temperature resulted in a decrease in the chloride concentration.

This trend was observed in all the blended cements investigated.

The variation in the chloride concentration in the chloride-contaminated ordinary
portland and blended cement mortar specimens with temperature is plotted in Figure
3.42 and Table 3.8 shows the chloride concentration as a proportion of the original
concentration. The chloride concentration increased with increasing exposure

iemperature in both the plain and blended cements. The chloride concentration in all the
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blended cements and at all the exposure temperatures was less than that in the plain
cement. An exception to this trend was indicated by the silica fume blended cement.
The chloride concentration in this cement was slightly higher than that in the plain

cement at exposure temperature of 25 °C.

Table 3.8: Chloride concentration in plain and blended cement mortar specimens
contaminated with NaCl
Chloride concentration, percent in the mix water, for exposure
temperatures of
Cement _
25°C 40 °C 55°C 70 °C
orC 40.7 55.3 61.5 65.3
Fly Ash 'C' 320 37.8 39.8 459
Fly Ash 'F 34.0 37.8 48.1 54.6
Silica Fume 424 55.1 59.7 58.0
BESC 19.5 23.7 434 51.7

The reduced chloride binding capacity of silica fume blended cement compared to
other blended cements and OPC at 25 °C, has been reported by several other
researchers [64-66,105]. Page and Vennesland [64] investigated the eﬁcct :J'f 0, 10,20
and 30% cement replacement by silica fume on the pore solution alkalinity and chloride
binding. Their results indicated that incorporation of increasing percentages of silica
fume in portland cement paste would lead to a progressive reduction in the extent to
which chloride ions, introduced during mixing, are excluded from the pore solution.
Data from differential thermal analyses coupled with differential thermogravimetric
analyses indicated that an increase in the silica fume content brought about not only an
expected systematic reduction in the quantity of Ca(OH), but also a regular diminution

in the quantity of calcium chloro-aluminate hydrates [64]. They indicated that this

effect of decreased chloride binding may be attributed to the increased solubility of
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Friedel's salt due to the reduction in the pH as a result of incorporation of silica fume in

the cement.

Diamond [87] referring to the above hypothesis of Page and Vennesland [64],
regarding the lowering of the chloride binding due to reduction in the alkalinity,
indicated that the reduced chloride binding capacity in the silica fume blended cements,
among other phenomena, may be attributed to the reduction in the mix water due to the
formation of hydration products. Rasheeduzzafar et al. [65] investigated the pore
solution chemistry of silica fume blended cements contaminated with 0,6 and 1.2%
chloride ions and indicated that the chloride ion concentration in the 10 to 20% silica
fume blended cement was more than double the free chloride ion concentration in the in
the ordinary portland cement. Similar results' of increased free chloride ion
concentration in silica fume blended cements compared to OPC at temperature of 25 °C
have been reported by Al-Amoudi et al. [72]. However, results contradicting the above
findings have also been reported [67]. Byfors et al. [67] reporting the results of a
collaborative research project carried out between The Swedish Cement and Concrete
Research Institute, The Danish Corrosion Centre, and The Technical Research Institute
for Materials Testing, to evaluate the effect of fly ash, slag and silica fume additions on
the degree of chloride binding by the cement, indicated higher chloridé binding in silica
fume blended cements than in the ordinary portland cement. They [67] attributed this
increase in the chloride binding capacity of the silica fume cement over that of the

ordinary portland cement to the specific surface area of the gel in the silica fume cement

paste.

The superior performance of fly ash and blast furnace slag cements, compared to
portland cements, in binding chlorides has been reported by several investigators
[15,60,66,68,72,106]. Holden et al. [15] investigated the effect of chloride addition,

0.4% by weight of cement, on the chloride binding capacity of fly ash and blast furnace
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slag blended cements. Their results indicated higher chloride binding in fly ash and
BFS cements compared to SRPC and OPC. Kayyali et al. [60] studied the effect of fly
ash addition on the pore solution concentration in cement mortar specimens
contaminated with NaCl and CaCl,. A marginal decrease in the chloride ion
concentration was recorded due to incorporation of fly ash in mortar specimens
contaminated with NaCl and CaCl,. Kawamura et al. [107] reported the formation of
Friedel's salt, detected by DTA, in both plain and fly ash blended cements. Andrade
and Page [88] investigated the effect of cation type on the chloride binding capacity of
OPC and blast furnace slag cement. The chloride binding in the blast furnace slag
cement was higher than that in the ordinary portland cements, when both were
contaminated with NaCl and CaCl,. Greater chloride binding in fly ash and slag
cements compared to ordinary portland cements has also been reported by Hussain
[82]. It is understood that the chloride binding in the slag cements takes place by
mechanisms other than the formation of Friedel's salt, possibly the slag itself is capable
of removing some of the chlorides. It is also probable that the chloride ions are
adsorbed on the C-S-H gel in the slag cements. This chloride being more loosely
bound than with C3A. This was confirmed in a recent study conducted at KFUPM
[108], which indicated that the chloride concentration in lhé blast furnace slag cement
(slag constituted 70% of the total cementitious material) was moré-élantihat in the

ordinary portland cement paste specimens.

The increase in the chloride concentration in all the blended cements with increasing
exposure temperature, particularly in excess of 40 °C, indicates the instability of the

chloride-complexes formed at lower temperatures.

Another point to be noted from the data in Table 3.8 is the lower chloride

concentration in the silica fume cement, compared to OPC at exposure temperaturc of
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40 °C and above. Further, the chloride binding performance of this cement improved

with increasing temperature in comparison with OPC.

The chloride concentration in the blended and ordinary portland cement mortar
specimens contaminated with sodium chloride plus sodium sulfate is plotted against
exposure temperature in Figure 3.43. These data do not show a definite trend with

regard to exposure temperature and cement type on chloride binding.

3.2.13 Cl'/OH Ratio

The chloride to hydroxyl ion ratios in the contaminated and uncontaminated SRPC
mortar specimens are plotted in Figure 3.44. As expected, these values in the
uncontaminated specimens and those contaminated with sodium sulfate were very low.
Further, the CI70H" in all the specimens increased with the exposure temperature. The
variation in the CI'/OH" values in the specimens exposed to 25 and 40 °C was
insignificant. However, a significant increase in these values was recorded for
exposure temperatures of 55 °C and above. The increase in the CI'/OH' ratio due to
elevated temperature exposure may be partly attributed to the_reduétion in the volume of
the pore solution. However, as discussed earlier, the effect of tempcf;t?ure ‘on chloride
binding and reduction in the OH" concentration predominates that due to the reduction
in the pore volume. The CI'/OH" values in the specimens exposed to 70 °C were 3 to 4
times those in the specimens exposed to 25 °C. This increase may be attributed to the
cumulative effect of increase in the chloride concentration and decrease in the hydroxyl
ion concentration in the specimens exposed to temperatures of 55 °C and above. The
CI'/OH" values in the specimens contaminated with only sodium chloride were more
than those in the specimens contaminated with sodium chloride plus sodium sulfate.
This trend was observed at all exposure temperatures. The reduction in the CI'/OH

values, in the specimens contaminated with sodium chloride plus sodium sulfate,
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inspite of a considerable increase in the chloride ion concentration, may be attributed to
the increase in the OH™ concentration due to the incorporation of NaCl and Na2SO4.
The CI'/OH’ ratios in the chloride-contaminated specimens were, however, more than

0.6, the threshold value suggested by Hausmann [73] for steel depassivation, at all the

exposure temperatures.

The CI'/OH™ in OPC-A cement (C3A: 8.5%) are plotted against exposure
temperature in Figure 3.45. The CI'/OH" values in the specimens contaminated with
sodium chloride were more than those in specimens contaminated with sodium
chloride plus sodium sulfate. The CI'/OH" in both of these specimens increased with
exposure temperature. Again, the increase in the CI/OH" due to temperature increase
from 25 to 40 °C was less significant compared to that from 40 to 70 °C. Further, the
CI'/OH" values in the specimens contaminated with sodium chloride and sodium

chloride plus sodium sulfate were more than 0.3, the threshold value suggested by

Gouda [74].

The CI'/OH™ values in OPC-B cement (C3A: 14.5%) are plotted against exposure
temperature in Figure 3.46. These data indicated that the CI'/OH values in specimens
contaminated with sodium chloride plus sodium sulfate were more Exin l}:osc in the
specimens contaminated with only sodium chloride. In the chloride-contaminated
specimens, the CI'/OH" values were less than 0.60 for exposure temperatures of 25 and
40 °C. However, these values were more than 0.60 for exposure temperatures of 55
°C and above. The CI'/OH" values in the specimens contaminated with sodium
chloride plus sodium sulfate were slightly higher than 0.60 for exposure temperature of
25 °C. These values were, however, more than 0.60 for exposure temperatures of 40
°C and above. The high CI'/OH" values measured in the specimens contaminated with

sodium chloride plus sodium sulfate, at all the exposure temperatures, indicates that

high C3A cements should not be used in environments characterized by the presence of
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both chloride and sulfate salts. Such a situation is normally representative of
substructures in the Arabian Gulf, where the soil and groundwater are normally
contaminated with chloride and sulfate salts. In such situations, use of cements with

medium to low C3A is more appropriate. Such cements will also be more resistant to

sulfate deterioration compared to high C3A cements.

The CI"/OH-" values in Class C fly ash blended cement are plotted in Figure 3.47.
These values in the contaminated specimens were less than 0.6 at all the temperatures.
The CI'/OH' values in the specimens contaminated with sodium chloride were more
than those contaminated with sodium chloride plus sodium sulfate up to an exposure
temperature of about 65 °C. At exposure temperature of 70 °C, this trend was
reversed. The CI'/OH' values for Class F fly ash blended cement are plotted in Figure
3.48. The CI'/OH' values in the specimens contaminated with sodium chloride and
sodium chloride plus sodium sulfate were more or less similar for exposure
temperatures below 45 °C, For temperatures higher than 45 °C, the CI'/OH" values in
the chloride-contaminated specimens were more than those contaminated with sodium
chloride plus sodium sulfate. Figure 3.49 shows the C1/OH" values for blast furnace
slag cement mortar specimens. These values in the spccimer;s contaminated with
sodium chloride were less than those in the specimens conlmnina:c?d with sodium
chloride plus sodium sulfate at all the exposure temperatures. Further, the ClI”/OH"
values in the chloride-contaminated specimens were 0.43 and 0.58 for temperatures of
25 and 40 °C. In the specimens exposed to 55 and 70 °C, these values were more than
0.6. The C1"/OH-" values for silica fume blended cement mortar specimens are plotted
against exposure temperature in Figure 3.50. As in other cements, the CI'/OH" values
increased with increasing temperature. This trend was more obvious in the specimens
contaminated with sodium chloride. The CI/OH~ values in the specimens

contaminated with sodium chloride plus sodium sulfate remained more or less similar
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Figure 3.48:  Effect of temperature on C1/OH in class F fly ash blended cement
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for all exposure temperatures, and were less than those in the specimens

contaminated with only sodium chloride.

The variation in the CI'/OH™ with the exposure temperature in the chloride-
contaminated plain and blended cement mortar specimens is plotted in Figure 3.51.
The CI'/OH values in almost all the blended cements, except blast furnace slag, were
more than those in the ordinary Portland cement. The CI/OH' values in the class C fly
ash cement mortar specimens were more or less similar to those in OPC at all the
exposure temperatures. The highest CI'/OH™ values were recorded in silica fume
blended cement mortar specimens. The CI/OH" values in this cement were 6 and 2.5
times those in the OPC at exposure temperatures of 25 and 70 °C, respectively. These

data indicate the usefulness of using blast furnace slag in structures where chloride

contamination is inevitable.

The CI'/OH" values in the OPC and blended cements, contaminated with sodium
chloride plus sodium sulfate, are plotted against exposure temperature in Figure 3.52.
The CI'/OH™ values in the OPC were lower than in other blended cements for exposure
temperature up to 55 °C. At 70 °C, however, the CI'/OH" values were the least in the
blast furnace slag cement mortar specimens. This indicates that whilethe use of blast
fumace slag cement may be beneficial in environments characterized by the presence of
chloride ions, its performance in service environments where both chloride and sulfate
salts are prevalent may not be very significant compared to OPC particularly at 25 °C.
Such a situation is representative of the substructural components in the Arabian Gulf
which are exposed to groundwater and the concrete temperature is normally maintained
at 25 to 30 °C, even when the ambient temperature is in the range of 40 to 45 °C. At
70 °C, however, the CI'/OH’ in blast furnace slag cements was lower than in OPC,
indicating the usefulness of this cement in environments characterized by the

concomitant presence of chloride-sulfate salts and elevated temperature such as in off-

shore structures in warm environments.
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Another point of discussion concerns the importance of CI'/OH™ with regard to the real
danger of reinforcement corrosion. Although a threshold value of 0.30, as suggested
by Gouda [74], is now considered to be the threshold value for depassivation of steel,
these values may be significantly altered due to temperature and the presence of sulfate
ions [64]. Lambert et al. [109] investigated the relationship between CI/OH™ and
corrosion current density in various cements. Their investigations indicated that the
passive condition on steel in concrete, characterized by corrosion current density (Icorr)
of less than 100 nA/cm2, was maintained until a threshold CI"/OH™ ratio of
approximately 3 was exceeded. There was a considerable scatter in the values of Icorr
recorded at CI'/OH' ratios in excess of 3 and, even at CI'/OH" ratios as high as 15 to 20
there were instances of bars suffering no significant corrosion. In another study,
Mangat and Gurusamy [110] reported that for steel fibers in concrete under conditions
of marine exposure, no visible signs of corrosion were present at CI'/OH™ ratios as
high as 320, suggesting that passive conditions can prevail even under very high values
of CI’/OH". Furthermore, even if the ClI-/OH- ratio is high, the kinetics of
reinforcement corrosion is dependent on the availability of the reactants and resistivity
of concrete. A case in point is silica fume cement concrete. In this cement, the
alkalinity of the pore solution is significantly lower than that in other ;Lam End blended
cements, and also the chloride-binding capacity of this cement is ldv[rer than that of
other cements, the net effect being a very high CI"/OH" ratio (Figure 3.51 and 3.52).
However, the electrical resistivity of this cement is so great that even if steel is
depassivated, due to high C17/OH- ratio, essentially no corrosion can take place [111].
Al-Amoudi et al. [72] investigated the performance of OPC and blended cements in
sulfate-chloride environments. The CI'/OH ratio in the silica fume cement was 4 to 10
times that in OPC and other blended cements. The reinforcement corrosion in the silica
fume cement concrete specimens, exposed to varying concentrations of chloride and

sulfate solutions was, however, less than that in other cements. Similar results
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projecting the superior performance of silica fume cements over other cements has

been indicated in other studies [75,82-83,104,112-115].
32.14 Sulfate Concentration

The sulfate concentration in the SRP cement (C3A: 3.5%) mortar specimens
exposed to the four temperatures investigated in this study are plotted in Figures 3.53 to
3.56. These data generally indicated an increase in the sulfate concentration with period
of exposure. This trend was observed in all the specimens exposed to all the
temperatures. The sulfate concentration in the specimens contaminated with sodium
chloride plus sodium sulfate was higher than that in the specimens contaminated with
only sodium sulfate. The effect of temperature on the sulfate concentration is plotted in
Figure 3.57. The sulfate ion concentration was observed to increase almost linearly
with the exposure temperature in the specimens contaminated with sodium sulfate and
sodium chloride plus sodium sulfate. The difference in the sulfate concentration in
these two types of specimens, however, decreased with increasing exposure
temperature, in so much so, the sulfate concentration in the specimens exposed to 70
°C was almost similar. The sulfate concentration in the uncontaminated and chloride-
contaminated specimens also increased with increasing tempcraturé?’fmrfiéularly for
exposure temperatures of 55 °C and above. Further, the sulfate concentration in the

chloride contaminated specimens was more than that in the uncontaminated specimens

at all the exposure temperatures.

The sulfate concentration in the mortar specimens made with OPC-A (C3A: 8.5%)
is shown in Figures 3.58 through 3.61. These data indicated a trend similar to that
exhibited in Figures 3.53 through 3.55. The effect of temperature on sulfate
concentration for these specimens is summarized in Figure 3.62. These data indicated

that the sulfate concentration in the specimens contaminated with sodium sulfate and
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sodium chloride plus sodium sulfate does not vary significantly for exposure
temperatures of 25 to 40 °C. However, it increased linearly when the temperature was
raised from 55 to 70 °C. The sulfate concentration in the uncontaminated and chloride
contaminated specimens also exhibited an increase in the sulfate concentration for
exposure temperatures of S5 °C and above. The sulfate concentration in the
uncontaminated specimens exposed to 70 °C was 16 times that in the specimens
exposed to 25 °C. The sulfate concentration in the chloride-contaminated specimens at

70 °C was 6 times that in the specimens exposed to 25 °C.

The sulfate concentration in OPC-B (C3A: 14.5%) mortar specimens is plotted in
Figures 3.63 through 3.67. These data exhibited a trend similar to that observed in

OPC-A mortar specimens (Figure 3.58 through 3.62).

The data in Figures 3.53 through 3.67 indicated that the sulfate concentration is
affected by: (i) the presence of chloride contamination, and (ii) exposure temperature.
The effect of temperature was evident in all the specimens. This is inferred from the
fact that the sulfate concentration in the specimens exposed to 70 °C is 1.5 to 15 times
that in the specimens exposed to 25 °C. This increase in the sulfate concentration in the
uncontaminated specimens with increasing exposure temperature is attributed to the
dissolution of calcium sulfo-aluminate, which is formed due to reaction of C3A with
sulfate ions. Similar findings projecting the instability of the calcium sulfo-aluminate
for exposure temperature of more than 60 °C have been reported by Heir and Weiker
[62]. They indicated that the reaction between gypsum and C3A content of cement is

reversible for exposure temperatures of more than 40 °C. The following equation

expresses that relationship[62]:

3Ca0.Al203.6H20 + 2 Ca(OH); + CaS04.2H20 + 2(K;Na)2S04 + 24H20 &
3Ca0.A1203.3CaS04.32H70 + 4(K;Na)OH (3.5)
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Further, these results also indicated that the chemical and thermal stability of
calcium sulpho-aluminate hydrates (Aft and Afm phases) is dependent on the OH"
/SO4™" ratio, which itself is dependent on the alkali content of the cement, the
SO4/Al,03 molar ratio and the temperature. Luke and Glasser [63] also indicated the

dissolution of calcium sulpho-aluminate at an exposure temperatures of 55 °C.

The increase in the sulfate concentration, at lower temperatures, in the chloride-
contaminated specimens indicates that the reaction between the C3A phase in cement
and gypsum on one hand, and chloride ions on the other takes place concomitantly.
This assumption contradicts the findings of Ritchartz [98] who suggested that the C3A
in cement first reacts with the 3 to 5% gypsum, added to cement, during the grinding
stage, before the balance C3A could react with the chlorides to form calcium chloro-
aluminate. It has been suggested that the effect of an electrolyte, e.g., CaCly, on the
hydration process is sequential, i.e., it participates in only one reaction ata time [116].
Dekeyser and Tenoutasse [117], in their study of the ferrite phase, concluded that
calcium monochloro-aluminate-ferrite C3(A,F). CaCla.10H20, is not formed until all
the gypsum is consumed. On the other hand, Rozenberg and Kucheryaeva [118] and
Ratinov and Rozenberg [119] concluded that the simultaneous formation of basic salts
from a complex hydration system is possible. Using CaCly, Ca(NOg,S—;ancT Ca(NO2)2
with calcium hydroxide alone and with additions of C3A, they [119] calculated the
reaction rates and yields for the various combinations and concluded that, when two or
even three electrolytes are added to a system together, the reaction that has the higher
rate constant will have the higher yield. The higher sulfate concentration in the pore
solution of specimens contaminated with sodium chloride plus sodium sulfate
compared to those contaminated with only sodium sulfate can be related to similar
mechanisms. In these specimens also the sulfate and chloride ions react concomitantly

with the cement hydration products. In the presence of chloride ions, less cement
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hydration products are available for the sulfate ions to react, hence a higher quantum of

these ions are unreacted.

While no data are reported on the interactive effect of chloride and sulfate salts,
introduced at the mixing stage, on the sulfate concentration in the pore solution, several
investigations have been devoted to the effect of chloride ions on the sulfate attack in
hardened concrete, as these situations are representative of structures serving in the
marine and sabkha environments. Chloride ions introduced at the mixing stage through
chloride-accelerating admixtures, contaminated aggregates and mix water were reported
to enhance the sulfate resistance by Miller [120], Thorvaldson [121] and Yeginobali
[122]. Harrison [123] studied the effect of sodium and calcium chloride additions, in
the range of 0 to 4.5% in mortar and concrete cubes, on sulfate resistance of OPC and
SRPC cements over a period of one year for mortar and over seven years for concrete.
Results of the mortar cubes indicated that chloride has either a negligible or generally
beneficial influence on the sulfate resistance in both OPC and SRPC mortars. A
similar over all trend was observed in the concrete cubes; with the apparent exception of
some concretes containing admixed calcium chloride, particularly those containing
below 0.5% chloride by weight of cement, and immersed in strong sulfate solutions for
which the sulfate resistance was considerably reduced. Kind [12-;1:]. t;rough his
extensive research on chloride-sulfate interaction in water-retaining structures, reported
increased sulfate resistance in some cements in sulfate solutions contaminated with

high chloride concentrations. He attributed the increased sulfate resistance to:

(1)  the increased solubility of calcium aluminate hydrate phase, i.c., ettringite is

formed in a non-expansive form,
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(2)  decrease in lime concentration in the pore solution leading to the conversion of
the insoluble highly basic aluminate hydrate phases to soluble low-basic forms,

forming ettringite in the liquid phase in the non-expansive form, and

(3)  the transformation of aluminate hydrate phases into chloro-aluminates, thereby

reducing the quantity of ettringite formed.

Based on microscopic examination, Kind [125] further reported that the calcium
sulpho-aluminate occurred in smaller quantities and was formed as weakly-developed
crystals in the presence of sodium and magnesium chlorides. This finding formed the
basis for specifying higher sulfate limits in the presence of high chloride concentrations
in the Russian Standards. Both Biczok [126] and Lea [127] confirmed that the
expansion of concrete due to sulfate attack in seawater is retarded due to the
concomitant presence of chlorides and sulfates. They attributed this retardation to the
increased solubility of sulfate phases in the presence of sodium and calcium chloride
solutions. Cornor and Rippstain [128], quoted by Harrison [123], observed that the

solubility of ettringite was three times greater in chloride solutions than in water. -

The aforementioned studies indicated that sulfate attack is mitigtcdwduc to the
presence of chloride ions. However, other opinions contradicting this position have
also been reported. According to Ikezr, quoted by Al-Samarai and Raouf [129], the
addition of calcium chloride of up to 1% to a concrete containing high sulfate content in
sand (1 to 2%) increased expansion and drying shrinkage. Smith [130] reported that
the addition of 1% calcium chloride at the mixing stage had generally reduced the
sulfate resistance of concrete, particularly that made with Type II cement. Moreover, he
reported that temperature seems to play a significant role; concretes made with Type I1

or Type V cement were more sulfate resistant when mixed and cured at 40 °F than

similar concretes mixed and cured at normal room temperatures (70 °F). Locher [131]
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concluded that sulfate attack is generally increased by the addition of chloride to the

sulfate solution. The increased sulfate attack due to the concomitant presence of

chlorides was attributed to:

(1)  formation of ettringite, which is not hindered by the addition of chlorides,

(2)  presence of monochloride by the reaction of chlorides with monosulfate,

tetracalcium aluminate hydrate and probably with the nonhydrated C3A,

(3)  monochloride is not stable in the presence of sulfate ions; therefore, it is

converted to ettringite when sulfate attack commences with time, and

(4)  athigher concentrations of chloride, both monochloride and trichloride hydrates
are formed; the former reacts with the penetrating sulfate ions to form ettringite

without generation of crystallization pressure and the latter hydrate resists

sulfate attack.

The formation of trichloride hydrate (3Ca0.A103.3CaCl2.32H20) was also

reported to be favourable at high chloride concentrations by Schwietz, et al., as quoted
by Hjorth [132].

Al-Amoudi et al. [133] evaluated the effect of sulfate-chloride solutions on the
sulfate deterioration in portland and blended cements. Results of this study indicated
the beneficial and ameliorative role of chloride ions on sulfate attack. Through XRD

and SEM examination, they indicated the virtual elimination of gypsum formed in the

specimens placed in sulfate-chloride solution.
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The above discussion is predominantly related to the sulfate attack in hardened
concrete and cannot provide an indication on the pore solution chemistry in terms of
sulfate concentration due to the concomitant effect of sulfate-chloride and elevated
temperature. However, two situations and their repercussion on the concrete
deterioration can be visualized. The first situation, related to the elevated temperature,
is of importance to the superstructures, while the second situation is typical of
substructures which are subjected to the concomitant presence of chloride and sulfate
ions. Due to these two effects, the sulfates are released into the pore solution removing
them from the dangerous role of bringing about deterioration of concrete due to
softening/disintegration type of attack in low C3A cements and the expansion/cracking
type of degradation in high C3A cements. The beneficial role of chloride ions in
reducing the deterioration of concrete placed in sulfate-chloride environments, as
reported by several researchers [120-127,133], supports this hypothesis. The increase
in the sulfate concentration in the pore solution due to the presence of chloride ions

and/or elevated temperature may, however, lead to depassivation of steel as indicated by
Gouda et al. [74].

The variation in the sulfate concentration, in the blended cements, is.plotted in
Figures 3.68 through 3.71. An increase in the sulfate concentration with increasing
temperature was observed in all blended cements. Figure 3.72 compares the sulfate
concentration in the uncontaminated OPC and blended cement mortar specimens. The
sulfate concentration in the OPC was more than that in the blended cement mortar
specimens. Figure 3.73 shows the variation in the sulfate concentration in the chloride-
contaminated OPC and blended cement mortar specimens. These data also indicated
trend similar to that exhibited by the uncontaminated OPC and blended cements (Figure
3.72). The sulfate concentration in the OPC and blended cement mortar specimens
contaminated with sodium chloride plus sodium sulfate is plotted against exposure

temperature in Figure 3.74. These data also indicated higher sulfate concentration in the
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Figure 3.68: Effect of temperature and contamination on sulfate concentration in
Class C fly ash
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Figure 3.70:  Effect of temperature and contamination on sulfate concentration in blast
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Figure 3.71 : Effect of temperature and contamination on sulfate concentration in
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OPC mortar specimens than in the blended cement mortar specimens. The lowest

sulfate concentrations was measured in the blast funace slag cement mortar specimens.
32:15 Sulfate to Hydroxy] Ratio

The sulfate to hydroxyl ion ratio (SO4 /OH") in the uncontaminated and
contaminated SRPC (C3A: 3.5%) mortar specimens are plotted in Figure 3.75. The
S04 /OH" values in the uncontaminated specimens exposed to 25 and 40 °C
temperatures were in the range of 0.025 to 0.035. However, when the exposure
temperature was raised to 55 °C, the SO4 /OH" value increased nearly 4 times to 0.1.
The SO4 /OH" in the specimens exposed to 70 °C was 0.78, this value being 30 times
that in the specimens exposed to 25 °C. The SO4"'IOH' values in the specimens
contaminated with sodium chloride indicated a trend similar to that exhibited by the
uncontaminated specimens. The SO4 /OH™ values for specimens contaminated with
sodium sulfate also increased with exposure temperature. The SO4 /OH" values in the
specimens contaminated with sodium chloride plus sodium sulfate also exhibited a
trend similar to that indicated by the specimens contaminated with only sodium sulfate.
The SO4 /OH™ values in these specimens were, however, higher than those in the
~ specimens contaminated with sodium sulfate only. This may be attributéd to the higher
OH’ concentration in the specimens contaminated with sodium sulfate, in comparison

to those contaminated with sodium chloride plus sodium sulfate.

The SO4 /OH" values in the contaminated and uncontaminated OPC-A mortar
specimens are plotted against the exposure temperature in Figure 3.76. These data
exhibited a trend similar to that indicated by SRPC. Figure 3.77 shows the variation in
the SO4 /OH" with exposure temperature for OPC-B mortar specimens. These data

also indicated a trend similar to that exhibited in Figures 3.75 and 3.76 for SRPC and

OPC-A mortar specimens, respectively.
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The SO4 /OH™ values for the uncontaminated and contaminated Class C fly ash
blended cement mortar specimens are plotted against exposure temperature in Figure
3.78. The SO4 /OH" values in the uncontaminated and chloride-contaminated
specimens increased for exposure temperatures higher than 40 °C, while these values in
the specimens contaminated with sodium chloride plus sodium sulfate increased almost
linearly with the exposure temperature. Figures 3.79 through 3.81 show the SO
/OH’ values for the uncontaminated and contaminated Class F fly ash, blast furnace
slag and silica fume cement mortar specimens, respectively. These data exhibited a

trend similar to that indicated by class C fly ash blended cement mortar specimens

(Figure 3.78).

Figure 3.82 compares the SO4 /OH" values in the uncontaminated OPC and
blended cement mortar specimens exposed to temperatures in the range of 25 to 70 °C.
At lower temperatures, less than 60 °C, the SO4 /OH’ values in silica fume blended
cement were higher than those in other blended cements and OPC. At 70 °C,
however, the SO4”/OH™ values in all the blended cements were lower than those in
OPC. The SO4 /OH' values in the chloride-contaminated OPC and blended cement
mortar specimens are compared in Figure 3.83. These data exhibited a trend similar to
that indicated in the uncontaminated Spcci'mens (Figure 3.82). The SO4 /OH' values
for OPC and blended cement mortar specimens contaminated with sodium chloride
plus sodium sulfate are plotted in Figure 3.84. An increase in the SO4 /OH" value
with exposure temperature was observed in all cements. The SO4 /OH" values in
Class F and Class C fly ash and silica fume blended cement mortar specimens were
higher than those in OPC up to an exposure temperature of 60 °C. The SO4 /OH
ratios in the blast furnace slag cement mortar specimens were lower than those in other
blended cements and OPC at all the temperatures. At 70 °C, the SO4 /OH™ values in

both types of fly ashes were generally lower than in OPC and silica fume blended

136



SULPHATE/HYDROXYL ION RATIO
=
Ill]l Illllll ill'!lll ']llllllllllllllllll! Illllll! ]l]ll]lllll'll ll‘llllllllllll 11

o
tn

—m— PLAIN -o- Cl —A— Cl+S04 H

[o2]

X & 1)
s o n

w

oo

SULPHATE/HYDROXYL ION RATIO

9
gl =

N
N
lllllllIll'llll'llll_!_l_!_ljlllllllllllllll'Illl’l‘llllllll'llll'!lll

—3

20 25 30 35 40 45 50 55 60 65 70 75
EXPOSURE TEMPERATURE, C
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Figure 3.81:  Effect of temperature and contamination on SO4 /OH silica fume
blended cement mortar specimens
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Figure 3.83:  SO47/OH’ in chloride-contaminated ordinary Portland and blended
cement mortar specimens
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Figure 3.84: SO4 /OH in ordinary Portland and blended cement mortar specimens
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cement. The SO4 /OH™ values in the silica fume blended cement mortar specimen
were higher than OPC and other blended cements at all the exposure temperatures.

The importance of SO4 /OH" ratio on concrete durability, viz.-a-viz., sulfate attack
and reinforcement corrosion, is not very well understood at this time, and hardly any
data are available in the literature on this aspect. However, these values do provide an
indication of the aggressivity of the chemical environment with reference to
reinforcement corrosion. A higher SO4 /OH™ value is indicative of greater probability
of steel depassivation due to the low alkalinity and/or high sulfate concentration of the
pore solution. Presently, no data are available on this aspect, however, studies by
Gouda [74] indicated that the concomitant presence of sulfate and chloride ions can
significantly influence the kinetics of reinforcement corrosion. Since OH™ is a common
factor in both CI'/OH™ and SO4 /OH", the ratio of C1/SO4 may be presumed to
influence reinforcement corrosion, particularly after depassivation of steel has occurred.
Investigations by Jarrah et al. [134] indicated an increase in the corrosion rate of steel in
concrete specimens partially immersed in sulfate-chloride solutions compared with
those placed in the pure chloride environment. In another investigation, Al-Amoudi
and Maslehuddin [17] observed that the rate of reinforcement corrosion is doubled

when the sulfate concentration in 15.7% chloride solution was raised from 0.55 to

2.10%.
3.2.2  X-Ray Diffraction

The X-ray diffractogram for the uncontaminated SRPC (C3A: 3.5%) mortar
specimen exposed to 25 °C is shown in Figure 3.85. The major compounds discerned
from these peaks were portlandite (Ca(OH)y), calcite, quartz and ettringite. Figure 3.86

shows the X-ray diffractogram for mortar specimens made with similar cement and
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Figure 3.86: X-ray diffractogram for uncontaminated SRPC specimen exposed to

70 °C
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exposed to 70 °C. The X-ray peaks for this cement also indicated the same
compounds, except that the peak for ettringite, marked by the presence of a defused
band between 9 and 10° 20, is less distinct in comparison to that obssrved in the
specimens exposed to 25 °C (Figure 3.85). Figure 3.87 shows the X-ray diffractogram
for SRPC contaminated with sodium sulfate and exposed to 25 °C. In this specimen
the X-ray peaks for ettringite became more distinct. Figure 3.88 shows the X-ray
diffractogram for SRPC specimen contaminated with sodium sulfate and exposed to 70
°C. Portlandite, quartz, calcite and ettringite were the main phases discerned. The
peaks for ettringite, however, were less distinct than those in the specimen exposed to
25 °C. Figures 3.89 and 3.90 show the X-ray diffractogram for the specimens
contaminated with sodium chloride and exposed to 25 and 70 °C, respectively. The
major compounds detected were portlandite (Ca(OH)p), quartz, and calcite. The X-ray
diffractogram for the specimens contaminated with sodium chloride plus sodium
sulfate and exposed to 25 and 70 °C are shown in Figures 3.91 through 3.92,

respectively. Formation of portlandite, calcite and quartz was also indicated by these X-

ray diffractograms.

The X-ray diffractograms for OPC-A (C3A: 8.5%) mortar specimens contaminated
with sodium sulfate and exposed to 25 and 70 °C are shown in Figures 3.93 and 3.94,
respectively. The common compounds detected in these diffractograms were
portlandite, quartz, calcite and ettringite. The X-ray peaks for ettringite were less
distinct in the specimens exposed to 70 °C compared to those exposed to 25 °C. The
X-ray diffractogram for OPC-A specimens contaminated with sodium chloride and
exposed to 25 and 70 °C are plotted in Figures 3.95 and 3.96, respectively. In addition
to the formation of quartz, portlandite and calcite, crystallization of Friedel's salt with
peaks at 11.1, 22.4, 23.0 and 30.8° 20 was indicated. These peaks were not detected in
the specimens exposed to 70 °C. The X-ray diffractograms for OPC-A (C3A: 8.5%)
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Figure 3.87: X-ray diffractogram for sulfate-contaminated SRPC specimen exposed

to 25 °C
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Figure 3.88: X-ray diffractogram for sulfate-contaminated SRPC specimen exposed

to 70 °C
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Figure 3.89: X-ray diffractogram for chloride-contaminated SRPC specimen
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Figure 3.90: X-ray diffractogram for chloride-contaminated SRPC specimen
exposed to 70 °C
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Figure 3.91: X-ray diffractogram for SRPC specimen contaminated with sulfate and

chloride and exposed to 25 °C

C : Calcite

Q : Quartz SRPC ((3A :35%)

P : Portlandite TEMPERATURE : 70°C, (l+ SO,

a

P ! i

\ C : &

1- Voo W

F
|

WW«J \vw,#w’, \/\"ﬂw beagty W MM}WW
rl_ 1 1 1 1 L 1 L |
1] 35 30 25 0 15 10 H

————— 8 o

-—

Figure 3.92: X-ray diffractogram for SRPC specimen contaminated with sulfate and
chloride and exposed to 70 °C
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Figure 3.93: X-ray diffractogram for sulfate-contaminated OPC-A and exposed to
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Figure 3.94: X-ray diffractogram for sulfate-contaminated OPC-A and exposed to
70 °C
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Figure 3.95: X-ray diffractogram for chloride-contaminated OPC-A and exposed to
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Figure 3.96: X-ray diffractogram for chloride-contaminated OPC-A and exposcd to
70 °C
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mortar specimens contaminated with sodium chloride plus sodium sulfate and exposed

to 25 and 70 °C are shown in Figures 3.97 and 3.98, respectively. Formation of

portlandite, quartz and calcite was indicated. The X-ray peaks for ettringite and Friedel's

salt were not exhibited by these curves.

In summary, the following trend could be observed from the X-ray diffractograms

for SRPC and OPC mortar specimens.

Formation of ettringite in uncontaminated specimens and those contaminated
with sodium sulfate, at exposure temperature of 25 °C. However, when the
exposure temperature was raised, the peaks for this compound became less
distinct. In the specimens contaminated with sodium chloride also the X-ray
peaks for this compound became less apparent. Further, in the specimens
contaminated with sodium chloride plus sodium sulfate, the peaks for ettringite
were not discerned. This trend was observed in the specimens exposed to both
2r5 and 70 °C. The absence of ettringite peaks in the X-ray diffractograms of
specimens exposed to 70 °C may be attributed to the destabilization of ettringite
at this temperature. The ettringite is reported to be unstable at temperatures of
40 to 100 °C [135]. Barvinok et al. [135] indicated ettringite to be unstable in
the range of 50 to 70 °C, while Lalck and Bures [136] observed ettringite up to
90 °C, which is the limiting temperature of stability according to Moldovan and
Butucescu [137]. According to Hoglund [138], at temperatures above 50 °C,
ettringite is not formed at sulfate concentrations up to 5 x 10 mole per liter. At
lower temperatures, ettringite is formed at concentrations of 2 x 107 moles per
liter. Similarly, the ettringite pcaks were not discerned in the specimens
contaminated with sodium chloride plus sodium sulfate. This indicates that the

presence of chloride ions influences the formation of ettringite.
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Figure 3.97:  X-ray diffractogram for OPC-A contaminated with chloride and sulfate

and exposed to 25 °C
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Figurc 3.98: X-ray diffractogram for OPC-A contaminated with chloride and sulfate
and exposed to 70 °C
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ii) The formation of ettringite was observed in both sulfate resisting and ordinary
portland cements contaminated with sodium sulfate and exposed to 25 °C, the
peaks for the latter cement being more pronounced than in the former. These

peaks were not detected in the specimens exposed to 70 °C in both the cements.

iii) The X-ray peaks for Friedel's salt, with the major peak at 11.1° 20 were
observed in OPC-A cement mortar specimens contaminated with sodium
chloride and exposed to 25 °C. These peaks were, however, not discerned in
the specimens exposed to 70 °C and those contaminated with sodium chloride
plus sodium sulfate. These peaks were not observed in SRPC mortar

specimens contaminated with sodium chloride, even at 25 °C.

Thus, the X-ray data indicated that both ettringite and calcium chloro-aluminate are
destabilized either due to elevated temperature or the presence of chloride/sulfate
contamination. Further, it may not be out of place to mention that the intensity of X-ray
diffractograms for the two compounds of interest in this study, namely Friedel's salt
and ettringite, were not that significant. This trend may be attributed to the relatively
low C3A (3.5 and 8.5%) content of these cements and the marginal quantity of chloride

(0.8%) and sulfate (1.5%) used as contamination.
3.2.3  Differential Thermal Analysis

The DTA and TGA curves for SRPC mortar specimens contaminated with sodium
chloride and exposed to 25 and 70 °C are shown in Figures 3.99 and 3.100,
respectively. The DTA curves indicated the formation of an endothermic peak at about
350 °C in both the specimens exposed to both the temperatures. However, the
endothermic peak in the specimens exposed to 70 °C was more shallow than in the

specimens exposed to 25 °C. Figures 3.101 and 3.102 show the DTA and TGA
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Figure 3.99:

DTA and TGA curves for chloride-contaminated SRPC mortar
specimens exposed to 25 °C

L 100
SRPC (C4A :35%)
L CHLORIDE CONTAMINATION .
EXPOSURE TEMPERATURE : 70°C
oF 40
4 -50
g =
™ g
& - < =100 g
E (=]
-8 4 -150
I 4-200
-12+ 16
ora +-2%0
-16 1 1 1 1 1 1 | al 1 1 1
0 200 400 600 800 1000 1200

TEMPERATURE, °C

Figure 3.100: DTA and TGA curves for chloride-contaminated SRPC mortar
specimens exposed to 70 °C
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Figure 3.101: DTA and TGA curves for SRPC mortar specimens contaminated with
sulfate chloride and exposed to 25 °C
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Figure 3.102: DTA and TGA curves for SRPC mortar specimens contaminated with
sulfate chloride and exposed to 70 °C
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curves for the specimens contaminated with sodium chloride plus sodium sulfate and
exposed to 25 and 70 °C, respectively. These curves also indicated the formation of
endothermic peaks, attributable to dehydration of calcium chloro-aluminate at 350 °C.
However, these peaks were less distinct than those formed in the specimens
contaminated with only sodium chloride. Figures 3.103 and 3.104 show the
DTA/TGA curves for OPC-A (C3A: 8.5%) mortar specimens contaminated with
sodium chloride and exposed to 25 and 70 °C, respectively. These curves indicated a
decrease in the DTA peaks for calcium chloro-aluminate due to increase in the
temperature. The DTA/TGA curves for the specimens contaminated with sodium
chloride plus sodium sulfate and exposed to these two temperatures are plotted in
Figures 3.105 through 3.106, respectively. These curves indicated a behaviour similar
to that exhibited by SRPC specimens (Figures 3.99 through 3.100). The DTA/TGA
curves for OPC-B (C3A: 14.5%) mortar specimens contaminated with sodium chloride
and exposed to 25 and 70 °C are plotted in Figures 3.107 and 3.108, respectively. The
DTA/TGA for these specimens contaminated with sodium chloride plus sodium

sulfate and exposed to 25 and 70 °C are plotted in Figures 3.109 and 3.110,

respectively. These data indicated a trend similar to that shown by the other two

cements.

In summary the DTA peaks indicated the formation of Friedel's salt in all the
cements and at all exposure temperatures. However, the endothermic peaks, which
provide a qualitative indication of the formation of this compound, were more distinct
in the specimens which were contaminated with only sodium chloride and exposed to
25 °C. These peaks were less distinct and shallow in the specimens exposed to 70 °C

and contaminated with sodium chloride plus sodium sulfate.
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Figure 3.103: DTA and TGA curves for chloride-contaminated OPC-A mortar
specimens exposed to 25 °C
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Figure 3.104: DTA and TGA curves for chloride-contaminated OPC-A mortar
specimens exposed to 70 °C
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Figure 3.105: DTA and TGA curves for OPC-A mortar specimens contaminated with
sulfate chloride and exposed to 25 °C
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Figure 3.106: DTA and TGA curves for OPC-A mortar specimens contaminated with
sulfate chloride and exposed to 70 °C
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Figure 3.107: DTA and TGA curves for chloride-contaminated OPC-B mortar
specimens exposed to 25 °C
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Figure 3.108: DTA and TGA curves for chloride-contaminated OPC-B mortar
specimens exposed to 70 °C
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Figure 3.109: DTA and TGA curves for OPC-B mortar specimens contaminated with
sulfate chloride and exposed to 25 °C
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Figure 3.110: DTA and TGA curves for OPC-B mortar specimens contaminated with
sulfate chloride and exposed to 70 °C
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3.3 SUMMARY OF RESULTS

In this Chapter, the concomitant effect of chloride and sulfate contamination on the

-

ipore solution chemistry in ordinary and blended cement mortar specimens exposed to
normal and elevated temperatures was investigated. The influence of these parameters
on the OH', CI', and SO4 ™~ concentration was determined. The relationship between
alkalinity, chloride, and sulfate concentrations were evaluated in terms of CI'/OH™ and
SO4"/OH' ratios to understand the influence of the chloride-sulfate contamination and

exposure temperature on the aggressivity of the internal chemical environment at the

. .steel-concrete interface.

The results indicated that temperature and sulfate contamination both influence the
chloride binding in both ordinary and blended cements. In the chloride-contaminated
specimens, the chloride binding was influenced by the exposure temperature. The
chloride concentration in the specimens exposed to 25 and 40 °C was not significantly
different. However, an appreciable increase in the chloride concentration was noticed
for exposure temperature of 55 °C and above. The chloride concentration at 70 °C was
1.5 10 2.7 times that at 25 °C. The increase in the chloride concentration in all the
specimens exposed to temperatures of 55 °C and more is attributable to the

- decomposition of the Friedel's salt.

The chloride binding capacity of cements increased with the C3A content. It was,
however, affected by the exposure temperature. The chloride concentration at 25 °C in
SRPC (C3A: 3.5%) was 2 times that in OPC-B (C3A: 14.5%). This ratio, however,

reduced to 1.12 in the specimens exposed to 70 °C.

The effect of temperature on chloride binding in the blended cements was similar to

that in the ordinary portland cements. The chloride concentration in all the blended
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cements increased with exposure temperature. However, the chloride concentration in
all the blended cements was lower than that in the OPC, at all the exposure
‘temperatures. An exception to this trend was indicated by the silica fume blended

-

icement. The chloride concentration in this cement was marginally different than that in

OPC.

The sulfate contamination had a similar effect to that of temperature on chloride
binding. In the presence of sulfate ions, the chloride binding capacity of cements was
considerably reduced. This trend was observed at all the exposure temperatures. The

. chloride concentration in the SRPC, OPC-A and OPC-B specimens contaminated with
;sodium chloride plus sodium sulfate and exposed to 25 °C was 155, 183, and 289%,
respectively, of that in the specimens contaminated with only sodium chloride. This
ratio in the specimens exposed to 70 °C was 106, 122 and 104%, respectively. The
higher chloride concentration in the specimens contaminated with sodium chloride plus
sodium sulfate is attributed to the concomitant reaction of these two ions with the C3A
phase in cement forming calcium chloro-aluminate (Friedel's salt) and calcium sulpho-
aluminate, respectively. These results have an important bearing on the substructural
components which are exposed to soil and groundwater contaminated with both
chloride and sulfate salts. The concomitant presence of chloride and sulfate

- considerably reduces the chloride binding capacity of cements thereby releasing the
chloride fons into the pore solution. The free chlorides so liberated cause depassivation

of steel even at low temperature of 25 °C.

The chloride concentration in the blended cements contaminated with sodium

chloride plus sodium sulfate was also more than that in the specimens contaminated

with only sodium chloride.
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At temperatures of 25 and 40 °C, the OH™ concentration in the contaminatcd
specimens was more than that in the uncontaminated specimens. The OH’
-concentration in the specimens contaminated with sodium sulfate was more than that in
Yihe specimens contaminated with sodium chloride and sodium chloride plus sodium
sulfate. The increase in the alkalinity of the contaminated specimens, compared to
uncontaminated specimens, is attributable to the reaction of the sulfate and/or chloride
ions with the C3A content of cement leading to the formation of sodium hydroxide
which considerably increases the alkalinity of the pore solution. At higher
temperatures, 55 °C and above, the alkalinity is reduced, in so much so that at 70 °C,

: :lhc alkalinity of the contaminated specimens is nearly equal to that of the
Zuncontaminated specimens. This reduction in the OH" also indicates the instability of
calcium chloro-aluminate and calcium sulpho-aluminate at higher temperatures. The
OH’ concentration in the uncontaminated specimens also decreased with increasing
temperature, particularly above 55 °C. This reduction may be attributed to the

instability of calcium sulpho-aluminate formed due to the reaction of gypsum with

C3A.

The alkalinity of the blended cements was also affected by the exposure temperature

and chloride and sulfate contamination. The OH™ concentration in the blended cements

" twas lower than that in the ordinary portland cements, at all the exposure temperatures.
Minimum OH™ was measured in the chloride-contaminated silica fume blended cement
exposed to 55 °C. The pH of the pore solution at this temperature was 12.7. This
value, however, is higher than the pH of the saturated calcium hydroxide solution
(12.5). Further, the OH" concentration measured in the silica fume blended cement will
not cause steel depassivation as the passive conditions are normally observed on mild
stecl immersed in pure alkali with pH values in excess of 11.5. However, this

alkalinity may not be sufficient for steel passivity if high concentrations of chloride

and/or sulfates are present.
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The sulfate concentration in the pore solution of plain and blended cements was also
influenced by the exposure temperature and chloride contamination. The sulfate
‘concentration in the specimens contaminated with sodium chloride plus sodium sulfate
was more than that in the specimens contaminated with only sodium sulfate. This
indicates that the quantity of calcium sulpho-aluminate formed in the cements
contaminated with sodium chloride plus sodium sulfate is less than that formed in the
sulfate-contaminated specimens. This may be attributed to the conjoint reaction of C3A
with these two ions. An increase in the sulfate concentration was also indicated in the
chloride contaminated and uncontaminated specimens exposed to temperature of more

-jthan'SS °C. This increase in the sulfate concentration may be attributed to the de-
stabilization of calcium sulpho-aluminate phase formed due to the reaction of gypsum
with C3A of cement. The slightly higher sulfate ion concentration in chloride-

contaminated specimens, over uncontaminated specimens, indicates that chloride ions

decrease the extent of calcium sulpho-aluminate formation due to reaction of gypsum

with C3A.

The increase in the sulfate concentration in the pore solution, due to higher
temperature and/or chloride contamination, is significant from reinforcement corrosion

view point, since they not only depassivate steel but also decrcase the electrical

resistivity of concrete.

The CI'/OH' values increased with temperature in both OPC and blended cements.
This increase in the CI'/OH values with temperature is attributed to the combined

effect of increase in the chloride concentration and decrease in the alkalinity. The high

CI/OH' indicates the vulnerability for steel depassivation.
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The X-ray diffractograms of the contaminated and uncontaminated spccimens
exposed to temperatures of 25 to 70 °C support the findings of the pore solution

analyses. Formation of ettringite was observed in the cements contaminated with

-

isodium sulfate at 25 °C. In the specimens exposed to 70 °C or contaminated with
sodium chloride plus sodium sulfate these peaks were not discerned. Similarly, the
formation of Friedel's salt was observed in the specimens contaminated with sodium
chloride and exposed to 25 °C. These peaks were not detected in the specimens

exposed to 70 °C or contaminated with sodium chloride plus sodium sulfate.

s The DTA peaks indicated the formation of Friedel's salt in all the cements and at all
:cxposure temperatures. However, the endothermic peaks, which provide a qualitative
indication of the formation of this compound, were more distinct in the specimens
which were contaminated with only sodium chloride and exposed to 25 °C

temperature. These peaks were less distinct and shallow in the specimens exposed to

70 °C and contaminated with sodium chloride plus sodium sulfate.

The specimen size and exposure conditions used in this part of the study do not
necessarily represent the actual field conditions.  However, the results do point to the

- zeffect of temperature and chloride-sulfate contamination on the pore solution chemistry.
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Chapter 4

: INFLUENCE OF CHLORIDE-SULFATE
- CONTAMINATION AND TEMPERATURE ON
REINFORCEMENT CORROSION IN
CONCRETE

4.1 CORROSION OF REINFORCING STEEL IN CONCRETE

Portland cement concrete provides both chemical and physical protection to the
reinforcing steel. The chemical protection is provided by the highly alkaline nature of
the pore solution (pH > 13). At this high pH steel is passivated in the presence of
oxygen presumably due to the formation of a submicroscopically thin y-Fe203 film
[139,140). Hime and Erlin [30] suggested that the passivating layers on steel surface
could have a composition other than that of y-Fe203. According to Page [141], the
lime-rich layer, which is observed at the steel-concrete interface, provides further
protection to the steel. This was confirmed by Leek and Poole [142] who reported that
the interfacial layer consists of an aggregate-free zone of portlandite (Ca(OH)2) of
variable thickness (5 to 15 pm) dismplcd by inclusions of calcium silicate hydrate (C-
. ;S-H) gel. This layer is thought to screen most of the surface of the steel from direct
| access of aggressive ions and to act as an alkaline buffer to pH reductions resulting
from the hydrolysis of corrosion products [29]. According to Sagoe-Crentsil and
Glasser [143], both Ca(OH); and C-S-H gel form a buffering pair, and a high pH is as
readily maintained by C-S-H as by Ca(OH);. The physical protection to steel is
provided by the dense and impermeable structure of concrete which retards the

diffusion of the aggressive species, like chlorides, carbon dioxide, oxygen and

moisture, to the stecl-concrete interface.
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Depassivation of stecl occurs by the reduction of the pore solution pH, due to
carbonation, or by ingress of chloride ions to the steel-concrete interface. A number of
;mcchanisms by which chlorides break down the passive layer have been proposcd,
e.g., the chemical dissolution of the film [144], the build up of the metal holes at the
film/substrate interface [145], and due to high chloride concentrations at the iron
oxide/pore solution interface which leads to local acidification and pitting [146]. Leck
and Poole [142], based on SEM-EDS studies of the passive film breakdown on steel in

mortar prisms, have shown that chloride ions initiate corrosion by breaking the bond

between the film and the metal.

Irrespective of the mechanisms controlling the depassivation of steel due to chloride
ions, it is clear that these ions play a dominant role in initiating reinforcement corrosion.
From this perspective, the American Building Codes (ACI 318-85) [147] limit the
water-soluble chlorides to 0.15% by weight of cement. ACI Committee 224 [148]
adopting a more conservative approach has suggested that the acid-soluble chloride
concentration should not be more than 0.2% by weight of cement. The British
Standard BS 8110 [149] allows a maximum chloride content of 0.4%. The Norwegian
Code, NS 3474, allows an acid-soluble chloride content of 0.6%, RILEM permits
0.40% and the revised Australian Standard for Concrete Structures, AS 3600, allows an
acid-soluble chloride content of 0.80 kg]m3 of concrete (0.22 percent by weight of
éemcm for a typical concrete mix). Rasheeduzzafar et al. [96] indicated that the chloride
threshold limits for cements with up to 8% C3A agree very well with the ACI 318 limit
of 0.15% water soluble chlorides. Additionally, they reported that ACI, BS and
Australian Code limits, however, appear to be conscrvative for concretes made with
high C3A ccments. Lambert et al. [109] suggested that the critical level of chloride
below which there was no significant probability of corrosion was around 1.5%. They
attributed the increased chloride tolerance in their specimens compared to BS 8110 limit

of 0.4% to the protective nature of concrete produced under well-controlled conditions

of the laboratory.
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Recent research findings, however, have shown that cement alkalinity also
_significantly influences the chloride binding and hence the free chlorides
1[64,86,93,150). Taking into account the concomitant effect of chloride and alkalinity,

Hausmann [20] suggested the critical CI'/OH™ ratio to be around 0.6. Gouda [74]
using pH values of the electrolyte representative of the concrete pore solution indicated
that the threshold CI'/OH™ ratio was 0.3. Lambert et al. [109] investigated the
relationship between CI'/OH™ and corrosion current density in various cements. Their
investigations indicated that the passive conditions of steel in concrete, characterized by

- .corrosion current density (Icorr) substantially lower than 100 nA/cm? were maintained
-juntil a threshold CI/OH" ratio of approximately 3 was exceeded. There was a
considerable scatter in the values of I¢or recorded at CI'/OH ratios in excess of 3 and
even at C1/OH™ ratios as high as 15 to 20, there were instances of bars suffering no
significant corrosion. Mangat and Gurusamy [110] reported that for steel fibers in
concrete under conditions of marine exposure, no visible signs of corrosion were
present at CI'/OH" ratios as high as 320. Mangat and Molloy [151] indicated that a
universal threshold CI'/OH™ level is not applicable to different cement concretes. In
their investigations, reinforcing steel corrosion was observed in the control matrix when
the pore fluid CI'/OH™ ratio was 13, while at values of 17 and 18, in silica fume cement

» wconcrete, reinforcement corrosion was insignificant. Minimal reinforcement corrosion
| in silica fume and blast furnace slag cement mortar specimens placed in the aggressive
environment of sabkha even, at CI'/OH™ of 3.3 and 6.5, respectively, was reportcd by

Al-Amoudi et al. [152].

While many studies, partly cited above, were devoted to the effect of chloride, and
chloride and sulfate, as in marine environments, data are lacking on the combined effect
of temperature, chloride and sulfate contamination on reinforcement corrosion. As
discussed in Chapter 3, the concomitant presence of chloride and sulfate ions

significantly incrcases the free chloride concentration in the pore solution. A similar
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effect was observed in the specimens exposed to elevated temperatures. The net effect
of the temperature and sulfate contamination was to increase the CI'/OH concentration.
These results indicate the need to evaluate the consequence of such an increase in the

-

CI'/OH’ ratio on reinforcement corrosion.

This Chapter details the experimental work carried out to investigate the effect of

chloride-sulfate contamination and temperature on reinforcement corrosion.

42 EXPERIMENTAL WORK

The uncontaminated and contaminated reinforced concrete specimens were exposed

to temperatures in the range of 25 to 70 °C. Table 4.1 shows the experimental

variables.
Table 4.1: Experimental variables to evaluate the effect of sulfate-chloride
contamination and temperature on reinforcement corrosion
Variable Details
Specimens Reinforced concrete specimens made
> 2 with SRPC, OPC-A, and OPC-B
- (C3A: 3.5, 8.5 and 14.5%)
Contamination 0%
0.8% CI’
0.8% CI' + 1.5% SO3
Exposure temperature 25,40, 55 and 70 °C
Tests Corrosion Potentials monitoring
Corrosion current density by
linear polarization resistance technique
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4.2.1 Reinforced Concrete Specimens

Reinforced concrete specimens were cast using SRPC, OPC-A and OPC-B. The
chemical composition of these cements is shown in Table 3.2. The concrete mixes
were designed in accordance with the absolute volume method. Proportioning of the

materials was carried out on weight basis. The following parameters were kept

invariant in all the concrete mixtures.

;Coarse to fine aggregate ratio: 1.6

‘Cement content: 350 kg/m3 (600 1b/yd3)
Effective water-cement ratio: 0.50

Workability: 50 to 75 mm slump
Average 28-day compressive strength: 30 MPa (4350 psi)

Crushed limestone, with a specific gravity of 2.48 and absorption 2.3% was used as
coarse aggregate. Dune sand, of specific gravity 2.62 and absorption 0.57% and
fineness modulus 1.3, was used as fine aggregate. Table 4.2 shows the grading of
coarse and finc aggregate used in the concrete mixtures.

Prismatic concrete specimens, 200 x 190 x 75 mm with three 12 mm diameter steel
bars, were used for monitoring reinforcement corrosion. An effective cover of 30 mm
was provided both at top and bottom. The cover was obtained by using plastic spacers.
Two bars were used as working electrode, while the third which was placed in the
centre of the specimen was used as a counter electrode in the lincar polarization
resistance measurements. A small diameter plastic tube was inserted into the concrete
spccimen for making connection to the reference electrode. The threc bars were

provided electrical connection for monitoring the corrosion activity. The cnds of the
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bars and the electrical wire-steel junction were coated with a cement paste overlaid by
an epoxy-coating to reduce the risk of crevice corrosion. The cement paste was made
*by mixing a styrene-butadiene rubber emulsion with cement. Such a system has been
Hfound to be effective in preventing crevice corrosion [153]. The steel bars were cleaned

mechanically with a silicon carbide paper and degreased with acetone prior to placement

in the moulds.

Table 4.2: Aggregate grading

Coarse Aggregate Fine Aggregate
(Crushed Limestone) (Dune Sand)

‘Sieve Percent Sieve Percent
Opcning (mm) Passing Opening (mm) Passing
19.0 90 4.75 100
13.0 55 2.40 100

9.5 20 1.20 100

475 0 0.60 96.2
0.30 61.4
0.15 219
0.075 1.0

-+ Sulfate and chloride additions were made by dissolving the required quantities of
| Analar Grade sodium sulfate and sodium chloride, respectively. The concrete
ingredients were mixed in a revolving drum mixer for about three minutes, and placed
in the moulds and vibrated to consolidate the concrete. After casting, the specimens
were covered with plastic sheet and kept at the laboratory conditions for 24 hours at

which time they were demoulded. After demoulding, the specimens were covered with

wet burlap and kept moist for 13 days.
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4.2.2  Exposure Conditions

e

After 14 days of curing, the concrete specimens were placed in a controlled
humidity chamber in which the relative humidity was maintained at 75%. Figure 4.1

shows the specimen geometry and Figure 4.2 is a schematic representation of the test

set-up.

' 423 Corrosion Monitoring

Reinforcement corrosion was monitored by measuring the corrosion potentials on a
weekly basis. The potentials were measured against a saturated calomel reference
electrode (SCE). To determine the corrosion current density, the electrical leads from
the concrete specimens were connected to a EG&G PAR Model 350 A
Potentiostat/Galvanostat. The polarization resistance (Rp) was determined by
conducting a linear polarization scan in the range of + 10 mV of the corrosion
potentials. A scan rate of 0.1 mV/sec. was used. The corrosion current density Icorr

was determined using Stern Geary formula [154):

Icorr =B/Rp
Where: Icorr = corrosion current density, pA/cm?
Rp = Polarization resistance, Q.cm?
B = (Ba*Bc)/2.3(Ba + Bc)

Ba and Bc arc the anodic and cathodic Tafel constants, respectively.
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For steel in an aqueous media, values of Ba and B¢ of 100 mV are normally used.
_However, in the absence of sufficicnt data on Ba and B¢ for steel in concrete, a value of
‘B equal to 52 mV for steel in passive condition and equal to 26 mV for steel in active

condition are used. Andrade et al. [155] have indicated a good correlation between the
weight loss determined using gravimetric and electrochemical methods using these
values. Lambert et al. [109] indicated a good correlation between the corrosion current
density determined by linear polarization resistance method (LPRM) and gravimetric
weight loss using these values. The anodic and cathodic Tafel constants of 120 mV

- were used.

For the high resistivity medium, such as concrete, it is necessary to take into
account the associated IR drop. Andrade et al. [155] have used a potentiostat with IR
compensation for their measurements. Electrochemical impedance spectroscopy (EIS)
and other methods have also been used to evaluate the corrosion current density on steel
in concrete [156-165). The EIS technique is free of the Ohmic drop and also provides
information on the corrosion kinetics. However, interpretation of the measured
impedance presents serious difficulties. Also, the delineation of the data is not easy and
many different equivalent circuits can be proposed using the same data. Andrade etal.
> ]155] concluded that this technique is less accurate than the LPRM because of graphical
extrapolation and mathematical calculations required to estimate the corrosion rate of
steel in this method. Hope et al. [158] are of the opinion that LPRM should only be
used to estimate the corrosion rate in simple corroding systems. Transient methods,
such as galvanostatic pulse [160] and potentiostatic decay [155], have also been used to
determine polarization resistance (Rp) using equivalent circuits. Dawson [164]
indicated that naturally occurring fluctuations in the corrosion potential of steel in
concrete provide a measure of the electrochemical activity of the surface and their

standard deviation is proportional to the corrosion rate. Hardon et al. [165] and

172



Lambert et al. [109] confirmed the existence of a reproducible relationship between the
standard deviation of the noise and corrosion rate for small electrodes suffering
“microccll corrosion in chloride contaminated concrete. A similar form of relationship
iwas also observed to hold true for larger specimens in which steel was embedded
within concrete of variable chloride concentration such that macrocells developed with
clearly delinecated anodic and cathodic areas. The authors [109,165], however, caution
that these effects can be masked by scatter unless precautions are taken to ensure that

measurements are made under stable environmental conditions with specimens

screened from extraneous sources of noise.
= Because of the inherent problems and the time constraints in the determination of

corrosion rates using methods other than LPRM this technique was used to monitor

reinforcement corrosion in the present investigation.

43 RESULTS AND DISCUSSION

4.3.1 Corrosion Potentials

~:  The time-corrosion potential curves for SRPC (C3A: 3.5%) concrete specimens
exposed to 25 °C are plotted in Figure 4.3. The corrosion potentials on steel in the
uncontaminated concrete specimens were more noble than in the contaminated
specimens. In the contaminated specimens, the corrosion potentials in the specimens
contaminated with sodium chloride plus sodium sulfate were less noble than those
contaminated with only sodium chloride. The corrosion potentials in all the specimens
decrecased with exposure period. The corrosion potentials in the specimens

contaminated with sodium chloride and sodium chloride plus sodium sulfate were
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more or less similar up to an exposure period of 10 days, but the differential between
the potentials in these specimens increased with the period of exposure. The corrosion
_potentials in the uncontaminated concrete specimens and those contaminated with
gsodium chloride and sodium chloride plus sodium sulfate after 60 days of exposure

were -84, -322 and -632 mV SCE, respectively.

The corrosion potential-time curves for OPC-A (C3A: 8.5%) concrete specimens
exposed to 25 °C are plotted in Figure 4.4. These curves exhibited a trend similar to
that indicated by steel in SRPC concrete specimens exposed to similar temperature.

- ‘However, the potentials for steel in the contaminated specimens were more or less
-similar at all the exposure periods. After 60 days of exposure, the corrosion potentials
on steel in the uncontaminated concrete specimens and those contaminated with sodium

chloride and sodium chloride plus sodium sulfate were -68, -267 and -255 mV SCE,

respectively.

Figure 4.5 shows the corrosion potential-time curves for steel in OPC-B (C3A:
14.5%) concrete specimens exposed to 25 °C. The behaviour of these curves was
more or less similar to that indicated by steel in OPC-A concrete specimens (Figure
4.4). The corrosion potentials on steel in the uncontaminated concrete specimens and
-~ those contaminated with sodium chloride and sodium chloride plus sodium sulfate,

after 60 days of exposure, were -50, -257, -236 mV SCE, respectively.

In general, the data on corrosion potentials, Figures 4.3 through 4.5, indicated that
these values in the contaminated specimens were less noble than in the uncontaminated
specimens. While the difference in the potentials between the chloride-contaminated
and chloride-sulfate-contaminated specimens was significant in the SRPC concrete

specimens, it was marginal in the two ordinary portland cement concrete specimens.
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The corrosion potential-time curves for steel in the uncontaminated and
contaminated concrete specimens exposed to 40 °C are shown in Figures 4.6 through
~4.8. These data indicated a trend similar to that exhibited by the specimens exposed to
125 °C. The corrosion potentials of steel in the uncontaminated SRPC concrete and
those contaminated with sodium chloride and sodium sulfate plus sodium chloride
specimens were -94, -480 and -517 mV SCE, respectively, after 60 days of exposure.
These values in the OPC-A concrete specimens were -78, -235, and -252 mV SCE,
respectively (Figure 4.7). The corrosion potentials of steel in the uncontaminated OPC-
B concrete specimens and those contaminated with sodium chloride and sodium
_chloridc plus sodium sulfate, after 60 days of exposure, were -73, -216, and -231 mV

- SCE, respectively.

Figures 4.9 through 4.11 depict the corrosion potential-time curves for steel in
concrete specimens exposed to 55 °C. These data indicated a trend similar to that
shown in Figures 4.6 through 4.8. The corrosion .potenlials on steel in the
uncontaminated SRPC, OPC-A and OPC-B concrete specimens, after 60 days of
exposure were -43, -50, and -39 mV SCE, respectively. The corrosion potentials of
steel in the chloride-contaminated specimens were -404, -222 and -190 mV SCE,
respectively. These values in the specimens contaminated with sodium chloride plus

" sodium sulfate were -367, -303 and -275 mV SCE, respectively.

The corrosion potential-time curves for steel in concrete specimens exposed to 70 °C
are plotted in Figures 4.12 through 4.14. These data also indicated a trend similar to
that exhibited by the specimens exposed to temperatures in the range of 25 to 55 °C.

The corrosion potentials on steel after 76 days of exposure in the uncontaminated
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SRPC, OPC-A and OPC-B concrete specimens were -82, -74 and -70 mV SCE,
respectively. The corrosion potentials on steel in the chloride-contaminated specimens
were -178, -188 and -147 mV SCE, respectively. These values in the specimens

{contaminated with sodium chloride plus sodium sulfate were -202, -207 and -197 mV

SCE.

It should be noted that the reversible potentials of the saturated calomel electrode
may be affected by the exposure temperature. This effect was, however, neglected in

this study.
:4.3.2  Corrosion Current Density

The corrosion "current density (Icorr) on steel in the uncontaminated and
contaminated SRPC concrete specimens exposed to 25 °C is plotted in Figure 4.15. As
expected, the Igorr in the uncontaminated specimens was much lower than that in the
contaminated specimens. The Icorr in the specimens contaminated with sodium
chloride plus sodium sulfate was more than that in the specimens contaminated with
only sodium chloride. The average I in the chloride contaminated specimens was
1.05 pA/cm? compared to 1.18 pA/cm2 measured in the concrete specimens
“contaminated with sodium chloride plus sodium sulfate, where as it was 0.06 pA/cm?
on steel in the uncontaminated concrete specimens. Figures 4.16 through 4.18 show
the Icorr on steel in the uncontaminated and contaminated SRPC concrete specimens
exposed to 40, 55 and 70 °C, respectively. These data indicated a trend similar to that

exhibited by the specimens exposed to 25 °C.
Figures 4.19 through 4.22 show the Icorr 0n steel in OPC-A (C3A: 8.5%) concrete

specimens exposcd to temperatures in the range of 25 to 70 °C. In these specimens

also, the Iorr on steel in concrete specimens contaminated with sodium chloride plus
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sodium sulfate was more than that in the uncontaminated specimens and those
contaminated with only sodium chloride. The I¢orr 0n steel in the uncontaminated and
contaminated OPC-B (C3A: 14.5%) concrete specimens is plotted in Figures 4.23
;ithrough 4.26. These data indicated a behaviour similar to that exhibited by steel in

concrete specimens made with the other two cements.

The influence of temperature on Icor in the contaminated SRPC concrete specimens
is plotted in Figure 4.27. The points in these figures are the mean of those measured at
various periods of exposure. The Icorr Was observed to increase almost linearly with
temperature. As discussed earlier, the I¢orr on steel in concrete contaminated with

-sodium chloride plus sodium sulfate was more than that in specimens contaminated
with only sodium chloride. The I¢or in the chloride-contaminated concrete exposed to
25 °C was 1.05 pA/cm2, compared to a value of 2.08 pA/cm2 measured at 70 °C,
indicating a 98% increase in the corrosion activity due to augmentation in the
temperature. In the specimens contaminated with sodium chloride plus sodium sulfate,
these values were 1.18 pA/cm?2, 2.5 pA/cm? and 112 %, respectively. Figure 4.28
shows the influence of temperature on the Icorr On steel in OPC-A concrete specimens .
These data also indicated an increase in Igorr with temperature. The Igorr on steel in the
chloride-contaminated specimens exposed to 25 and 40 °C was more or less similar.

- -However, these values increased almost linearly for exposure temperatures of more

than 40 °C. The I¢orr on steel in the concrete specimens exposed to 25 °C was 0.4

HA/cm2, whereas it was 1.8 pA/cm? on steel in the specimens exposed to 70 °C. The
Icorr on steel in the concrete specimens contaminated with sodium chloride plus sodium

sulfate increased almost lincarly. The Igorr 0n steel in the specimens exposed to 25 and

70 °C was 0.5 and 2.45 pA/cm?, respectively. The effect of temperature on Igorr On

steel in the OPC-B concrete specimens is plotted in Figure 4.29. These data also
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indicated an increase in the corrosion activity with exposure temperature. The Icorr 0n
steel in the chloride-contaminated concrete was 0.23 and 1.4 pA/cm? for exposure
temperatures of 25 and 70 °C, respectively. The Icorr On steel in concrete contaminated

twith sodium chloride plus sodium sulfate increased from 0.4 to 1.95 pA/cm2 for a

similar rise in temperature.

The data on corrosion current density, discussed in the preceding paragraphs and
plotted in Figures 4.15 through 4.29 indicated an increase in the corrosion activity due
to: (i) incorporation of sulfate ions in the chloride-contaminated concrete, and (ii)
incrcase in the exposure temperature. Discussing the former aspect first, the role of

;_sulfale ions on the chloride-induced reinforcement corrosion in steel is not very well
investigated, particularly the mechanisms involved. However, most of the data
developed on this aspect indicated an increase in the corrosion activity due to the
concomitant presence of chloride and sulfate salts. The earliest study conducted to
study the effect of sulfate ions on reinforcement corrosion was that by Stratfull [166],
who investigated the individual effect of sodium sulfate and sodium chloride on
reinforcement corrosion. In that study, reinforcement corrosion was observed in the
specimens placed in sodium chloride solution while it was not observed in the
specimens placed in the sodium sulfate solution within the duration of tests (214 days).

- -According to Gouda and Halaka [76], even high dosages of sulfate ions do not appear
to have caused serious corrosion of reinforcing steel embedded in portland cement
concrete. Treadaway et al. [167] investigated the concomitant effect of chlorides and
sulfates on reinforcement corrosion and reported higher weight loss in the specimens
contaminated with sodium chloride plus sodium sulfate compared to the specimens
contaminated with only sodium chloride. Macmillan and Treadaway [168] also
indicated higher corrosion activity on steel in the specimens contaminated with chloride
and sulfate salts than in the specimens contaminated with only sodium chloride. The

corrosion rate in the specimens contaminated with 0.4% Cl” + 1.5% SO3 was higher
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than that in the specimens contaminated with only 0.4% C1” and was similar to those
contaminated with 1% CI” [168]. Al-Amoudi and Maslchuddin [17] investigated
_reinforcement corrosion in cement paste specimens immersed in the chloride, sulfate
i:md chloride plus sulfate environments. The results of that study indicated that while
the sulfate ions are hardly able to induce reinforcement corrosion, it was significant in
the specimens immersed in the sodium chloride plus sodium sulfate solutions.
Reinforcement corrosion was observed to increase two times when the sulfate
concentration in the 15.7% chloride solution was increased from 0.55 to 2.10%. An
extension of this study [72] to plain and blended cement concrete specimens indicated a
- similar trend. The effect of sulfate concentration was observed to be more pronounced
“on the corrosion rate, while no systematic effect was observed on the time to initiation

of reinforcement corrosion.

The influence of sulfate ions on reinforcement corrosion in the system Ca(OH)2-
steel-chloride was investigated by Gouda and Halaka [76], Al-Tayyib et al. [16] and
Morgan [169). Gouda and Halaka [76] indicated that small concentrations of Na2SO4,
as low as 0.2%, could cause steel depassivation. Al-Tayyib et al. [16] indicated that the
corrosion activity on steel exposed to sulfate solutions at elevated temperature (50 °C)
increases seven times compared to that immersed in the chloride solution. They
" Zattributed the increase in corrosion activity to the modification of the protective passive
film to a sulfate film, which is less protective than the original iron oxide film. Morgan
[169] indicated that addition of 50 ppm of SO4  brought about pitting at chloride
concentrations lower than when sulfate was absent. This corrosion-promoting effect of
sulfatc ions was also observed in the absence of chloride. Reducing the pH of a
saturated lime solution with sulphuric acid encouraged localized corrosion under
conditions where the same reduction of pH with acetic acid did not compromise
passivity. This was taken as evidence for the depassivating character of sulfate, which

was expressed as a critical [SO4 ]J/[OH] ratio of 0.42 for a pH of 11.5.
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Reinforcement corrosion was also observed in 10 mM/1 NaOH at threshold sulfate

concentrations below 0.3 mM/1 by Griffin [77].

»
»

The increased reinforcement corrosion in the specimens contaminated with sodium
chloride plus sodium sulfate observed in this study and those reported by other

rescarchers may be attributed to the following two causes:

Firstly, the concomitant presence of chloride and sulfate salts increases the
concentration of free chloride ions in the pore solution compared to the specimens
contaminated with only sodium chloride. This increase in the chloride concentration is

attributed to the simultancous reaction of C3A with both chloride and sulfate ions.

Secondly, the electrical resistivity of concrete contaminated with sodium chloride
plus sodium sulfate is lower than that of the specimens contaminated with only sodium
chloride. As shown in Table 4.4 [108], the electrical resistivity of concrete specimens
contaminated with sodium chloride was 1.4 to 7.0 times that in the specimens
contaminated with sodium chloride plus sodium sulfate. Thus, the presence of sulfate
ions in the chloride-contaminated concrete increases the rate of corrosion due to the
reduction in the electrical resistivity. Felliu et al. [170] and Lopez and Gonzalez [171]

- -have observed a direct proportionality between the rate of metallic corrosion and the
electrical conductivity of concrete. Several other rescarchers [172-173] have previously
related corrosion rate and electrical resistivity of concrete. As a result of an
investigation of offshore structures, Browne [172] stated that the concrete resistivity
must fall below the range of 5,000 to 10,000 Q.cm in order to support corrosion.
Cavalier and Vassic [173] investigated corrosion damage in a highway bridge and

concluded that corrosion is almost certain when resistivity is below 5000 Q.cm.
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Tablc 4.4: Electrical resistivity of contaminated concrete specimens exposed to

varying temperature [108]

: Electrical Resistivity, k.C2.cm
Exposure
Temperature °C Uncontaminated Chloride Chloride+sulfate

25 18.01 11.41 7197

40 26.02 2591 7.79

55 38.99 38.26 5.49

70 311.13 198.43 50.99

-The Icorr On steel in all the cements investigated increased with the exposure
temperature. It increased by 2 to 6 times when the exposure temperature was raised
from 25 to 70 °C. The acceleration in the corrosion activity may be attributed to the
acceleration of the electrochemical reactions. It is reported that the chemical reactions
are doubled when the exposure temperature is increased from 20 to 40 °C [25,39). In
studies conducted by Benjamin and Sykes [37,174] pitting potential was observed to
decrease with exposure temperature. This trend was observed in both steel placed in
the saturated calcium hydroxide solution and ordinary portland cement mortar
specimen. Schiessl and Raupach [38] also reported an increase in the corrosion density

- -when the temperature was increased from 15 to 20 °C. The mean value of acceleration

factor was reported to be 1.4. In studies conducted by Tuutti [28], the corrosion rate of

steel in the carbonated concrete was observed to increase with temperature. The
corrosion rate was reported to have increased two times for each 10 °C rise in
temperature. Maslehuddin et al. [175] also investigated the effect of temperature and
chloride contamination on the electrochemical behavior of mild steel placed in the
clectrolyte representing the concrete pore solution. The potentiodynamic curves for the
uncontaminated specimens (Figure 4.30) indicated a decrease in the pitting potential

with temperature. Pitting was observed in the uncontaminated specimens at potentials
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of +700, 4226, and +334 mV SCE when exposed to 25, 40, and 70 °C, respectively.
The authors attributed the pitting to the small amount of chloride of about 180 to 300
ppm present in the solution. Baumel and Engel [176] indicated that in a saturated
‘calcium hydroxide solution, chloride concentration as small as small 35 ppm has some
adverse effect on steel passivity. The polarization resistance (Rp) for specimens
exposed 1o the uncontaminated saturated calcium hydroxide solution at 25 °C was 147
k.Q.cm2, while it was 25 and 18 k.Q.cm? for specimens exposed to 40 and 70 °C,
respectively [175]. The potentiodynamic curves for mild steel placed in an alkaline
solution contaminated with chloride (Figure 4.31) and exposed to temperatures in the
range of 25 to 70 °C indicated an increase in the corrosion activity with temperature.
-While there was a marginal increase in the corrosion current density when the
temperature was increased from 25 to 40 °C, the increase in the corrosion current
density when the exposure temperature was increased from 40 to 55 °C was
substantial. No significant difference in the corrosion current density was observed in
the specimens exposed to 55 and 70 °C. Pitting corrosion was indicated in all the
specimens exposed to this environment. The pitting potentials were -225, -264, -368
and -386 mV SCE for exposure temperatures of 25, 40, 55 and 70 °C. The Rp was in
the range of 28 k.Q.cm? for the specimens exposed to 25 and 40 °C, while it was in the
range of 0.6 to 1.1 k.Q.cm? for those exposed to 55 and 70 °C. Investigations
- conducted by Henriksen [177] on the electrochemical behaviour of steel in Ca(OH)2
solution containing 0.1 N NaCl indicated a linear variation in the pitting potential with a
change of 25 mV for every 10 °C. Similarly, the corrosion rate, measured as the
current needed to maintain the passive potential on the specimen, increased linearly up
to 50 °C, with the rate doubling for every 10 °C. Lopez et al. [178] indicated an
increasc in the corrosion activity with temperature in saturated concrete, whereas no

appreciable effect of temperature was observed in concrete exposed to dry conditions.
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Figure 4.30:  Potentiodynamic curves for steel in simulated concrete pore solution
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The effect of C3A content of cement on the Igorr 0n steel in the concrete specimens
exposed to 25 °C is shown in Figure 4.32. The I¢orr decreased with increasing C3A
content of cement. The Icorr decreased significantly when the C3A increased from 3.5

:ito 8.5%. However, the reduction in the Icorr due to further increase in the C3A was not
that significant. The I¢orr on steel in the chloride-contaminated specimens decreased
from 1.08 to 0.25 pA/cm? as C3A increased from 3.5 to 14.5%. In concrete specimens
contaminated with sodium chloride plus sodium sulfate, the Icorr decreased from 1.18
to 0.4 pA/cm? for a similar increase in the C3A content of cement. Figures 4.33 and
4.34 show the effect of C3A content of cement on the I¢orr on steel in the contaminated
specimens exposed to 40 and 55 °C, respectively. These data also indicated a trend

-:similar to that exhibited by concrete specimens exposed to 25 °C. The variation in the
Icorr on steel with the C3A content of cement in concrete specimens exposed to 70 °C
are plotted in Figure 4.35. These data also indicate a decrease in the Icorr With
increasing C3A content of cement. The I¢orr decreased almost linearly with C3A in the
chloride-contaminated concrete specimens. In the concrete specimens contaminated
with sodium chloride plus sodium sulfate, the Icorr values in SRPC (C3A: 3.5%) and
OPC-A (C3A: 8.5%) were not that different. The Icorr on steel in OPC-B (C3A:14.5%)
was, however, lower than that in OPC-A concrete specimens. The Igorr 0n steel in the
chloride-contaminated specimens decreased from 2.0 to 1.4 pA/cm? for the C3A

- -varying from 3.5 to 14.5%. In the concrete specimens contaminated with sodium

chloride plus sodium sulfate this variation was from 2.5 to 1.95 pA/cm2,

In general, the data on corrosion current density indicated lower corrosion activity in
concrete specimens made with higher C3A content of cement. This may be attributed
to the chloride binding capacity of cements. The beneficial effect of C3A in reducing
the corrosion activity has been reported by several investigators
[33,78,99,100,179,180]. Monfore and Verbeck [99] found a five-fold decrease in the

free chloride concentration in hardened cement pastes treated with 2% CaClp in the mix
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water as C3A phase of the cement increased from 0 to 12.6%. In another long-term
series of tests [100] on reinforced concrete piles exposed to sea water at Florida,
concretes made with high C3A cements showed less cracking and spalling than those
.Emadc with low C3A cements. Similar effects have been observed by Baumel and
Engel [176) where cements with low C3A (6.5%) exhibited active corrosion behaviour
at lower CaCl; concentrations than cement containing a C3A of 14%. Roberts [78]
obtained experimental evidence from laboratory tests in which steel wires were
embedded in portland cement concretes both with and without calcium chloride added
to the mixing water used for making concrete prisms. A very slight corrosion was
recorded in OPC (C3A: 9%) when 1.4% CaCly, by weight of cement was present,
-while considerable corrosion occurred in SRPC (C3A: 1%) containing the same
amount of CaClz. No reinforcement corrosion was reported for either the low C3A
cement concrete or the high C3A concrete when no calcium chloride was present. The
improved performance of OPC over SRPC in reducing reinforcement corrosion was
also reported by Page et al. [33]. The beneficial effect of C3A content of cement on
corrosion of reinforcement, measured in terms of time to initiation of reinforcement
corrosion, was reported by Rasheeduzzafar et al. [93] based on accelerated corrosion
tests carried out on four ordinary portland cements with C3A contents of 2, 9, 11 and
14%. The time to initiation of reinforcement corrosion was observed to increase
- -linearly with the C3A content of cement. These results indicated that concretes made
with 9, 11, and 14% C3A performed 1.75, 1.93 and 2.45 times better than the cement
concrete specimens made with a 2% C3A cement. The time to cracking in the concrete
specimens containing admixed chlorides was also observed to be lower in OPC
concrete specimens comparcd to SRPC concrete [179]. The OPC cement concrete
specimens cracked in a period which varied from 1.87 to 1.60 times than that noted in
the SRPC concrete specimens for chloride contamination levels ranging from 1.2 to 2.4

kg/m3. The data on loss of metal indicated a similar trend [179]. Results projecting the
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beneficial effect of C3A content of cement in reducing reinforcement corrosion have

also been reported by Baweja et al. [180].

»

‘44 SUMMARY OF RESULTS

The data on reinforcement corrosion in chloride-contaminated SRPC and OPC
concrete specimens indicated that the corrosion activity is mainly influenced by: (i)
exposure temperature and (ii) sulfate contamination. The corrosion activity increased
by 2 to 6 times due to increase in the temperature from 25 to 70 °C. The acceleration

factor for every 15 °C being in the range of 1.26 to 1.87. The increase in the corrosion

'-acti\}ity due to increasing temperature may be attributed to the increase in the rate of

chemical reactions.

The increase in the corrosion activity due to the concurrent presence of chloride and
sulfate salts was 1.1 to 2.4 times that measured in concrete specimens contaminated
with only sodium chloride. The increase in the corrosion activity due to the inclusion of
sulfate in the chloride-contaminated concrete specimens may be attributed to the

combined effect of decrease in the chloride binding and electrical resistivity of concrete.

The beneficial effect of high C3A cements in mitigating reinforcement corrosion
was cvident in the contaminated specimens exposed to all the temperaturcs. The
corrosion current density on steel in the chloride-contaminated SRPC (C3A: 3.5%)
concrete was 2.7 and 4.6 times that in OPC-A (C3A: 8.5%) and OPC-B (C3A: 14.5
%), respectively, at 25 °C. The Icorr on steel in the SRPC concrete specimens exposed
to 70 °C was 1.2 and 2.5 times that in OPC-A and OPC-B, exposed to similar
temperature. The Igorr 0n steel in SRPC concrete specimens contaminated with sodium
chloride plus sodium sulfatc was 2.4 to 1.02 times that in OPC-A for exposurc

temperature varying from 25 to 70 °C. The increase in the corrosion current density on
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stecl in SRPC concrete compared to that in OPC-B concrete was 3 and 1.25 times for

exposure temperatures of 25 and 70 °C, respectively.

* In summary, the data developed in this Chapter indicated that chloride-sulfate
contamination and temperature significantly affect the mechanisms of reinforcement
corrosion. This is of particular interest in the hot and arid environments where the
concomitant presence of chloride-sulfate contamination and elevated temperatures may

drastically reduce the useful-service-life of reinforced concrete structures due to increase

in the rate of reinforcement corrosion.

The data developed in this part of the study pertains to situations where the
chlorides and sulfates or both, may be inducted into concrete through mixture
ingredients, such as unwashed aggregates or usage of brackish water in mixing or
curing of concrete. This is a common construction practice in the Arabian Gulf where
desalinated or potable water is relatively scarce. Another situation which is commonly
observed in the Arabian Gulf region, is that related to permeation of chloride and sulfate
ions to the steel-concrete interface through extraneous sources during the service-life of
concrete structures. Concrete substructures exposed to sulfate-chloride-bearing sabkha
soils and groundwaters in the Arabian Gulf represent a typical situation of this category.
- -On a global scale, concrete structures exposed to a marine environment, which contains
both sulfates and chlorides, also fall in this category. An increase in the reinforcement
corrosion activity may also be envisaged in such situations. At elevated temperatures,
the diffusion of the aggressive species to the steel-concrete interface, is accelerated and
as shown in Chapter 3, the chloride binding by cement is significantly decrcased duc to
exposure to elevated temperatures or due to the concomitant presence of chloride and
sulfate salts. Further, elevated temperature is detrimental in the uncontaminated
concretes as well as the diffusion of aggressive specics such as chlorides is known to

increase with exposure temperature [80,181-182].
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The data developed in this part of the investigation relate to concrete made in the
laboratory. The small size of the specimens and controlled laboratory conditions do not
‘truly represent the actual field conditions. Therefore, there is a need to evaluate the

effect of temperature and chloride and sulfate concentration on reinforcement corrosion

in the in-service structures.
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CHAPTER 5

EFFECT OF TEMPERATURE AND SALT
CONTAMINATION ON CARBONATION IN
OPC AND BLENDED CEMENTS

51 CARBONATION IN CONCRETE
 Carbonation in concrete normall y involves a chemical reaction between atmospheric
carbon dioxide and the products of cement hydration. This reaction results in a
significant reduction in the pH of the pore solution due to removal of hydroxyl ions.
Steinour [183] indicated that virtually all of the cement hydrates in the cement paste
matrix react with carbon dioxide. The main cement hydrates, i.e., calcium silicate
hydrate, calcium hydroxide and various calcium aluminate or ferro-aluminate hydrates
react to produce calcium carbonate, silica gel and hydrated aluminum and iron oxides
[183-192]. Factors influencing carbonation of concrete include, concrete mix design,
curing, moisture condition, and temperature. Based on DSC and FT-IR analyscs, Sakai
" “etal. [193] indicated that C-S-H decomposes to calcite and silica gel or to C-S-H with a

low Ca/Si ratio due to carbonation.

52 CARBONATION OF CONCRETE IN THE ARABIAN GULF

Though deterioration of concrete structures in the Arabian Gulf is primarily
attributed to chloride-induced reinforcement corrosion, carbonation of concrete to an
advanced stage, sometimes to the rebar level, is not uncommon. This is particularly

true as the environmental conditions in the Arabian Gulf are marked by elevated
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ambient temperatures (40 °C and above) and relative humidity (50-60%). These
temperature and humidity regimes are particularly suitable to accelerate the carbonation
process. There is a general agreement that carbonation is maximum at a relative
_ihumidily between 50 and 70% [36, 185, 194-195]. Similarly, the rate of carbonation
was observed to increase with temperature [196). In-situ investigations of buildings in
Bahrain were carried out by Treadaway [197] to evaluate the carbonation depth in
reinforced concrete structures. Based on these surveys, he concluded that the rate of
carbonation in many of the structures was considerably higher than would have been
anticipated, to the extent that the depth of cover to the steel in some cases was less than
the depth of carbonation, within the design life of the building. Further, based on the
;expcrimemal work conducted on the exposure site at Bahrain, it was indicated that
concrete meeting the requirements of BS 8110 for severe/very severe exposure should
be specified for the service conditions of this region to avoid carbonation [197]. Smith
and Evans [198] concluded that concrete carbonation depths of 25 to 75 mm after 40
years can be expected in reinforced concrete structures in this region, primarily due to
the local environmental conditions, construction materials used and the construction
techniques adopted. Weir et al. [199] reported depths of carbonation from 1 to 10 mm
after 12 years for a culvert in Oman. The water/cement ratio of the concrete was 0.5
and 28-day compressive strength was 28 MPa. Measurements at a desalination plant in
< ,vlhe Arabian Gulf [200] indicated carbonation depths of 8 to 20 mm after 10 years in
concrete made with a water/cement ratio of 0.70. The author maintained that use of
high quality dense concrete, impermeable finishes and coated or stainless steel was
necessary to achieve a life expectancy of 40 to 50 years for reinforced concrete in the
environmental conditions of the Arabian Gulf. Studies conducted by Shalon and
Raphael [201] on the effect of temperature and humidity on carbonation indicated
maximum depth of carbonation at RH between 65 to 75%. At 90% RH, carbonation
was considerably less. Shalaby [202] investigated the causes of failure of five

deteriorated reinforced concrete structures exposed to marine and non-marine
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cnvironments in Kuwait. After about 10 years in service, carbonation depths of 10 to
35 mm were measured in these structures. The author attributed the deterioration of
non-marine structures to excessive carbonation. After 3 years of service, the depth of
:carbonation in the atmospheric zone of the Saudi Arabia-Bahrain causeway was
observed to be 13 mm compared to 2 mm observed in the splash zone [203]. No
carbonation in the tidal and submerged zone was observed. High quality concrete
(cement content of 400 kg/m3) and portland blast furnace slag cement was used in the
construction of this causeway. In-situ investigations conducted by Hussain et al. [204)
on a reinforced concrete structure in an industrial area along the Arabian Gulf indicated
carbonation to a depth of 15 mm on the exterior components, whereas on the interior
-components carbonation depths of 3 to 5 mm were recorded after about 6 years in
service. Fontenay [22] established the rate of carbonation of different concrete mixes
under varying curing and exposure conditions of the Arabian Gulf. He reported that for
concrete with low water-cement ratio the rate of carbonation in the Arabian Gulf
environment was not significantly higher than that obtained in a temperate climate,
provided the concrete had been well cured. In improperly cured concrete, however, the
rate of carbonation was two to four times higher than that in a temperate climate.
Fattuhi [205] evaluated the long-term effect of Arabian Gulf environment on
carbonation in concrete made with varying water-cement ratios. The rate of carbonation

. .was observed to be higher than that reported in Europe for similar concretes.

While the studies cited above have generally indicated accelerated carbonation of
concrete in the Arabian Gulf conditions, compared to the temperate climatic conditions,
data are lacking on the role of temperature and the chloride-sulfate contamination on the
changes in the concrete alkalinity. Limited studics conducted by Rasheeduzzafar [206],
Al-Amoudi et al. [207] and Macmillan and Treadaway [168] have indicated that the

presence of chloride and/or sulfate contamination within concrcte may accelerate

carbonation of concrete.
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This Chapter discusses the results of the experimental work conducted to evaluate
the effect of chloride-sulfate contamination and elevated temperature on carbonation in
the ordinary portland cements. Also, the carbonation behaviour of blended cements,
incorporating supplementary cementing materials like fly ash, blast furnace slag and

silica fume, particularly in the presence of chloride-sulfate contamination was evaluated.

5.3 EXPERIMENTAL WORK

5.3.1  Experimental Variables

The experimental work in this part of the investigation was divided into two series.

In Series I, carbonation of ordinary and sulfate resisting portland cements exposed
to elevated temperature and contaminated with sodium chloride and sodium chloride
plus sodium sulfate was investigated. In Series II, carbonation of blended cements
exposed to elevated temperature and contaminated with sodium chloride plus sodium
sulfate was evaluated. For comparison, uncontaminated specimens were also exposed
to the carbonation environment. The experimental variables in Series I and Series 11
* -are detailed in Tables 5.1 and 5.2, respectively. As stated in Chapter 3, the total SO3
content in all the cements was adjusted to 6% to compensate for the variation in the

SO3 concentrations in the blending materials.
5.3.2  Specimen Preparation

Cement mortar specimens 50 mm @ and 75 mm height were used to evaluate the
effect of chloride-sulfate contamination and temperature on carbonation. The chemical

composition of the cements used in Series I specimens are detailed in Table 3.2, while
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Table 3.4 shows the chemical composition of the blending materials used in the
blended cement mortar specimens. Dune sand of specific gravity 2.62, absorption
0.57% and fineness modulus 1.3 was used in the cement mortar specimens. A sand to
;.cemcntilious materials ratio of 2.0 (cement content 1000 kg/m3 of mortar) and effective
water to cementitious materials ratio of 0.50 was used in all the mortar mixes. In the
blended cements, the pozzolanic materials were used as a replacement of cement. In
the fly ash cement mortar specimens, 20% fly ash was used as a replacement of
cement. In the silica fume cement mortar specimens, 10% cement was replaced with
silica fume, while blast furnace slag (BFS) cement contained 70% BFS and 30% OPC.
Chloride additions were made by dissolving the required quantities of analar grade
;sodium chloride, while sodium sulfate was used to obtain the required sulfate
concentration. The ingredients were mixed in a mortar mixer till a uniform colour was
obtained. The mortar was then placed in the plastic containers, which were then lightly
tapped to eliminate entrapped air. After about 28 days of curing in the laboratory
temperature, in the sealed plastic vials, the specimens were taken out of the molds and

placed in an exposure chamber, till the time of testing.
5.3.3  Exposure Conditions

The mortar specimens were exposed to a constant temperature, humidity and CO2
conditions. The temperature of the exposure chamber was maintained at 55 °C and
75% RH. The exposure temperature, of 55 °C, was selected to represent the concrete
surface temperature corresponding to an average ambient temperature of 35 °C
normally recorded in the Arabian Gulf. The relative humidity considerably affects the
rate of carbonation. It has been shown that the carbonation rate diminishes at low and
high moisture contents. The maximum rate is often observed at relative humidities
between 50 and 70% [36, 194-195]. Therefore, testing at relative humidities around

60% is a common practice in many laboratories [208]. However, the humidity in the
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coastal arcas of the Arabian Gulf normally ranges from 70 to 80%, rcaching 100% at
times. To represent the actual environmental conditions, the relative humidity in the

cxposure chamber was maintained at 75%.

CO2 and air were introduced in the exposure chamber such that the resulting CO2
concentration was 3%. High concentrations of CO2 have often been used to evaluate
the relative durability of the materials in the actual environment. The rate of carbonation
is known to increase with the concentration of carbon dioxide [185], but a small
increase in the rate of carbonation beyond 1% by volume was noticed. Hamada's
extensive results [209] suggest that accelerated test results correlate broadly with depths

;_of carbonation measured at normal carbon dioxide levels. The results of Nischer [210]

indicated that the effect of a higher carbon dioxide level is greater with concretes having

a strength less than 30 MPa.

Table 5.1: Experimental variables to evaluate the effect of chloride-sulfate
contamination on carbonation in ordinary and sulfate resisting portland
cements

Variables Details

Specimens Cement mortar specimens made with SRPC,

OPC-A, and OPC-B (C3A: 3.5, 8.5, and 14.5%)

Contamination level 0%

0.8% CI-
0.8% CI" + 1.5% SO3 ™~

Exposure Temperature 35%C

Monitoring Period up to 52 weeks

Tests Depth of carbonation

Weight gain

Scanning electron microscopy
X-ray diffraction

DTA/TG
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Table 5.2: Experimental variables to evaluate the effect of chloride-sulfate
contamination on carbonation in blended cements

‘Vari ables Details

Specimens OPC-A (C3A: 8.5%)

ASTM C 618 Class F fly ash cement (20%
cement replacement)

Silica fume cement (10% cement replacement)

Blast furnace slag cement (70% BFS)

Contamination level 0%
0.8% CI" + 6.0% SO3

Exposure Temperature 55 °C

Monitoring Period up to 52 weeks

Tests Depth of carbonation
Weight gain

Scanning electron microscopy
X-ray diffraction
DTA/TG

5.3.4  Test Techniques

53.4.1 Carbonation Depth

The carbonation depth was measured by spraying phenolphthalein on a freshly
broken specimen. The phenolphthalein indicator gradually changes from colourless to
red at broken surfaces with a pH greater than 9.0 to 9.5 [185,211-213], while the
carbonated surface remains colourless. This method of monitoring the depth of
carbonation is well documented [185,211,213-214], is convenient to use and can give
reproducible results [35]. The only draw back with this method is that it indicates the

depth at which the pH is about 9.0 and this docs not necessarily correspond to either the
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boundary between uncarbonated and partially carbonated concrete or the boundary
between partially carbonated and fully carbonated concrete. Studies to evaluate
alternative methods of measurement of carbonation depth generally concluded that the
-phenolphthalein indicator provides an approximate and incomplete picture of
carbonation, since it cannot show the width of the carbonating zone [212,216-219].

Some investigators recommend the use of additional [220-221], or universal pH

indicators [221].

A number of alternative methods are available for monitoring carbonation. X-ray
diffraction can be used to measure the reduction in the calcium hydroxide and increase
_in various forms of calcium carbonate [184,209,216,221]. Similar information can
also be obtained using thermal analysis [192,219,221-223]). The amount of bound
carbon dioxide can also be determined by chemical extraction method [209,219]. Infra
red absorption can be used to monitor the formation of silica gel when calcium silicate
hydrate carbonates [184,192]. The presence of calcium carbonate can be observed
directly in thin sections of concrete viewed under polarized light in an optical
microscope [220]. Curtil et al. [224] indicated that the polarizing microscope picture
gives clear indication of the carbonation of concrete and the mineralogical components
can be identified. According to them, phenolphthalein test is not accurate for

- determining the depth of carbonation because it overestimates the depth of carbonation.

Inspite of the inherent drawbacks, the phenolphthalein method is widely used

because it is convenient and provides reproducible results.

In this study, the depth of carbonation was measured using phenolphthalein
indicator in accordance with the method outlined in RILEM Recommendation CPC-18

[211] for measurement of hardencd concrete carbonation depth. At least six readings
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spread all over the circumference of three specimens, at cach test period, were

mecasured and average values recorded.

5342 Weight Gain

The degree of carbonation was also evaluated by measuring the weight change of
the specimens. To evaluate the weight change due to carbonation all the specimens
were weighed before placement in the chamber. After removing them from the
exposure chamber, they were weighed and the weight change was calculated as the
~ percentage of the original weight. This method is a non-destructive means of
-monitoring the progress of carbonation using small sized specimens, particularly under

controlled humidity conditions [185,225]. Parrott [208] has observed a close
relationship between weight gain and carbonation and indicates that kinetic aspects of

carbonation can be assessed from the weight gain versus time data.

5.3.43 X-ray Diffraction

X-ray diffraction has been used to monitor the effect of carbonation on phase
composition of the cement [184,209,216,221]). This technique is useful in evaluating
" the reduction in the calcium hydroxide content and increase in the various forms of
calcium carbonate. The X-ray diffraction technique is a semi-quantitative technique
primarily used on crystalline materials for determining the weight fractions of

crystalline phases down to about 1%. The details of this technique have been discussed

in Chapter 3.

X-ray diffraction patterns for the carbonated and uncarbonated portions, samples
demarcated by the colour change in the phenolphthalein test, were used to identify the

compound composition and their weight proportion.
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5344 in S i

Scanning electron microscopy (SEM) was used to evaluate the morphological
changes occurring in the contaminated and uncontaminated cement mortar specimens
due to carbonation. These studies were conducted using a JEOL Model JSM-840
scanning electron microscope. The scanning electron microscope used in this
investigation is also equipped with energy dispersive X-ray analyzer (EDXA) which

provides information on elemental composition of the specimen under consideration.

‘54  RESULTS

5.4.1  Depth of Carbonation

The depth of carbonation in the contaminated and uncontaminated SRPC (C3A:
3.5%) mortar specimens exposed to the CO2 atmosphere up to 54 weeks is plotted in
Figure 5.1. The depth of carbonation increased with the exposure period. In the mortar
specimens contaminated with sodium chloride plus sodium sulfate the carbonation
depth was more than that in the uncontaminated specimens and those contaminated
with sodium chloride only. These values in the specimens contaminated with sodium
chloride plus sodium sulfate were 10 mm compared to about 7 mm observed in the
specimens contaminated with only sodium chloride, after 44 weeks of exposure. The
depth of carbonation in the uncontaminated mortar specimen was 1 mm. The variation
in the carbonation depth with the period of exposure in the uncontaminated and
contaminated OPC-A (C3A: 8.5%) mortar spccimens is plotted in Figure 5.2. These
curves also indicated a trend similar to that exhibited by the SRPC mortar specimens.
The depth of carbonation in the mortar specimens contaminated with sodium chloride

and sodium chloride plus sodium sulfate was 7 and 8 mm, respectively, after 54
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weeks of exposure to the CO atmosphere. The depth of carbonation in the

uncontaminated specimen was approximately 1.5 mm after this exposure period.

The variation in the depth of carbonation in OPC-B (C3A: 14.5%) mortar
specimens is plotted in Figure 5.3. In this cement also the depth of carbonation in the
specimens contaminated with sodium chloride plus sodium sulfate was more than that
in the specimens contaminated with only sodium chloride. The depth of carbonation in
the specimens contaminated with sodium chloride plus sodium sulfate was about 11
mm after about 33 weeks of exposure to the CO2 atmosphere. The depth of

_ carbonation in the specimens contaminated with sodium chloride was 7 mm, while it

~was 0.6 mm in the uncontaminated specimens.

The depth of carbonation in the uncontaminated blended cement mortar specimens
are plotted in Figure 5.4. For the sake of comparison, the depth of carbonation in the
parent OPC mortar specimens is also plotted in this figure. After about 45 weeks of
exposure, the maximum depth of carbonation was indicated in the fly ash cement
mortar specimens, being 2 mm. The depth of carbonation in the blast furnace slag and
silica fume cement mortar specimens, after this exposure period, was 1.5 and 0.75
mm, respectively. The variation in the carbonation depth in the contaminated OPC and
blended cement mortar specimens is plotted in Figure 5.5. The depth of carbonation,
after about 51 weeks of exposure, was 11,9, and 9 mm in the blast furnace slag, silica

fume and fly ash cement mortar specimens, compared to 10 mm in the parent OPC

mortar specimens.

The data on carbonation depth, plotted in Figures 5.1 through 5.5, indicated a
parabolic relationship between the depth of carbonation and the exposure period. Such

a relationship has been noted in all the cements. Since carbonation is mainly a diffusion
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process its progress is often represented by the relationship:

Dc =k (1)03

where: Dc = carbonation depth, mm
k = carbonation rate constant, mm/(day)0-5

t = exposure period, days.

The existence of the above relationship between the depth of carbonation and period
of exposure has been confirmed by many researchers [226,227). According to Tuutti
[28], the exponent for time depends on the exposure conditions and may be less than
0.5. Smolczyk [228] summarized research carried out in various countries and pointed
out that carbonation depended on many factors including the quality of concrete and the
conditions of exposure. The important environmental factors which affect carbonation
were considered to be carbon dioxide concentration, humidity, and temperaturc. Ho
and Lewis [229] suggested that under similar conditions of exposure, carbonation may

be closely related to 1/F0-5, where F is the compressive strength of concrete at the time

of carbonation.

Table 5.3 shows the carbonation rate constant, k, for the contaminated and
uncontaminated plain and blended cement mortar specimens investigated in this study.
The carbonation rate constant for the uncontaminated plain and blended cements varied
from 0.03 to 0.098. The maximum rate of carbonation was observed in the blast
fumnace slag cement mortar specimens. The increased carbonation in the blast furnace
slag cement compared to other cements, exposed to similar environment, has been
reported by other researchers [230,231]. The carbonation rate constant in the cement
mortar specimens contaminated with only sodium chloride varied from 0.40 to 0.47.

The carbonation rate constants for the plain and blended cements contaminated with
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sodium chloride plus sodium sulfate were in the range of 0.55 to 0.82, which were on
an average 1.5 times those in the chloride-contaminated specimens and 10 times those

in the uncontaminated specimens.

Table 5.3: Carbonation rate constant® in the contaminated and uncontaminated
OPC and blended cement mortar specimens

Contamination

Cement

Type None Chloride Chloride + Sulfate
SRPC 0.058 0.40 0.620
OPC-A 0.076 0.410 0.649
OPC-B 0.030 0.468 0.815
Fly Ash 0.088 - 0.540
Silica Fume 0.036 -- 0.553
Blast Furnace Slag 0.098 - 0.642

* Carbonation rate constant, k = mm/(days)(©-5)

Figures 5.6 through 5.12 demarcate the carbonated (dark) and uncarbonated (white)
zones in some of the contaminated and uncontaminated plain and blended cement
mortar specimens after about 51 weceks of exposure. These pictures indicate a larger
carbonation area in the specimens contaminated with sodium chloride plus sodium
sulfate in comparison with the uncontaminated specimens. This behaviour was

observed in both the plain and blended cement mortar specimens.

54.2  Weight Gain

The change in weight of the mortar specimens, expressed as a percentage of pre-
exposure weight, with the duration of exposure to the CO; atmosphere is plotted for the
contaminated and uncontaminated SRPC mortar specimens in Figure 5.13. Weight
gain was indicated in the specimens contaminated with sodium chloride plus sodium

sulfate after about 4 weeks of exposure, whereas a reduction in weight was indicated in
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OPC-A (C3A: 8.5%) MORTAR SPECIMEN
NO CONTAMINATION
EXPOSURE - 54 WEEKS

Figure 5.6: Photograph of uncontaminated OPC-A mortar specimen showing the
extent of carbonation

SRPC (C3A: 3.5%) MORTAR SPECIMEN
NO CONTAMINATION
EXPOSURE - 54 WEEKS

Figure 5.7 Photograph of uncontaminated SRPC mortar specimen showing the

extent of carbonation
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BLAST FURNACE SLAG CEMENT MORTAR SPECIMEN
NO CONTAMINATION
EXPOSURE - 44 WEEKS

Figure 5.8: Photograph of uncontaminated BFSC mortar specimen showing the
extent of carbonation

OPC-A (C3A: 8.5%) MORTAR SPECIMEN
CONTAMINATED WITH Cl-+ S0 4~
EXPOSURE - 51 WEEKS

Figure 5.9:  Photograph of OPC-A mortar specimen contaminated with Cl+SOy4
indicating the extent of carbonation



FLY ASH CEMENT MORTAR SPECIMEN
CONTAMINATED WITH Cl-+ SO 4
EXPOSURE - 51 WEEKS

Figure 5.10:  Photograph of fly ash cement mortar specimen contaminated with
Cl+S04 indicaung the extent of carbonation

SILICA FUME CEMENT MORTAR SPECIMEN
CONTAMINATED WITH Cl-+ SO 4
EXPOSURE - 51 WEEKS

Figure 5.11:  Photograph of silica fume cement mortar specimen contaminated with
Cl1+SOy4 indicating the extent of carbonation
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BLAST FURNACE SLAG CEMENT MORTAR SPECIMEN
CONTAMINATED WITH Cl-+ SO 4~
EXPOSURE - 51 WEEKS

O S o I . iy * : e s . . .
Figure 5.12:  Photograph of blast furnace slag cement mortar specimen contaminated

with Cl+S0Oy4 indicating the extent of carbonation
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the uncontaminated specimens at all the exposure periods. In the specimens
contaminated with sodium chloride the weight was more or less equal to that at the pre-
exposure period after 20 weeks of exposure. After 54 weeks of cxposure,
approximately 1.25% weight gain was indicated in the mortar specimens contaminated
with sodium chloride plus sodium sulfate. The weight gain in the uncontaminated
specimens and those contaminated with sodium chloride was -1.45 and 0.1%,

respectively.

The weight gain in the contaminated and uncontaminated OPC-A (C3A: 8.5%)
mortar specimens is plotted in Figure 5.14. These curves also indicated a trend similar
to that observed in SRPC mortar specimens, in that the weight gain was indicated to be

higher in the contaminated specimens as compared to the uncontaminated specimens.

The weight gain in the uncontaminated blended cement mortar specimens is plotted
in Figure 5.15. No weight gain was indicated in the OPC, fly ash and silica fume
cement mortar specimens even after 10 weeks of exposure. After this time, a small
gain in weight was indicated in the blast furnace slag cement mortar specimens, while
weight gain was indicated in the silica fume cement mortar specimens after about 20
weeks of exposure. The weight gain in the contaminated cement mortar specimens is
plotted against the period of exposure in Figure 5.16. The weight gain was indicated in
the plain and blended cement mortar specimens, morc or less after 5 weeks of
exposure. The weight gain in the silica fume, fly ash and blast furnace slag cement
mortar spccimens, after about 51 weeks of exposure, was approximately 2.95, 1.75 and

1.25%, respectively, compared to a weight gain of 2.0% measured in the contaminated

OPC.

In summary, the data on weight gain, discussed in Figures 5.13 through 5.16,

indicated higher weight gain in the specimens contaminated with sodium chloride plus
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sodium sulfate compared to the uncontaminated specimens and those contaminated
with only sodium chloride. The weight gain in the specimens contaminated with only
sodium chloride was more than that in the uncontaminated specimens. In fact,
practically no weight gain was observed in the uncontaminated cement mortar

specimens. This behaviour was observed in both the plain and blended cements.
54.4  SEM Analysis

For SEM analysis the uncarbonated and carbonated portions of the mortar
specimens were selected. The specimens were first subjected to EDX analysis and
there after coated with gold for examination under the scanning electron microscope.
Figure 5.17 shows the scanning electron micrograph for the uncarbonated OPC mortar
specimen contaminated with sodium chloride plus sodium sulfate. A fibrous structure
of the C-S-H was indicated in this micrograph. The EDX analysis of the area (Figure
5.18) indicated the presence of mainly Ca (74%) and Si (13%). Traces of Al (1.9%), S
(3.9%) and Cl (1.8%) were also observed. The SEM micrograph of the carbonated
OPC mortar specimen is shown in Figure 5.19. This micrograph indicated a dense
micro structure of the C-S-H. The area EDXA (Figure 5.20) indicated the presence of
Ca, Si, Al, S and Cl. Si (23.4%) and Ca (69%) were the major components. The
presence of white lumped crystalline formations at isolated spots was also indicated in
this micrograph. The EDX analysis of one of these crystals (Figure 5.21) indicated it
to be mainly Ca (89%) with little Si (5.36%). It is presumed that it is CaCO3, since a
higher magnification picture of the uncarbonated specimen did not reveal the presence
of such formations. The SEM micrograph of the uncarbonated fly ash cement mortar
specimen contaminated with sodium chloride plus sodium sulfate is shown in Figure
5.22. A regular fibrous C-S-H morphology with isolated white crystal formations
(CaCQg) is indicated. The area EDX analysis (Figure 5.23) indicated it to be mainly

Ca (75.57%), Si (12.7%), in addition to traces of Al, S and CI. Figurc 5.24 is a
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Figure 5.17:  Scanning electron micrograph of the uncarbonated portion of OPC
mortar specimen contaminated with Cl+S04
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Figure 5.18:  Arca EDXA of the uncarbonated portion of OPC mortar specimen
contaminated with Cl+S0y4
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gure 5.19: Scanning electron micrograph of the carbonated portion of OPC mortar
specimen contaminated with Cl+S0y4
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Figure 5.20:  Arca EDX analysis of the carbonated portion of OPC mortar specimen
contaminated with Cl+SOy4
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Figure 5.21: EDX analysis of CaCO3
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Figure 5.22:  Scanning clectron micrograph of the uncarbonated portion of fly ash

cement mortar specimen contaminated with C1+SOy4
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Figure 5.23:  Arca EDXA of the uncarbonated portion of fly ash cement mortar

specimen contaminated with Cl4+S0y4
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scanning electron micrograph of the carbonated portion of the contaminated fly ash
cement mortar specimen. This micrograph indicated a dense C-S-H morphology, with
whitc crystalline formation, probably CaCQO3, spread all over C-S-H. The general area
analysis (Figure 5.25) indicated the presence of Ca (76%), Si (10%) and Al (2%). The
scanning electron micrograph for the uncarbonated portion of silica fume cement
mortar shown in Figure 5.26, indicated a fibrous structure of the C-S-H gel. The area
EDX analysis (Figure 5.27) indicated the presence of Ca (73%), Si (15.7%), Al
(1.5%), Cl1 (1.71%) and S (3.8%). The SEM micrograph for the carbonated silica fume
blended cement mortar specimen, shown in Figure 5.28, indicated a dense C-S-H with
the presence of concentrated white CaCOj3 crystals spread all over it. The EDX
analysis, (Figure 5.29), indicated a similar composition as that of the uncarbonated
specimen (Figure 5.27). The SEM analysis of the uncarbonated blast furnace slag
cement mortar specimen, shown in Figure 5.30, indicated it to be platy C-S-H
structure with the presence of white amorphous formations at isolated spots. The area
EDX analysis (Figure 5.31) indicated the presence of Ca (58%), Si (28.2%), Al (4%)
and S (2.1%). The presence of other elements, such as Na, Mg, K and Fe, in
insignificant quantities was also indicated. The scanning electron micrograph of the
carbonated portion, (Figure 5.32), at a similar magnification as the uncarbonated
portion, indicated a disintegrated C-S-H with the predominant presence of the
crystalline formations covering it at isolated spots. These formations lumped together
at isolated spots to form crystals bigger than that in the uncarbonated portion. The
EDX analysis (Figure 5.33) indicated the presence of Ca (58%), Si (27%), Al (3.7%)
and S (4.8%). The EDX analysis of the crystalline formations (Figure 5.34) indicated
it to be mainly Ca (72.5%) with little Si (9.8%) and S (11.2%).

In general, the SEM micrographs of the contaminated plain and blended cement

mortar specimens indicated the transformation of fibrous to platy C-S-H structure to a

more dense structure due to carbonation. While this trend can be gencralized for OPC,
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Figure 5.24:  Scanning electron micrograph of the carbonated portion of fly ash
cement mortar specimen contaminated with Cl4+S04
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Figure 5.25: Arca EDXA of the carbonated portion of fly ash cement mortar
specimen contaminated with Cl+S0y4



Figure 5.26:  Scanning electron micrograph of the uncarbonated portion of silica fume
cement mortar specimen contaminated with Cl+SOy
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Figure 5.27:  Arca EDXA of the uncarbonated portion of silica tume cement mortar
specimen contaminated with Cl+SOy4



Figure 5.28:  Scanning electron micrograph of the carbonated portion of silica fume
cement mortar specimen contaminated with Cl4+S0y4
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Figure 5.29:  Arca EDXA ol the carbonated portion of silica fume cement mortar
specimen contaminated with Cl+SOy4

238
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Figure 5.31:

Scanning electron micrograph of the uncarbonated portion of BES

ement mortar specimen contaminated with Cl+SOg4

S e

Kilnp Fe

Arca EDXA of the uncarbonated portion of BES cement morta
specimen contaminated with Cl+S0y



w \

e

"

1

{ » -

ure 5.32: Scanning electron micrograph of the carbonated portion of BES cement
mortar specimen contaminated with Cl+804

Figure 5.33:  Arca EDX analysis of the carbonated portion of BES cement mortar
specimen contaminated with Cl+SOy
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Figure 5.34:  EDX analysis of the crystal formations in the carbonated portion of
BFS cement mortar specimens contaminated with C1+S04
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fly ash and silica fume cements, disintegration of the C-S-H duc to carbonation was
observed in the blast furnace slag cement. However, it may be noted that SEM
technique has a severe limitation in that the observation at a location relates to a very

small arca and one has to be cautious in interpreting the results based on this technique.
5.4.5  XRD Analysis

The X-ray diffractogram for the uncarbonated portion of OPC-A mortar specimen
is shown in Figure 5.35. This diffractogram indicated the presence of quartz (SiO2),
portlandite (Ca(OH)2), and calcite. The X-ray diffractogram for the carbonated portion
(Figure 5.36) shows the peaks for the same compounds, except that the quantity of
portlandite formed in the carbonated sample was slightly lesser than that in the
uncarbonated portion. Similarly, the peak for calcite in the carbonated portion bccomes
slightly more significant than in the uncarbonated portion. The quantitative analysis
indicated that the portlandite decreases from 17 to 13% due to carbonation, whereas
calcite constituted 12% of the carbonated portion. The insignificant change in the
Ca(OH)3 content due to carbonation in the uncontaminated specimens indicates that
practically no carbonation has taken place in these specimens. These findings
corroborate the results of carbonation depth determined by phenolphthalein solution,
which indicated minimum carbonation in the uncontaminated specimens. The X-ray
diffractogram for the carbonated portion of the OPC mortar specimens contaminated
with sodium chloride plus sodium sulfate is plotted in Figure 5.37. The formation of
calcium carbonate and portlandite can be discerned in these specimens. In the
carbonated specimen, Figure 5.38, formation of quartz and calcite was only discerncd.
The X-ray diffractogram for the uncarbonated fly ash cement mortar specimen
contaminated with sodium chloride plus sodium sulfate, is plotted in Figurc 5.39. This
diffractogram indicated the formation of quartz, calcite and portlandite. Quartz

constituted about 59% of cement, whereas calcite was 21%. The X-ray peaks for the
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Figure 5.35:  X-ray diffractogram for uncarbonated portion of uncontaminated OPC
mortar specimen
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Figure 5.36:  X-ray diffractogram for carbonated portion of uncontaminated OPC
mortar specimen
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Figure 5.37:  X-ray diffractogram for uncarbonated portion of OPC mortar specimen
contaminated with C1+SO4
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Figure 5.38:  X-ray diffractogram for carbonated portion of OPC mortar specimen
contaminated with C1+SO4
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Figure 5.39:  X-ray diffractogram for uncarbonated portion of fly ash cement mortar
specimen contaminated with Cl+SOy4

245



carbonated portion, Figure 5.40, indicated the formation of quartz, calcite and aragonite.
Quartz and calcite constituted about 57 and 23%, respectively, by weight of cement. In
addition to calcite, formation of aragonite, 12%, was also discerned. Further, the
quantum of portlandite which was observed in the uncarbonated sample was virtually
eliminated in the carbonated portion. The X-ray diffractogram for the uncarbonated
silica fume blended cement mortar specimen contaminated with sodium chloride plus
sodium sulfate is shown in Figure 5.41. The X-ray peaks indicated formation of quartz
and calcium carbonate. The peaks for portlandite were not discerned in this
diffractogram. The absence of the portlandite peak may be attributed to the pozzolanic
action between the silica fume and calcium hydroxide, which virtually consumes all the
portlandite due to the highly reactive nature of this pozzolanic material. The X-ray
diffractogram for the carbonated silica fume cement mortar, shown in Figure 5.42,
indicated the presence of quartz and calcite. However, the intensity of these two peaks
is slightly higher than that observed in the uncarbonated portions. The X-ray
diffractograms for the uncarbonated and carbonated blast funace slag cement mortar
contaminated with sodium chloride plus sodium sulfate are shown in Figure 5.43 and
5.44, respectively. The peaks for the uncarbonated portion indicated that it consists
mainly of quartz. The quantitative analysis indicated the presence of a very small
amount (2%) of calcium hydroxide in the uncarbonated specimen, whereas quartz and
calcite constituted 70 and 12%, respectively. The X-ray diffractogram for the
carbonated portion indicate the presence of quartz, calcite and aragonite (Figure 5.44).
The quantitative analysis indicated that quartz constituted about 54%, whereas calcite
and aragonitc constituted about 15 and 10%, respectively. The 2% Ca(OH); observed

in the uncarbonated specimen is not discened in the carbonated portion.

In general, the X-ray diffraction data indicated formation of calcium carbonate in the
carbonated and uncarbonated portions of the contaminated specimens. However, the

quantity of CaCOg, present either in the form of calcite or aragonite, was more in
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Figure 5.40: X-ray diffractogram for carbonated portion of fly ash cement mortar
specimen contaminated with C1+SOy4
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Figure 5.41:  X-ray diffractogram for uncarbonated portion of silica fume ccment
mortar specimen contaminated with C1+SOy
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Figure 5.42: X-ray diffractogram for carbonated portion of silica fume cement
mortar specimen contaminated with Cl+S04
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Figure 5.44: X-ray diffractogram for carbonated portion of BFS cement mortar
specimens contaminated with C1+SOy4
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the carbonated specimens than that in the uncarbonated specimens. This trend was
observed in both the OPC and blended cement mortar specimens. In the carbonated
blended cements, silica fume and blast furnace slag in particular, formation of CaCOj3

may be attributed to the decomposition of C-S-H and other cement hydration products.

5.4.6  Differential Thermal Analysis

The differential thermal analysis (DTA) and thermogravimetry (TG) curves for the
uncarbonated portion of the uncontaminated OPC mortar are plotted in Figure 5.45.
The DTA curve indicated the formation of endothermic peaks at 450 and 850 °C for
Ca(OH); and CaCQg3, respectively. The Ca(OH); and CaCO3 content of this specimen
calculated from the TG curves was 5.48 and 2.05%, respectively. The DTA and TG
curves for the carbonated portion of the same specimen are shown in Figure 5.46. The
DTA curve again indicated the formation of endothermic peaks corresponding to
Ca(OH)2 and CaCOj3. The endothermic peak for Ca(OH); for this specimen, was
however, more shallow than that in the uncarbonated portion and the peak for CaCO3
tended to become deep. The Ca(OH); and CaCOj3 content in this portion was
calculated to be 2.3 and 7.7%, respectively, by weight of cement. Figures 5.47 and
5.48 depict the DTA and TG curves for the uncarbonated and carbonated portions of
the uncontaminated fly ash cement mortar specimens, respectively. The DTA curves
for thesc two specimens also indicated the presence of Ca(OH), and CaCO3. The
Ca(OH)2 content in the uncarbonated and carbonated portion was 3.13 and 2.3%,
respectively. The CaCO3 content in these specimens was 3.11 and 4.45% by weight of

cement, respectively.

The DTA and TG curves for the uncarbonated OPC mortar, contaminated with only

sodium chloride, are plotted in Figure 5.49. The formation of endothermic peaks
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Figure 5.45: DTA/TG curves for uncarbonated portion of uncontaminated OPC
mortar specimen
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Figure 5.46: DTA/TG curves for carbonated portion of uncontaminated OPC mortar
specimen
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Figure 5.47:  DTA/TG curves for uncarbonated portion of uncontaminated fly ash
cement mortar specimen
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Figure 5.48:  DTA/TG curves for carbonated portion of uncontaminated fly ash
cement mortar specimen
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for Ca(OH)2 and CaCOj3 are indicated in this specimen, whereas in the carbonated
portion, the endothermic peak for Ca(OH)2 was not detected (Figure 5.50). The
Ca(OH)2 and CaCO3 content in the uncarbonated portion was 3.03 and 4.93%,
respectively. In the carbonated portion the CaCO3 content was 5.78%. The DTA and
TG curves for the uncarbonated OPC mortar specimen contaminated with sodium
chloride plus sodium sulfate are plotted in Figure 5.51. These curves indicated the
presence of both Ca(OH)2 and CaCO3. The quantity of these compounds was 2.06
and 4.80%, respectively. Figure 5.52 shows the DTA and TG curves for the
carbonated OPC mortar contaminated with sodium chloride plus sodium sulfate. The
DTA curve indicated the formation of an endothermic peak for CaCO3 only. The
weight of CaCQOj3 in this specimen was 7.06%. The DTA and TG curves for the
uncarbonated fly ash cement mortar contaminated with sodium chloride plus sodium
sulfate are plotted in Figure 5.53. Formation of Ca(OH); and CaCOj3 was indicated by
the DTA curve. The weights of Ca(OH); and CaCO3 were 1.98 and 2.23%. Figure
5.54 shows the DTA and TG curves for the carbonated portion of the same specimen.
The weights of Ca(OH)2 and CaCO3 were 1.52 and 2.46%, respectively. The DTA
and TG curves for the uncarbonated silica fume cement mortar contaminated with
sodium chloride plus sodium sulfate are shown in Figure 5.55. Formation of only
CaCO3 was indicated, the quantum of this compound being 2.87% by weight of
cement. The weight of this compound in the carbonated portion (Figure 5.56) was
2.95%. The endothermic peak for Ca(OH); was not detected in either the carbonated or
the uncarbonated portion. Figures 5.57 and 5.58 show the DTA and TG curves for the
uncarbonated and carbonated portions of blast furnace slag cement mortar specimen.
In these specimens also formation of endothermic peaks conforming to Ca(OH); were

not detected. The weight of CaCO3 was 2.66 and 4.48%, respectively.

In general, the data on Ca(OH); and CaCO3, developed using DTA and TG

techniques also indicated greater carbonation in the contaminated cements than in the
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Figure 5.51:  DTA/TG curves for the uncarbonated portion of OPC mortar specimen
contaminated with Cl+SO4
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uncontaminated specimens. This trend was observed both in the plain and blended
cement mortar specimens. This is indicated by the greater amount of CaCOj3 formed in
these specimens partially due to the consumption of Ca(OH);. The absence of
Ca(OH)3 in the uncarbonated silica fume blended cement may be attributed to the
pozzolanic reaction which reduces the quantity of portlandite to very insignificant levels.
In the blast furnace slag cement the quantum of Ca(OH)2 formed was also very low.
The significant quantity of CaCO3 formed in the carbonated portions of these cements,
even in the absence of Ca(OH)y, indicates that other cement hydration products may be
reacting with CO3 to produce CaCO3, the main constituent being C-S-H, which is

abundantly available for the CO3 to react.

5.5 DISCUSSION

The data developed through carbonation depth measurecments, weight gain, XRD,
DTA/TG and SEM analyses indicated greater carbonation in the contaminated
specimens than in the uncontaminated specimens. This trend was observed in both
plain and blended cements. The increased depth of carbonation obscrved in the
contaminated cement mortar specimens, corroborates the exposure site data developed
by Rasheeduzzafar [206]. After 6 years of exposure, the depth of carbonation in the
uncontaminated specimens was in the range of 2 to 5 mm, while in the contaminated
concrete specimens the depth of carbonation was in the range of 8 to 23 mm,
depending on the cement type, being the highest in the 20% silica fume cement and the
lowest in the fly ash blended cement. Macmillan and Treadaway [168] indicated that
the inclusion of sodium chloride and sodium sulfate increased the depth of carbonation
in both the plain and blended cement concrete specimens, though this difference was
not consistent in all the specimens investigated. Al-Amoudi et al. [207] cvaluated the
cffect of salt inclusion in OPC/PFA concretes on the alkalinity, carbonation depth and

rchar corrosion in specimens exposed to the Arabian Gulf environment for onc year.
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An insignificant change in the depth of carbonation was observed both in the OPC and
fly ash ccment concrete specimens due to the salt inclusion. The depth of carbonation
was in the range of 3.9 to 5.1 mm in the OPC and in the range of 5.4 to 6.0 mm in the
20% fly ash concrete specimens. The depth of carbonation in the 40% fly ash cement
concrete containing 0, 0.17 and 0.34% Cl1- was about 6.8 mm. It, however, increased
to about 10 mm when the chloride inclusion was raised to 0.68% by weight of cement.
No further increase in the depth of carbonation was observed when the-chloride Ievel
was raised up to 2.72%. Kayyali and Haque [23] investigated the effect of 1% CI-,
added as CaClj, to the mortar specimens made with and without fly ash, on the
carbonation depth and pore solution chemistry. The mortar specimens were exposed to
accelerated carbonation tests, 5% CO3, 30 °C and 50% RH. Their results indicated a
higher depth of carbonation in the uncontaminated specimens than that in the
contaminated specimens, both in the plain and fly ash cement mortar specimens. They
attributed this reduced depth of carbonation in the contaminated specimens to the
chemical changes brought about by the formation of calcium monochloro-aluminate
hydrate and the complex formed between Ca(OH); and CaClp [232]. According to
them [23], these formations hinder the reaction between CO2 and cement hydration
products. Kobayashi and Uno [233], investigating the effect of cement alkalinity on
carbonation reported that the rate of carbonation increases with the alkali content of
cement. Two cements of NapO equivalent of 0.57% and 0.31% were used and NaOH
was added to the former to obtain NazO equivalent of 0.9, 1.2 and 1.5%. The
specimens were exposed to 10% CO2 atmosphere and the depth of carbonation was
measured up to 16 weeks of exposure. The depth of carbonation, which the authors
represented as carbonation ratio, was observed to be strongly influenced by the Na0O
equivalent of the cement. In a later work, the same authors [234] investigated the effect
of cement alkalinity on carbonation in concrete specimens. The results of this study

indicated that the depth of carbonation was dependent on the water-cement ratio and
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alkalinity of the cement. For mixes with similar water-cement ratio, the depth of

carbonation was observed to be higher in concrete made with higher NapO equivalent.

Bensted [235] indicated that the enhanced carbonation in the cements with a higher
alkalinity can be related to the coarser pore structure formed in the presence of alkalies.
He observed that the alkalies in concrete accelerate the hydration of portland cement.
This results in greater quantities of hydrates, such as C-S-H and ettringite, being
formed at carlier stages of the hydration process than under non-accelerated conditions.
This results in relatively greater heterogeneities in the microstructure developed during
hydration. Mori et al. [236], as quoted by Jawed and Skalny [237], indicated that the
specific surface area of the hydrated C3S decreased at all ages in the presence of
alkalies, and the morphology and microstructure also changed. The microstructure of
C-S-H became coarse; particles grew from the grain surface into the NaOH solution.
In the presence of NazS04, fine acicular C-S-H particles (probably containing SO4™
ions) densely covered the C3S grain surface, but did not grow extensively outward
from the surface. Alkalies have also been found to affect the optimum SO3 content of
cement. Lerch [238] showed that the optimum gypsum requirement for a properly
retarded cement increased with an increase in both the C3A and alkali contents. Thus
cement pastes contaminated with chloride and sulfate, particularly NaCl and Na2SO4,
produce a more heterogeneous structure. In a recent study conducted at KFUPM [239]
the total pore volume in the contaminated OPC and blended cement paste specimens
was found to be more than that in the uncontaminated specimens. The pore volume in
the contaminated specimens, contaminated with sodium chloride plus sodium sulfate,

was 1.1 to 3.7 times that in the uncontaminated specimens (Table 5.4) {239].
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Table 5.4: Total pore volume in the contaminated and uncontaminated OPC and
blended cements [239]

Pore Volume (mm3/g)
Cement

Uncontaminated Contaminated™
OPC 61.63 79.81
Silica Fume 88.00 © 110.00
Blast Furnace Slag 43.30 161.54
Fly Ash 79.36 90.00
* Chloride + Sulfate

It can thus be hypothesized that the inclusion of contaminants, namely NaCl and
NazS0y4, results in a heterogeneous pore structure and increased pore volume which
aids in the ingress of COz in the cement matrix. Dhir et al. [240] examined the
relationship between the intrinsic permeability and carbonation of concrete. Their
results indicated that the Figg air permeation index, which is a measure of the porosity
of cover concrete, relates directly to the rate of carbonation. This result has an
important practical implication, in that the chloride-sulfate contamination not only aids
in the depassivation of steel but also helps in accelerating carbonation of cement. The
overwhelming cases of concrete deterioration due to reinforcement corrosion in the
Arabian Gulf may thus be related to these two phenomena primarily resulting from the
inadvertent inclusion of chloride-sulfate due to the use of contaminated aggregate and/or
mix water. Further, the incrcased carbonation depth observed in the blended cements is
of particular concern, in this region, as these materials have to be imported for their
technical merit and cost two to three times that of ordinary portland cement. To accrue
the technical benefits of the supplementary cementing materials, it is necessary to

restrict the quantum of contamination contributed by the concrete mixture ingredients.
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Further, the presence of sodium chloride plus sodium sulfate within the cement
matrix may be advantageous in maintaining a relatively higher humidity compared to
uncontaminatcd concrete, particularly in situations where the concrete components are
exposcd to elevated temperature similar to that used in this study. The weight gain
observed in the contaminated specimens (Figure 5.13 through 5.16) indicates towards
such a possibility. The moisture retained within the pores may be beneficial for the
carbonation process. Glass et al. [241] suggested that low levels of chlorides increase
the ionic conductivity of the pore solution, while higher levels favour moisture retention

and slow down the effects of drying.

Another consequence of chloride-sulfate contamination, which might influence the
carbonation behaviour of these cements, is the reduction in compressive strength. It is
known that inclusion of contaminants, such as chlorides and sulfates, the latter salt in
particular, reduces the compressive strength. An average strength reduction of 15% was
observed in sulfate-chloride bearing concrete over uncontaminated concrete [108]. The
decrease in strength of OPC, fly ash and silica fume concrete specimens with the
addition of chloride and chloride-sulfate has also been reported by Hughes [242]. He
obscrved a decrease in the strength in OPC mortars, which were immersed in sodium
sulfate and magnesium chloride solutions. This reduction in strength was correlated to

the expansion duc to sulfate attack.

The scnsitivity of the carbonation process to the compressive strength has been
reported by scveral investigators. A large number of publications clcarly show a
pronounced reduction in the depth of carbonation of ordinary portland cement concrete
with an increase in the 28-day compressive strength [22,242-245). Prcsumably this is
because strength and carbonation have a common dependence upon the porosity of the
cement paste matrix [13]. However, it should be recognized that the relationship is not

unique and can be affccted by the level of compaction, bleeding [228], total calcium
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oxide in the rcacted binder [247-248], permeable aggregate [214,248], curing [249],

carbon dioxide level [247) and moisture conditions [ 185].

The other experimental variable that nceds to be discussed is the exposure
temperature (55 °C) used in this study. The detrimental effect of temperature on the
durability performance of concrete is now well recognized. It is well appreciated that
the diffusion of the aggressive specics, like chloride, oxygen and carbori dioxide, into
the concrete is increased with temperature. According to Richartz [250], at low
temperatures, long and fibrous calcium silicate crystals form and interlock with each
other. However, when the cements hydrate at elevated temperature more distinct but
very short-fibrous calcium silicate hydrates are formed. Chapman [251] studied
portland cement hydration products at different temperatures (17, 40 and 60 °C), and
indicated that at elevated temperatures coarse and long calcium silicate hydrates are
formed. Ludwig and Pence [252], quoted by Berhanc [253], measured the specific
surface arca of portland cement hydration products hydrated at different temperatures
(27 and 66 °C). The specific surface areas at these two temperatures was 103.4 m2/g
and 122.6 m?/g, respectively. The measurements were made after 7 days of hydration
at different temperatures. According to Idorn [254], temperatures above 50 °C affect

the strength and rigidity of ccment mortar and concrete.

The effect of w/c ratio and curing temperature on the permeability of hardencd
cement paste was studied by Goto and Roy [255]. Their results indicated that the
porosity of the cement paste cured at 60 °C, mecasurcd by mecrcury intrusion
porosimctry, was more than those cured at 27 °C. Marsh ct al. [70] studicd the
permeability of plain and fly ash blended cement specimens cured over a temperature
range of 20 to 65 °C for periods from scven days to onc year. Their results indicated
that the porosity of the ordinary portland cements was affected by the curing

temperature, the specimens cured at elevated temperature being more porous than those
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curcd at normal temperatures. The effect of temperature on the pore structure,
mcasured using mercury intrusion porosimetry and helium intrusion pycnometry, was
insignificant. The effect of set and curing temperature on the microstructure of
cementitious pastes was investigated by Justnes and Havdahl [256] using 29Si NMR,
DTA/TG and MIP. Pastes based on portland cement with 0 to 20% replacements of
cement by microsilica and w/(c+s) ratios ranging from 0.20 to 0.40 were sct or partly
cured at 20, 50, 70 or 90 °C followed by a sealed cure at 20 °C until 7, 28 or 90 days.
The results of this study indicated that the micro structure of the cement paste is
strongly influenced by the initial curing temperature. This effect was particularly
distinct for the lowest w/(c+s) ratio specimens with the highest microsilica dosage.
Several other rescarchers have dealt with the effect of elevated temperature curing on
the microstructure of calcium silicate [257] and portland cement [258]. All these
publications agree that the C-S-H becomes coarser and that the paste becomes more
permeable with increasing curing temperature. Verbeck and Helmuth [259] state that,
because of their low solubility and diffusibility, cement hydration products cannot
diffuse to a significant distance from the cement grain in the time allowed by rapid
hydration. This results in a non-uniform distribution of the hydration products and a
corresponding reduction in strength. Skalny and Odler [260] found that elevated curing
temperatures cause a coarsening of the hydration products. Radjy and Richards [258]
using data obtained from desorption isotherms, concluded that steam curing of ccment
pastes results in large pores. Using mercury intrusion porosimetry, Scllevold [261]
also found that curing cement pastes at elevated temperatures results in a coarser pore
structure. In a recent study [108] conducted at KFUPM, the effect of cxposure
temperature on the pore size distribution in OPC and blended cements was evaluated.
An increase in the pore volume was observed in all the cements with increasing
exposure temperature. The total pore volume in the specimens cured at 25, 40, 55 and
70 °C in the uncontaminated OPC paste specimens, was 61.63, 123.83, 184.12 and

179.61 mm>/g. These results also indicated that temperature has a significant cffect on
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the finer pores, in that the effect of temperature secems to be ncgligible on pore sizes
greater than 103 A, Luke and Glasser [63] also indicated a coarscning of the pore size
distribution with increasing cxposure temperature. According to them the total intruded
volume does not change significantly between 25 and 55 °C curing temperature being
21.6 and 21.2%, respectively. However, the pore size distribution docs change. The
porosity in the specimens cured at 55 °C was observed to be concentrated in the larger
pore size range. Kjellsen et al. [262] studied the pore structurc of OPC pastes hydrated
at 5, 20, and 50 °C, using mercury intrusion porosimetry and back scattered electron
microscopy. They obscrved that an increase in the curing temperature results in
increased porosity, particularly for the pore radii in the range of 200 - 1000 A. They
compared these results with back scattered electron images and found that an increase
in temperature resulted in an increased porosity particularly for pore radii in the range
of 2500 - 12,500 A. They attributed this difference to the ink bottle effect inherent in

the mercury intrusion porosimetry technique.

The above review indicates that the elevated temperature of 55 °C used in this part
of the investigation might have lead to a coarsening of the pore structure lcading to a
higher carbonation. However, the specimens were initially cured at a laboratory
temperature of 25 °C for 28 days before being exposed to the carbonation
environment. Therefore, it is expected that temperature might not have affected the
pore structure development in these specimens. However, clevated temperature
accclerates the rate of diffusion of CO2. Thus, the concomitant effect of elevated
temperature exposure and chloride-sulfate contamination may accelerate carbonation of

cements compared to situations where one of the factors does not cxist.
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56 SUMMARY OF RESULTS

In this Chapter the effect of chloride-sulfate contamination and elevated temperature
on the carbonation behaviour of plain (OPC and SRPC) and blended cements was
cvaluated. The cement mortar specimens were exposed to an accelerated carbonation
atmosphere, 3% CO2, and the progress of carbonation was assessed mainly by
mcasuring the depth of carbonation. The weight gain in the specimens with period of
exposurc was also evaluated. Selected specimens were analyzed using XRD and DTA
and TG techniques. The changes in the morphology of the plain and blended cements,
due to carbonation, were also evaluated using scanning electron microscopy. Based on

the results the following conclusions can be drawn :

The depth of carbonation in the contaminated cement mortar specimens was morc
than that in the corresponding uncontaminated specimens. In the contaminated
specimens, a higher depth of carbonation was measured in the specimens admixed with
sodium chloride plus sodium sulfate than those contaminated with only sodium
chloride. This trend of increased carbonation in the contaminated spccimens was also
observed in the blended cements. The depth of carbonation in the uncontaminated plain
and blended cements was in the range of 0.75 to 2 mm, while in the contaminated

specimens it varied from 9 to 11 mm after about 52 weceks of exposure to the CO2

environment.

Higher weight gain was indicated in the specimens contaminated with sodium
chloride plus sodium sulfatc compared to the uncontaminated specimens and those

contaminated with only sodium chloride. In the uncontaminated specimens practically

no weight gain was recorded.
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The scanning electron micrographs for the carbonated OPC, fly ash and silica fume
indicated a relatively compact C-S-H compared to the uncarbonated portions, while the
C-S-H in the carbonated blast furnace slag cement was disintegrated. Formation of
CaCO0j3, was indicated both in the carbonated and uncarbonated portions of these
cements. Formations in the carbonated portions were more distinct, isolated and bigger
in size than those observed in the uncarbonated portions. The formation of CaCO3 in
the blended cements despite the limited quantum of Ca(OH)j, indicates the

decomposition of C-S-H.

The X-ray diffractograms for the carbonated and uncarbonated portions of OPC
and blended cements indicated the presence of quartz (Si03), portlandite (Ca(OH)2),
and calcite and aragonite. The intensity of the quartz peaks was more or less similar in
both the carbonated and uncarbonated portions. The quantity of CaCOg3, present either

in the form of calcite or aragonite, was more in the carbonated specimens than in the

uncarbonated portions.

The DTA and TG curves also indicated greater carbonation in the contaminated

cements than in the uncontaminated specimens. This trend was observed both in the
OPC and blended cement mortar specimens. In the OPC specimens, the Ca(OH);
peaks tended to become more shallow with carbonation. In the blended cements, the
depth of Ca(OH)2 peaks was very insignificant, indicating the consumption of this
cement hydration product due to pozzolanic reaction. An increasc in the CaCOj3 peak in

the blended cements indicates that other cement hydration products may be reacting

with CO;.

The increased depth of carbonation in the contaminated specimens may be
attributed to the changes brought about in the microstructure of the hardened cement

paste due to inclusion of NaCl and Na3S0O4. The inclusion of alkalics accelerates
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hydration of cement which results in relatively greater heterogencities in the
microstructure. These heterogeneitics in the microstructure provide channels for gas
transport thereby increasing the rate of carbonation. The other causes may be the
increase in the total pore volume and moisture retention due to the incorporation of the

chloride-sulfate contamination.

The results obtained in this part of the study have an important practical implication
in that the chloride-sulfate contamination of concretec not only aids in steel
depassivation, but also accelerates carbonation. Also, the increased carbonation depth
observed in the blended cements, is of particular concern in this region as these
materials have to be imported for their technical merit'and are two to three times costlicr
than the ordinary portland cement. Thus to utilize the technical benefits that accrue with
the use of blended cements, guidelines for limiting the chloride and sulfate
contamination should be established. Further, the size of the specimens used in this
study might have accelerated the carbonation process. Therefore, there is a need to

evaluate the effect of chloride-sulfate contamination on carbonation in concrete.
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CHAPTER 6

INFLUENCE OF CHLORIDE-SULFATE
CONTAMINATION AND CARBONATION ON
REINFORCEMENT CORROSION

6.1 EFFECT OF CARBONATION ON REINFORCEMENT
CORROSION

The role of carbonation on reinforcement corrosion is primarily attributed to the
breakdown of the passive layer by reduction in the alkalinity of the pore solution. In
non-carbonated concrete and without chlorides, steel is protected by the formation of a
passive layer on its substrate. However, due to carbonation, the pH of the pore solution
is decreased leading to steel depassivation and subsequently corrosion is initiated.
Hamada [209], using polished steel samples immersed in calcium hydroxide solution,
indicated that the corrosion rate increases with a reduction in the pH. Similar results
have been reported by Shalon and Raphael [12] and Uhlig and Revic [263]. Sacki ct al.
[218] observed rust formation on steel specimens embedded in carbonated mortar at a
pH level of about 11.4. The degree of rust formation was reported to increasc rapidly
with further pH reductions [218]. Another aspect of carbonation which may be of
importance in the chloride-contaminated concretes is that the hydrates that chemically
bind chlorides can decompose on carbonation, releasing chlorides into the pore solution
[264]. Further, chloride contamination and carbonation of concrete increase the Cl°
/OH" ratio leading to depassivation of steel carlier than when one of these factors is not
present. Furthermore, the risk of corrosion at low chloride concentrations, which may
be negligible in the uncarbonated concrete, will increase significantly upon carbonation

[265]. Studies conducted by Roper and Baweja [266] indicated that both carbonation
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and chlorides increase the corrosion rates. The compounding action of chloride and
carbonation has also been reported by Sagoe-Crentsil et al. [267] and Alonso and
Andrade [268]. Nagataki and Ohga [269] reported higher corrosion activity under CO3
environment in specimens cured with chloride-contaminated water. This effect was

obscrved to be more pronounced in fly ash cement mortar specimens compared to

OPC.

Deterioration of concrete structures in the Arabian Gulf has been mainly attributed
to the chloride ions, but there is also a concemn with regard to carbonation [22,197-198],
particularly as the environmental conditions of this region are conducive for rapid
carbonation of concrete. Smith and Evans [198] reviewed published data and
concluded that carbonation rates in the Arabian Gulf were particularly rapid because the
exposure conditions were warm and dry. However, the atmosphere was not dry
enough to prevent reinforcement corrosion. Their [198] views are generally consistent
with those expressed by Treadaway [197]. Raphel and Shalon [201] indicated that the

degree of reinforcement corrosion correlated very well with the level of carbonation.

While the studies cited above have evaluated the effect of chlorides and carbonation
on reinforcement corrosion, the conjoint cffect of temperature, chloride-sulfate
contamination and carbonation is not yet elucidated. Such a study is essential to verify

whether the presence of chloride-sulfate contamination will accelerate reinforcement

corrosion in carbonated concrete.

This Chapter details the experimental work conducted to fulfill the above objectives.
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6.2 SPECIMENS AND EXPERIMENTAL METIHODS

The contaminated and uncontaminated reinforced concrete specimens were exposed
to clevated temperature and humidity conditions in a carbonation chamber, similar to

that described in Chapter 5. Table 6.1 details the experimental variables.

Table 6.1: Experimental variables to evaluate the effect of chloride-sulfate
contamination and carbonation on reinforcement corrosion.

Variable Details
Specimens Reinforced concrete specimens made with
SRPC, and OPC-A (C3A: 3.5 and 8.5%)
Contamination 0%
0.8% CI-
0.8% CI- + 1.5% SO3 ™
Exposure temperature 55°%C
Relative humidity 75%
CO, 3%
Corrosion Monitoring Corrosion Potentials

Corrosion current density using lincar
polarization resistance technique

AC impedance spectroscopy

The concrete specimens were similar to those used in Chapter 4. These specimens
were cured for 28 days in the laboratory at a controlled temperature of 25 °C, and there
after placed in the exposure chamber.  Reinforcement corrosion was monitored by
measuring the corrosion potentials and corrosion current density as described in Section

4.2.3. In addition to DC mcasurements, reinforcement corrosion was also evaluated

using AC impedance spectroscopy.
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In the AC impedance measurcments, a serics of AC perturbations in the form of
sinc waves with an amplitude of 10 to 15 mV about the free corrosion potential is
applied and the resulting impedance is plotted as a complex plain plot typically known
as Nyquist plot (Figure 6.1) [270]. In the Nyquist plot, the high frequency intercept
gives the resistance of the concrete, RQ, while the diameter of the semi-circle gives the
charge transfer resistance, Ret, (cquivalent to the polarization resistance of the Stern-
Geary equation) [160]. An uncompensated DC measurcment of Rp includes RQ as
well as Rct which results in an error in measuring the corrosion rate if the Ohmic drop
associated with the concrete electrolyte is not compensated. John et al. [156, 271],
using AC impedance, demonstrated the need for a more complex equivalent circuit.
An additional high frequency time constant was included and associated with the
stecl/concrete interface and a Warburg impedance is added to account for the effect of
diffusion on the electrode kinetics at low frequencies [160]. Several researchers [271-
274] have used AC impedance spectroscopy to examine steel corrosion in concrete and

mortar.

Further, by dividing the potential wave form by the current wave form, a plot of the
logarithm of impedance versus logarithm of frequency can be created. Such a plot is
called a Bode plot and a typical curve is shown in Figure 6.2 [275]. The high frequency
resistance represents RQ and the low frequency resistance represents RQ+Rct. By
subtracting the high frequency resistance from the low frequency resistance, the value
of Ret is deduced. The corrosion current density can then be calculated using the

following relationship:

Icorr = B/Rct
Where: Icorr = corrosion current density, pA/cm?2
B = Ba.Bc/2.3(Ba+Bc)
Ret = charge transfer resistance, kQ.cm?2
Ba and Bc are the anodic and cathodic Tafel constants, respectively.
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The AC impedance measurements were carricd out on a frequency responsc
analyzer (FRA) interfaced to a HP85 computer for data logging and analysis. The
instrument used for the frequency measurecments was a Solartron 1250/1286
FRA/Elcctrochemical interface. The following test conditions were used:

(a) Amplitude 10 mV

(b)  Sweep from 50 kHz to 1 mHz

(c) DC potential E¢orr

(d) 4 steps per decade on the log scale sweep

(e) A dclay of 3 seconds between frequencies

The AC impedance data were generated in the form of Nyquist and Bode plots.
Anodic and cathodic Tafel constants of 120 mV i.e., B=26 mV have been used to

calculate the corrosion current density.

6.3 RESULTS AND DISCUSSION

6.3.1 Corrosion Potentials

The corrosion potentials of steel in the uncontaminated SRPC (C3A: 3.5%) concrete
specimens are plotted against period of exposure in Figure 6.3. The corrosion
potentials during the initial stages of exposure were in the range of -150 to -200 mV
SCE. However, after about 50 days of exposure, a sharp decrease in the potential
readings was recorded. After 300 days of exposure to the CO; atmosphere, the
corrosion potentials were -360 mV SCE. The corrosion potentials on steel in the
chloride-contaminated SRPC concrete specimens are plotted in Figure 6.4. The
potentials in the initial stages of exposure to CO3 were in the range of -2(0) to -270 mV
SCE. After about 20 days of exposure, they decreased to -350 mV SCE and remained

more or less similar at all times. Figure 6.5 shows the variation in the corrosion
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potentials on steel in SRPC concrete specimens contaminated with sodium chloride
plus sodium sulfate. The corrosion potentials before exposure were -290 mV SCE. A
sharp decrease in the potential values to -450 mV SCE was recorded after about 20
days of cxposure. However, the poleﬁlials at all the other times were in the range of

-300 to -400 mV SCE.

The corrosion potentials on steel in the uncontaminated OPC-A(C3A: 8.5%)
concrete specimens are plotted in Figure 6.6. The corrosion potentials in the initial
stages (10 to 20 days) of exposure were -140 mV SCE and thereafter decreased to -200
mV SCE after about 60 days of exposure. After about 300 days of exposure, the
potentials were -250 SCE. Figure 6.7 shows the corrosion potentials for steel in the
chloride-contaminated OPC-A concrete specimens. The potentials in these specimens
decreased from -220 mV SCE to -330 mV SCE after 250 days of exposure to the CO3
environment. The corrosion potentials for stecl in the OPC-A concrete specimens
contaminated with sodium chloride plus sodium sulfate are plotted in Figure 6.8. The
corrosion potentials before exposure to COz were -320 mV SCE. A slight increasc in
the potential values was recorded up to an exposurc period of 40 days, beyond which
the potentials tended to be in the range of -300 to -350 mV SCE. The potentials after
300 days of exposure were -325 mV SCE.

In gencral, the corrosion potentials for Stccl in the SRPC and OPC concrete
specimens, plotted in Figures 6.3 through 6.8, were gencrally less noble in the
contaminated specimens than that in the uncontaminated specimens, The corrosion
potentials in the spccimens contaminated with sodium chloride plus sodium sulfate
were less than in the specimens contaminated with onl‘y sodium chloride. The
potentials tended to decrease with time. While ithc change in the potentials with the
period of exposure was insignificant in the contaminated specimens, a considerable

decreasc in the potentials, particularly in SRPC, was measured in the uncontaminated
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concrete specimens. This difference in behaviour, viz.-a-viz. a drop in the corrosion
potentials, may be explained by the fact that in the contaminated specimens the passive
layer is not formed due to the presence of chloride and sulfate contamination as such
the effect of carbonation is not consequential. The decrease in the corrosion potentials
in the uncontaminated specimens may be attributed to the penctration of CO2 to the
steel-concrete interface. A considerable decrease in the potential value after about 60

days in SRPC concrete indicates towards such a phenomenon.
6.3.2  Corrosion Current Density

The variation in the corrosion current density on steel in the uncontaminated SRPC
concrete s.pccimcns is plotted in Figure 6.9; T_he corrosion current density (Icorr) Was in
the range of 0.06 to 0.16 pA/cm2. The Icor 0n steel in the SRPC concrete specimens
contaminated with sodium chloride is plotted in Figure 6.10. These values were in the
range of 0.7 to 1.4 pA/cm2. The'Ieorr on steel in the SRPC concrete specimens

contaminated with sodium chloride plus sodium sulfate varied from 0.8 to 1.9 pA/cm?2

(Figure 6.11).

The Icorr On steel in the uncontaminated and contaminated OPC-A concrete
specimens is plotted in Figures 6.12 through 6.14. In the uncontaminated specimens,
the Icorr varied from 0.06 to 0.18 pA/ecm? (Figure 6.12). The Ieorr on steel in the
concrete specimens contaminated with onl_y §odium chloride (.'Figurc 6.13) was in the
range of 0.3 to 0.80 pA/cm?2, while it was in lhc'i-angé of 0.41 to 1.10 pA/cm? in the

concrete specimens contaminated with sodium chloride plus sodium sulfate (Figure

6.14).

The data on corrosion current density, discussed in Figures 6.9 through 6.14, arc

summarized in Table 6.2. In agreement with the corrosion potentials data, the Ieor ON
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Table 6.2: Corrosion current density on steel in the contaminated and
uncontaminated concrete specimens exposed to CO2

Cement Contamination Corrosion current density
(LA/cm?2)

SRPC None 0.16
- 08%Cl- " - - 1.34°
ClI'+SO04~ ‘ 1.87
orPC None 0.18
0.8% CI 0.52
CIr+8S04— 1.10

steel in the contaminated specimens was more thanthat in the uncontaminated
specimens. However, the variation in the Icorr with the period of exposure was not
very significant in the uncontaminated specimens. This anomaly may be attributed to
the large Ohmic drop associated with &hc carbonatcd concrete. As the uncompensated
resistance is a function of the concrete rcmstmty [241 276], the corrosion rates
measured without compensation for the Ohmic drop are bound to be in error. In the
DC linear polarization method, this resistance is normally compcnsated for by using
either positive feed back or current imcrrupt_rpclhlod. Several rescarchers
[241,268,277-279] have indicated a good com,latlon bctwccn the corrosion ratcs
estimated by the polanzatmn resnstzmcu mclhod w:lh IR compensation, and thosc

evaluated using gravimetric metal loss mcasun,mcms
6.3.3 A.C.Impedance

AC impedance spectra were developed both for the contaminated and

uncontaminated concrete specimens. The results are presented in the form of Nyquist
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plots which represent the real and imaginary components of the impedance. The kinctic

information on the corrosion processes was developed using Bode plots.

Figurc 6.15 shows the Nyquist plot for the uncontaminated OPC-A concrete
specimens. The Nyquist plot after 14 days of exposure (inset in Figure 6.15) indicated
a greater resistance compared to other exposure periods. The AC impedance spectra
after 67, 120 and 255 days of exposure indicated more or less similar behaviour. The
AC spectra for chloride-contaminated OPC-A concrete specimens are plotted in Figure
6.16. The AC spectra after 14 days of exposure (inset in Figure 6.16) again indicated
very high resistance compared to those determined after 67 and 120 days of exposure.
Figure 6.17 shows the AC spectra for OPC-A concrete specimens contaminated with
sodium chloride plus sodium sulfate. These data also qualitatively indicated a trend

similar to that exhibited by the specimens contaminated with only sodium chloride.

The kinetic information on the concomitant effect of chloride and sulfate
contamination and carbonation was evaluated by calculating Ret from Bodc plots.
Figures 6.18 through 6.20 show some typical Bode plots for the contaminated and
uncontaminated concrete Spemmcns Thc Rct for stccl in the uncontaminated and
contaminated specimens measurced al‘lcr 14 67, 120 and 255 days of cxposure arc
plotted in Figures 6.21 through 6.23. "The corrosion current density (Icorr) cvaluated
using a value of 'B' of 26 mV is also plotted in these figures. Figurc 6.21 shows the
variation in the Ret and Igorr values with period of exposure to the CO; environment for
the uncontaminated SRPC concrete specimens. The Rct in the uncontaminated
specimens decreased from about 240 k.Q.cm? to 135 k.Q.cm? for the exposure period
varying from 14 to 67 days. The variation in this value after 67 days of cxposure,
however, was not significant. The Ret and Icorr values for the chloride-contaminated
SRPC concrete specimens are plotted against the period of exposure to CO2

environment in Figure 6.22. Again, the decrease in the Ret was more promincnt from
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14 to 67 days, becoming insignificant later. The Ret decreased from 175 to 18 kQ.cm?
for the exposure period varying from 14 to 255 days. Figure 6.23 shows the variation
in the Ret and Icorr values due to COz exposure in the SRPC concrete specimens
contaminated with sodium chloride plus sodium sulfate. These data also indicated a
trend similar to that exhibited by the chloride-contaminated SRPC concrete specimens.
The Ret values decreased from 80 to 7 k.Q.cm? for an exposure period of 240 days. A
comparison of these data and that pertaining to chloride contaminated specimens
(Figure 6.22) reveals that the Rct véiﬁes tended to decrease, indicating higher corrosion

activity, with the incorporation of sodium sulfate in the chloride-contaminated concrete.

The variation in the Rct values for thc contammated and uncontaminated OPC

concrete specimens due to COz exposurc arc p]otted in anures 6.24 through 6.26.
These data also indicated a trend s_lrmlar to tha_t_obse;'ved in the SRPC concrete

specimens.

The corrosion current density oﬁ steel in the contaminated and uncontaminated
concrete specimens after 255 days of exposure, calculated from the Ret data obtained
from the Bode diagrams, are summarized in Table 6.3. This table also summarizes the
corrosion current density on steel in the uncarbonated specimens exposed to similar
temperature and humidity regimes. These data indicated higher corrosion activity on
steel in the contaminated specimens compared to the uncontaminated specimens, both
in the carbonated and uncarbonated specimens. The corrosion current density on stecl

in the contaminated carbonated concrete specimens was 70 to 200% of that in similar

uncarbonated specimens. On the other hand, the corrosion activity in the

uncontaminated Specimcns increascd several fold duc to exposurc. lo the CO2
atmosphere. For cxamplc the corrosion current density in the carhonntcd
uncontaminated concrete. Spemmcns was 6 lo 10 t:mcs that i in the uncarbonated

specimens exposed to similar temperature and humidity environments.
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Table 6.3: Comparison of corrosion current density on steel in the carbonated and
uncarbonated concrete specimens measured by DC LPR and AC

Impedance techniques =~ -
Corrosion Current Density (LA/cm?2)
Cement Contamination
COy - Normal
Exposure® Exposure**

SRPC None ¢ 030 0.05

0.8% CI- 1.46 1.56

CI'+S04™ 2.40 2.26

OPC None | 0.50 | 0.05

0.8% CI- 0.90 - ‘ 1.29

Cr+504~| 139 2.14

« Measured using AC Impedance spectroscopy
** Measured using DC LPR technique

Another point which needs discussion is the use of technique for the measurement
of reinforcement corrosion in carbonated concrete. A comparison of data in Tables 6.2
and 6.3 indicates that the Icorr in the uncontaminated specimens measured using AC
impedance spectroscopy was 2 to 3 times that measured using lincar polarization
resistance method. This ratio was 1 to 1.4 in the contaminated spccimens.  This
discrepancy in the results may be attributed to the uncompensated IR drop which will
be significant in the carbonated concrete. In the contaminated concrete, the presence of
sodium chloride and sodium sulfate partly offsets this increase in the concrete
resistivity by improving the ionic conductivity and by moisture retention [241). Several
researchers [241,276-279] have indicated the importance of IR compensation in

reinforcement corrosion studies, particularly in the carbonated concrete. €
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64 SUMMARY OF RESULTS'

In this part of the study, the effect of chloride and sulfate contamination and CO; on
reinforcement corrosion was evaluated. The corrosion potentials and corrosion current
density measurements indicated a higher corrosion activity in the contaminated
specimens compared to the uncontaminated specimens. Reinforcement corrosion in
the specimens contaminated with sodium chloride plus sodium sulfate was more than

that in the specimens contaminated with only sodium chloride.

The corrosion current density in the uncontaminated concrete specimens exposed to
CO2 was 6 to 10 times that in the uncarbonated specimens exposed to similar
temperature and humidity conditions. This increase in Icorr due to CO; exposure in the

contaminated specimens was 1 to 2 times in the uncarbonated specimens.

These results indicated that while reinforcement corrosion is imminent in the
contaminated concrete, the corrosion initiation, due to CO; ingress to the steel interface,
is of a finite duration in the uncontaminated concrete. Therefore, to extend the useful-
service life of reinforced concrete étructures, elimination of chloride and sulfate
contamination and protecting the structural components through anti-carbonation

coating is necessary.

As mentioned earlier, the size of the specimen and the exposure conditions used in
this study do not represent the actual field conditions. Thercfore, there is a need to

evaluate the effect of carbonation, and chloride and sulfate contamination on

reinforcement corrosion in the in-service structures.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The environmental conditions in the coastal areas of the Arabian Gulf constitute a
very aggressive service environment for concrete construction in this part of the world.
The deterioration of concrete, in this region, is mainly attributed to reinforcement
corrosion. While this phenomenon is primarily related to the chloride ions, presence of
sulfate salts may accelerate the deterioration process. Another factor which might
influence reinforcement corrosion is the elevated temperature often recorded in this
area. While few studies [15,20,72] have been conducted to evaluate the concomitant
effect of chloride-sulfate contamination on tfxc chloride binding of cements at normal
temperature, others [78-81] have been devoted to investigate the effect of clevated
temperature on this parameter. However, no data are available on the concomitant
effect of elevated temperature and chloride-sulfate contamination on chloride binding
capacity of cements. The concrete structures, in this region, are exposed to clevated
temperatures and measurable quantity of chloride and sulfate contamination is
inadvertently admixed in concrete through the use of brackish water for mixing and
curing concrete, and contaminated aggregates. Further, the conjoint effect of chloride-
sulfate contamination and elevated temperature on reinforcement corrosion has not been
systematically investigated. Meager data reported on this subject have been mainly
concerned with steel immersed in the Ca(OH); solution [16,134,169] or concrete

exposed to the natural environment [167-168].
Furthermore, the environmental conditions of the Arabian Gulf, ;harflctcrizcd by

elevated temperature and humidity, are conducive for accelerated carbonation [23).

However, the concomitant effect of chloride-sulfate contamination and clevated
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temperature on the carbonation behaviour of plain and blended cements has not been
studied. Investigations to evaluate the effect of aforementioned factors on carbonation
in the blended cements is of particular interest, in this region, as these materials have to

be imported and work out to be costlier than the ordinary portland cements.

This investigation was, therefore, conducted to evaluate the conjoint effect of
chloride-sulfate contamination and temperature on the pore solution chemistry and
reinforcement corrosion. Also, the effect of chloride-sulfate contamination and elevated

temperature on carbonation in plain and blended cements was investigated.

71 CONCLUSIONS

The results of this study indicated that the concomitant presence of chloride and
sulfate contamination at elevated temperature significantly influences concrete
durability. The chloride-binding capacity of all the cements investigated was obscrved
to be influenced by the sulfate ions. This behaviour was observed at all exposure
temperatures. The chloride binding capacity of cements in chloride-contaminated
specimens was, however, affected by the exposure temperature. While the free-
chloride concentration in the specimens exposed to 25 and 40 °C was not significantly
different, an appreciable increase in the free chloride concentration was noticed for

exposure temperatures of 55 °C and above.

The CI'/OH" values also increased with the exposure temperature in both plain and

blended cements. This increase in the CI'/OH™ due to rise in temperature may lead to

steel depassivation much earlier than at lower temperatures.

S . - €
The sulfate concentration in the plain and blended cements was also affected by the

exposure temperature and chloride contamination. The sulfate concentration in the

specimens contaminated with sodium chloride plus sodium sulfate was more than that
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in specimens contaminated with only sodium sulfate. This may be attributed to the
concomitant reaction of chloride and sulfate ions with C3A leading to an increase in
their concentration in the pore solution compared to situations where only one of these
salts is present. “An increase in the sulfate concentration was also indicated in the
chloride contaminated and uncontaminated specimens exposed to temperatures of more
than 55 °C. The rise in the sulfate concentration due to higher temperature and/or
chloride contamination, is significant from reinforcement corrosion view point, since

sulfate ions not only depassivate stecl but also decrease the electrical resistivity of

concrete increasing the corrosion rate.

Corrosion of reinforcing steel in chloride-contaminated SRPC and OPC concretes
was mainly influenced by: (i) exposure temperature, and (ii) sulfate contamination. The
corrosion activity increased two to six times due to an increase in the temperature from
25 to 70 °C. The increase in the corrosion activity due to the concurrent presence of
chloride and sulfate salts was 1.1 to 2.4 times that measured in concrete specimens
contaminated with only sodium chloride. This increase may be attributed to the

compounded effect of decrease in chloride binding and electrical resistivity of concrete.

Another important finding of this research is the accelerated carbonation noted in
the contaminated specimens. The depth of carbonation in the contaminated specimens
was more than that in the corresponding uncontaminated specimens. In the .
contaminated specimens, a higher depth of carbonation was measured in the specimens
admixed with sodium chloride plus sodium sulfate than those contaminated with only

sodium chloride. This trend of increased carbonation in the contaminated specimens

was also observed in blended cements.

€
ributed to the

changes brought about in the microstructure of the hardened cement paste duc to

The accelerated carbonation in the contaminated specimens may bg;;u
inclusion of NaCl and Na2SO4. The inclusion of alkalies the accelerates hydration of
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cement which results in relatively greater heterogeneities in the microstructure. These
heterogeneities provide channels for gas transport thereby increasing the rate of
carbonation. The other causes may be the increase in the total pore volume and

moisture retention due to the incorporation of the chloride-sulfate contamination,

The results pertaining to accelerated carbonation indicated that chloride-sulfate
contamination in concrete is not only conducive for steel depassivation, but also
accelerates carbonation. Also, the increased carbonation depth observed in the blended

"cements is of particular concern, in this region, as these materials have to be imported
for their technical merit and are two to three times costlier than the ordinary portland
cement. Thus to utilize the technical benefits that accrue with the use of blended

cements, guidelines for limiting the chloride and sulfate contamination should be

established.

Corrosion of reinforcing steel in the concrete contaminated with sodium chloride
and sodium chloride plus sodium sulfate and exposed to 3% CO3, 55 °C and 75% RH
environment was more than that in the uncontaminated concrete. The reinforcement
corrosion activity in the concrete contaminated with sodium chloride plus sodium

sulfate was more than that in the specimens contaminated with only sodium chloride.

The corrosion current density on steel in the uncontaminated concrete specimens
exposed to CO2 was 6 to 10 times that in the uncarbonated specimens cxposed to
similar temperature and humidity conditions. This incrcase in the corrosion current

density due to CO2 exposure in the contaminated specimens was 1 to 2 times that in the

uncarbonated specimens.

£
minent in the

contaminated concrete, the corrosion initiation, due to CO3 ingress to the steel, isof a

These results indicated that while reinforcement corrosion is im

finite duration in the uncontaminated concrete. |
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72 RECOMMENDATIONS

The data developed in this study indicated that the concomitant presence of chloride
and sulfate contamination and temperature significantly influences the durability
performance of concrete by: (i) decreasing the chloride binding, (ii) increasing
reinforcement corrosion, and (iii) accelerating the carbonation process. Thercfore, the
level of contamination contributed by the concrete mixture ingredients should be
controlled and minimized to extend the useful-service life of reinforced concrete
structures. Minimizing the level of contamination contributed to concrete becomes all
the more important as the coarse and fine aggregate available in this region arc highly
contaminated with chloride and sulfate salts. As such, concrete specifications should

emphasize the need for washing the aggregates.

To avoid premature deterioration of concrete, threshold chloride and sulfate
concentrations, for situations where both of these salts are present, should be

established. In order to mandate such limits, further data should be generated on the

effect of a combination of chloride and sulfate concentrations on concrete durability.,

In the present study, sodium chloride and sodium sulfate werc uscd as a source of
chloride and sulfate contamination. The effect of other cations, namely magnesium and
calcium, associated with sulfate ions on the chloride binding capacity, rcinforccment

corrosion and carbonation is not very well elucidated in the literature. Further studics

towards this direction should also be conducted.

Furthermore, the data developed in this part of the study pertains to situﬁtions where

s {
the chlorides and sulfates or both, may be inducted into concrete through mixture
ingredients, such as unwashed aggregates or usage of brackish water in mixing or

curing of concrete. This is a common construction practice in the Arabian Gulf where
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desalinated or potable water is relatively scarce. Another situation which is commonly
observed in the Arabian Gulf region, is that related to permeation of chloride and sulfate
ions to the steel-concrete interface through extraneous sources during the service-life of
concrete structures. Concrete substructures exposed to sulfate-chloride-bearing sabkha
soils and groundwaters in the Arabian Gulf represent a typical situation of this category.
On a global scale, concrete structures exposed to a marine environment, which contains
both sulfates and chlorides, also fall in this category. The effect of sulfates permeating
from external sources under elevated temperature conditions on chloride binding and
reinforcement corrosion need also to be evaluated. Such studies should also evaluate

the performance of concrete surface coatings, coated steels and non-ferrous reinforcing

bars in the environmental conditions of the Arabian Gulf,
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