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PREFACE

This is the eighth report in a series of reports summarizing the durability
and performance of concrete containing fly ash. This report summarizes the
results of a six-year study concerning the effects of fly ash on the sulfate
resistance of concrete. Other reports address the topics of abrasion resistance,
scaling resistance, freeze-thaw durability, and creep and shrinkage at early ages.

The study described in this report was part of Research Project 3-5/9-87-
481, entitled "Durability and Performance of Concrete Containing Fly Ash." The
study was jointly conducted by the Center for Transportation Research, the
Bureau of Engineering Research, and the Ferguson Structural Engineering
Laboratory at The University of Texas at Austin. The study was sponsored by the
Texas Department of Transportation.

The overall research was directed and supervised by Dr. Ramon L.
Carrasquillo.






SUMMARY

The utilization of fly ash in concrete is advantageous for several reasons, including:
1) reduced need for the disposal of fly ash,

2) reduced cost of concrete, and

3) improved physical and mechanical properties of concrete.

Improvements in the properties of concrete include improved workability, decreased temperature
rise, increased long-term strength, and decreased long-term permeability.

Unfortunately, fly ash has variable effects on the sulfate resistance of concrete.
Uncertainties concerning these effects have often limited its use.

This report describes a study in which researchers investigated the relationship between
the composition of fly ash and the effects of fly ash on the sulfate resistance of concrete. Both
the chemical and mineralogical compositions of fly ash were considered.

This study also included an investigation on the production of sulfate resistant concrete
containing non-sulfate resistant fly ash. The purpose of this portion of the study was to
fascilitate the utilization of fly ash from Texas.

Methods for improving the performance of non-sulfate resistant fly ash concrete included
both physical and chemical techniques. Physical techniques included increasing mixture design
cement content and intergrinding fly ash with cement clinker and gypsum, as in the production
of blended cements. These physical techniques were anticipated to decrease concrete
permeability and thereby improve resistance to the ingress of harmful sulfate solution.

Chemical techniques included adjustments in the gypsum content of blended fly ash
cement and the utilization of sodium sulfate as a chemical additive in concrete. These chemical
techniques were designed to optimize the sulfate and alkali contents of cement in order to
account for the chemistry of fly ash.

Fly ash was obtained from 24 power plants within the U.S. and Canada. Source coal
types included bituminous, subbituminous, and lignite. Fly ash partially replaced 3 portland
cements: an ASTM Type II cement and two ASTM Type I cements. Levels of replacement
included 25, 35, and 45 percent by volume.

The mineralogy of fly ash was found to be significant in terms of the effects of fly ash
on the sulfate resistance of concrete. A parameter termed Modified Calcium Aluminate Potential
was offered as a method for predicting these effects on sulfate resistance. The Modified



Calcium Aluminate Potential model considers the average composition of amorphous phases plus
reactive crystalline phases in fly ash.

Increased cement content and intergrinding fly ash improved the performance of Type
IT cement concrete containing moderately sulfate resistant fly ash, but did not significantly
improve the performance of Type II cement concrete containing non-sulfate resistant fly ash.

Adjustments in the gypsum content of blended fly ash cement and the inclusion of

sodium sulfate as a chemical additive in concrete significantly improved the performance of Type
II cement concrete containing non-sulfate resistant fly ash.
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IMPLEMENTATION

This report presents the results of a six-year study concerning the sulfate
resistance of concrete containing fly ash. Several recommendations are made for
improving the durability of fly ash concrete exposed to sulfate environments. Many
of the recommendations from earlier parts of this study have already been
implemented into TxDOT concrete construction practice and, hence, not repeated
here.

A parameter termed Modified Calcium Aluminate Potential is presented as a
criterion for selecting fly ash for sulfate resistant concrete. This parameter utilizes
the chemical and mineralogical compositions of fly ash in order to estimate the
potential for fly ash to contain reactive calcium aluminate phases. Construction
specifications currently used by the Texas Department of Transportation would allow
the use of certain sulfate-susceptible fly ashes to serve as partial replacements for
Type II cement in concrete construction. The use of MCAP would prevent the use
of these fly ashes in construction.

The effectiveness of using physical methods for improving the sulfate
resistance of fly ash concrete is also discussed. These methods, which decrease
concrete permeability, are effective in improving the performance of moderately
sulfate resistant fly ash concrete. However, these methods do not significantly
improve the durability of sulfate-susceptible fly ash concrete.

Chemical methods for improving the sulfate resistance of fly ash concrete are
also presented. These methods involve the optimization of sulfate and alkali contents
in cement in order to compensate for the inclusion of fly ash. Examples include
adjustments in the gypsum content in blended fly ash cements and the utilization of
sodium sulfate as a chemical additive. These methods are effective in improving the
durability of concrete containing fly ash, including sulfate-susceptible fly ash, such
as those which are predominantly produced in Texas. Above all, the benefits of
intergrinding in the production of blended cements is demonstrated.

vii
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

1.1.1 FLY ASH

Fly ash is a by-product of the combustion of coal in power plants. It is removed from
stack emissions by pollution control devices, such as fabric filters. Fly ash which Is not used
in some manner must be discarded. Discarding fly ash is expensive and potentially harmful
to the environment. As an example, effluent from ash disposal ponds contains trace
quantities of toxic elements (450,107).

According to the United States Department of the Interior, coal ash ranks sixth in
terms of abundance of solid minerals (243). Recognition of fly ash as a solid waste problem
prompted the Environmental Protection Agency to Issue the “Guideline for Federal
Procurement of Cement and Concrete Containing Fly Ash® (436). This guideline, which was
Issued in 1983, requires Federal agencies to permit the use of fly ash when procuring
concrete. It also provides recommendations for controlling the quality of cement and
concrete products which contain fly ash.

The use of fly ash as a partial replacement for cement, either as an admixture or
interground, reduces energy consumption per ton of product and may increase cement plant
capacity. Fly ash has also been found to provide benefits for the physical and mechanical
properties of portland cement concrete. For example, fly ash can improve workability,
decrease heat evolution during hydration, increase long-term compressive strength, and
decrease long-term permeability. Consequently, cement producers and electric utilities have
the opportunity to collaborate for mutual economic and environmental benefit (154).

Since almost one-half of total U.S. consumption of cement is in public construction
projects and since federal funds account for nearly two-thirds of these projects, fly ash has
recently been used extensively in concrete (154).



In 1987, fly ash production around the world totalied approximately 280 million tons.
Twenty-four million tons of fly ash were used in the construction industry, approximately
88 percent of which was used in concrete: one million tons used as a cement raw material,
5 million tons used in blended cements, and 15 million tons used as a cement replacement
(243). Fly ash has also been used as a fill material, a road stabllizer, an asphalt filler, and
a constituent of bricks and ceramics (243).

1.1.2 SULFATE ATTACK

Sulfate attack is a widespread and common form of chemical-related deterioration of
concrete. Sources of sulfates include alkall and gypsiferous soils, seawater, and some
industrial wastes (295).

in the presence of moisture, sulfate ions and some constituents of hardened concrete
can participate in expansive reactions. Constituents which can participate in these reactions
include calcium hydroxide, unhydrated tricaicium aluminate, and various reactive alumina-
bearing hydration products.

Initially, expansive reactions may densify the concrete without obvious damage.
However, if expansions continue, internal stresses will develop and will eventually cause
warping, cracking, and spalling of concrete. In addition to materiai deterioration, suifate
attack can cause structural problems. For example, the horizontal thrust of an expanding
slab can displace walls (278).

The potential for sulfate attack in a particular geographical area can be measured by
the concentrations of sulfate (SO ,) in water and water soluble sulfate in soil. The U.S.
Bureau of Reclamation established a classification of four levels of exposure severity based
on these concentrations of sulfates.

In order to ensure long-term concrete durability, the American Concrete Institute
Building Code (7) Includes requirements for cement type and water/cement ratio for each
USBR level of sulfate exposure severity. The requirements for cement type are designed to
minimize the potential for concrete constituents to participate in expansive reactions with
sulfates. The requirements for water/cement ratio are designed to ensure that concrete has
a sufficiently low permeability to resist the intrusion of aggressive solutions.
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The requirements for cement type include provisions for the utilization of fly ash. The
fly ash cements must be determined by exposure test or field record to be resistant to
sulfate attack.

Standard Specifications for the Texas Department of Transportation do not differentiate
between exposure severities. However, all substructure concrete must contain a moderately
sulfate resistant cement (216).

1.2 STATEMENT OF PROBLEM

Although fly ash can improve many physical and mechanical properties of concrete,
its effects on the resistance of concrete to suifate attack are variable. These effects are
primarily dependent on fly ash chemistry and mineralogy. Fly ash is a potential source of
reactive calcium aluminates, which may participate in expansive reactions with sulfates after
the concrete has hardened.

The chemical composition of fly ash Is primarily dependent on the composition of the
coal from which it was derived. The mineralogy of fly ash is dependent on the composition
of the source coal and the burning conditions of the power plant. Fly ash derived from
bituminous coals does not contain substantial proportions of calcium aluminates. However,
fly ash derived from lignite and subbituminous coals may contain significant quantities of this
sulfate-reactive material.

Portland cement is composed primarily of four crystalline compounds. Its potential
for expansive sulfate reactions can be easily predicted by its tricalcium aluminate and
tetracalcium aluminoferrite contents.

Contrarily, fly ash Is partially amorphous and may contain a complex array of
crystalline compounds. Therefore, predicting the potential for fly ash to promote expansive
sulfate reactions Is much more difficult.
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1.3 JUSTIFICATION FOR RESEARCH

Approximately two-thirds of the fly ash produced by power plants in Texas is derived
from lignite and subbituminous coals (112). Many of the lignite coals are mined in Texas
and many of the subbltuminous coals are mined in Wyoming. Due to the extensive use of
these low-rank coals, a large portion of the readily available fly ash in Texas is potentially
hammtul for the sulfate resistance of concrete.

Producers and consumers of cement and concrete in Texas would like to know which
fly ashes to avoid when concrete Is to be placed in a sulfate exposure environment. The
criterion for selecting fly ash for sulfate exposure environments should require only short-
term tests because the physical and compositional characteristics of fly ash produced at a
single plant may change with time. Long-term tests would provide results for fly ash which
may no longer exist.

Since a large percentage of the readily-available fly ash in Texas may be susceptible
to sulfate attack, members of the construction industry would also like to know if the sulfate
resistance of mixtures containing these fly ashes can be improved to an acceptable level.

1.4 RESEARCH OBJECTIVES

The primary objectives of this study were:

1) to recommend a criterion, based on physical and compositional characteristics,
for selecting fly ash to be used In concrete in sulfate exposure environments;

2) to recommend an exposure test for future studies on the sulfate resistance of
concrete; and

3) to recommend alternatives for improving the performance of non-sulfate resistant
fly ash concrete mixtures.



1.5 EXPERIMENTAL PROGRAM

The long-term sulfate resistance of concrete mixtures was evaluated with an
accelerated sulfate exposure laboratory test. Accelerated sulfate exposure In the laboratory
involved iImmersion of 3x6-inch concrete cylinders in 10 percent sodium sulfate solution.

in order to meet the objectives of this study, five series of Iimmersion tests were
implemented:

1) Series A - to study the relationship between fly ash composition and the sulfate
resistance of fly ash concrete;

2) Series B - to study the effects of mixture design cement content;

3) Series C - to study the effects of Intergrinding fly ash with cement clinker and
gypsum;

4) Series D - to study the effects of high sulfate and/or high alkall contents in fly ash
cements; and

5) Series E - to study the applicability of blended cements which contain large
proportions of fly ash.

Unless otherwise specified, concrete was designed with 5%z sacks of cement per cubic
yard of concrete. Mixing water was added until a fresh concrete slump of 5 to 7 inches was
attained.

In order to study the relationships between fly ash composition, cement composition,
and the resistance of concrete to sulfate attack, fly ash was added as a mineral admixture
to concrete containing an ASTM Type It cement and two ASTM Type | cements, as shown
in Table 1.1. Type I-L and Type I-H cements contain relatively low and high proportions of
tricalcium aluminate, respectively. Twelve Texas Type A fly ashes and twelve Texas Type B
fly ashes partially replaced cement at levels of 25, 35, and 45 percent by volume.

in order to study the effects of mixture design cement content on the sulfate
resistance of fly ash concrete, several mixtures containing Texas Type B fly ash and ASTM
Type [l cement were produced with cement factors of 514 sacks and 7 sacks per cubic yard.
Six Type B fly ashes replaced cement as mineral admixtures at levels of 25, 35, and
45 percent by volume, as shown In Table 1.2. Decreased water/(cement + pozzolan) ratios

were anticipated to decrease concrete permeability and to increase sulfate resistance.



Table 1.1. Test Series A

Cement ~ Typell Type I-L Type I-H
12 Type A 5 Type A 6 Type A
Fly Ash 12 Type B 5 Type B 7 Type B
Cement
Replacement 0, 25, 35, 45 0,25 35 0, 25, 35
(vol.%)
Method of Fly mineral mineral mineral
Ash Inclusion admbdure admbdure admixture
— — T — |

Table 1.2 Test Series B

Cement Type ll
Fly Ash 6 Type B
Cement
Replacement 0, 25, 35, 45
(vol.%)
Method of Fly mineral
Ash Inclusion admixture
Cement
Factor 5%, 7
(sacks/cu.yd.)

In order to study the effects of intergrinding fly ash on the sulfate resistance of fly ash
concrete, Texas Type A and Type B fly ashes were interground with ASTM Type | and
Type Ul cement clinker. Six Type A fly ashes and 8 Type B fly ashes replaced cement at
levels of 25 and 35 percent by volume, as shown in Table 1.3. Increased fly ash reactivity
and cement homogeneity were anticipated to decrease concrete permeabllity and to
increase sulfate resistance.



Table 1.3 Test Series C

Cement Type I-H - Typelll
6 Type A 6 Type A

Fly Ash 7 Type B 8 Type B
Cement

Replacement 0, 25, 35
(vol.%)

Method of Fly mineral admixture,

Ash Inclusion interground

In order to study the effects of high sulfate and/or high alkali contents on the sulfate
resistance of fly ash concrete, additional gypsum, sodium hydroxide, and sodium sulfate
were added. Additional gypsum was interground with blended fly ash cements, and sodium
hydroxide and sodium sulfate were dissolved in concrete mixing water. Mixtures containing
sodium sulfate included five Texas Type B fly ashes partially replacing an ASTM Type i
cement at a level of 35 percent by volume, as shown in Table 1.4. Mixtures containing
additiona! gypsum and sodium hydroxide included two Type B fly ashes partially replacing
a Type Il cement at a level of 35 percent by volume, as shown In Table 1.5. Increased
reactivity of fly ash and the availability of sulfate during initial hydration reactions were
anticipated to increase the long-term sulfate resistance of fly ash concrete.

In order to study the applicability of blended cements which contain large proportions
of sulfate-susceptible fly ash, two Texas Type B ashes were interground with an ASTM
Type |l cement. Fly ash was interground at levels of 45 percent and 55 percent by volume,
as shown in Table 1.6. The effects of high sulfate and high alkali contents were studied by
dissolving sodium sulfate in the mixing water. Since the high fly ash contents increased the
percentage of amorphous material In cements, the effects of sodium sulfate on both
reactivity and composition of hydration products were anticipated to be intensified.



Table 1.4 Test Series D (Part 1)

I Cement Type li

Fly Ash 5Type B
Cement

Replacement 35
(vol.%)

Method of Fly mineral inter-

Ash Inclusion admixture ground
Chemical
Admixture 6 levels 7 levels
Na,SO,*

* dissolved in mixing water

Table 1.5 Test Series D (Part 2)

Cement Type Il
Fly Ash 2Type B
Cement
Replacement 35
(vol.%)
Method of Fly
Ash inclusion interground
Additional
Gypsum * 4 levels
Chemical
Admixture 4 levels
NaOH **

* interground with clinker
** dissolved in mixing water




Table 1.6 Test Series E

Cement
Replacement 45, 55
(vol.%)
Method of Fly
Ash Inclusion interground
Chemical
Additive 4 levels
Na, SO, *

* dissolved in mixing water

1.6 REPORT FORMAT

A review of literature concerning topics relevant to this study Is presented. Topics
include:

1) portland cement, including hydration reactions,

2) sulfate attack, including the effects of concrete mixture design variables,

3) fly ash, including its effects on the sulfate resistance of concrete,

4) blended fly ash cements, and

5) alkali-activated cements.

Materials and procedures used in this study are presented. Procedures include those
for materials characterization, concrete mixing and casting, and tests performed on

hardened concrete.

Results of this study are presented and discussed in the following order:

1) evaluation of the sulfate exposure test, including repeatability and duration
requirements,

2) ASTM Type Il cement mixtures containing fly ash as a mineral admixture,
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3) ASTM Type | cement mixtures containing fly ash as a mineral admixture,

4) fly ash cement concrete with a high cement factor,

5) blended fly ash cement concrete,

6) fly ash cement concrete containing high sulfate and/or high alkali contents, and

7) blended fly ash cement concrete containing large proportions of fly ash.
In addition to presenting sulfate exposure results, fresh concrete properties, compressive
strength developments, and permeabllities of hardened concrete are presented.

This report concludes with recommendations for the production and continued
development of sulfate resistant fly ash concrete.

1.7 NOTATION

The oxides and compounds of portland cement are referred to by shorthand notation
throughout this report. Typical oxides and compounds found in ordinary portland cement
are shown in Tables 1.7 and 1.8, respectively.

Minerals found In fly ash are referred to by name in this study where possible. Due
to space limitations in tables and figures, minerals are sometimes referred to by two-letter
abbreviations, as shown in Table 1.9.

1.8 PROJECT SPONSORSHIP AND ADMINISTRATION

This project was sponsored by the Texas Department of Transportation. The Texas
DOT Materials and Test Division provided technical expertise and guidance.

This project was administered by the Center for Transportation Research at The
University of Texas at Austin. It was part of Study Number 3-5/9-87-481, *Durability and
Performance of Concrete Containing Fly Ash Including Its Use in Hot Weather Concreting
and Prestressed Concrete Girders.”

This study was conducted at the Ferguson Structural Engineering Laboratory at The
University of Texas at Austin.



Table 1.7 Shorthand Notation of Oxides in Ordinary Portland Cement

S SiO, silica
A A0, alumina
F Fe 0, ferric oxide I
M MgO magnesia
K K,0
alkalies
N Na,0
S SO, sulfur trioxide
H H.0 water

Table 1.8 Shorthand Notation of Compounds in Ordinary Portland Cement

Cstotrarna 1
Siornand Chemical Formula Chemical Name
C,S 3Ca0 - Si0, Tricalclum Silicate
C.S 2Ca0 - SiO, Dicalcium Silicate
CsA 3Ca0 - A0, Tricalcium Aluminate
C AF 4Ca0 « Al, 0, * Fe 0, Tetracalcium Aluminoferrite
CSH, CaSO, + 2H,0 :.;alygl:umm )Sulfate Dihydrate

1
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Table 1.9 Mineral Names, Abbreviations, and Chemical Compositions

| Akermanite (Ak)

‘ Mineral Name (abbreviation)

Chemical Composition

Ca ,MgSi 0,
Anhydrite (Ah) CaSo,
Bredigite (Bd) Ca, Mg, S0,
Calcite (Cc¢) CaCo,

Calcium Monosulfoaluminate
(C ,ASH 12.49)

Ca Al (SO )(OH) ,;, « (6-12)H,0

Calcium Trisulfoaluminate
(Ettringite: C¢AS ;H 5,)

CaA 2(30 4 3(OH) ,, < 26H,0

Dicalcium Silicate (C,S) Ca,SiO,
Ferrite Spinel (Sp) (Mg, sFeqs)Fe 0,
Gehlenite (Geh) Ca Al SO,
Hematite (Hm) Fe 0,

Lime (Lm) Ca0o
Magnetite Fe O,
Magnesioferrite MgFe O,
Melilite (M1) Ca Mg, AISi, 0,
Merwinite (Mw) CaMg(Si0,),
Mullite (Mu) AlSi 0.,
Periclase (Pc) MgO
Portiandite (Pl) Ca(OH) ,
Quartz (Qz) Sio,
Sodaltte Structure (C A ,S) Ca,Al0,, * CaSO,
Thenardite (Th) Na, SO,

Tricalcium Aluminate (C ,A)

Ca A0,




CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

This chapter reviews topics relevant to this research project. Five topics are discussed
in the following order:

1) portland cement,

2) sulfate attack,

3) fly ash,

4) blended fly ash cement, and

5) alkali activation.

2.2 PORTLAND CEMENT

2.2.1 INTRODUCTION

Manufacturing portland cement includes four principal steps (333, 295):

1) quarrying calcareous and argillaceous materials,

2) processing the raw materials, which involves grinding and blending in the required
proportions,

3) heating these materials to a sufficient temperature to allow the formation of new
compounds, and

4) kiln-product processing, which includes cooling and final grinding.

2.2.2 RAW MATERIALS AND PROCESSING

The most common form of calcareous deposits is limestone, although other forms of
calcium carbonate such as chalk, shell deposits, and calcareous muds are used.
Argillaceous materials are often iron-bearing aluminosilicates. Clays and silts are preferred
since they are already in a finely divided state, but shales and schists are also used (295).

13
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The purpose of grinding and blending raw materials is to ensure that the raw feed
entering the kiln Is of consistent composition and that the particles are small enough to allow
complete chemical combination. Some cement plants perform these processes with the raw
materials in a wet state because slurries are easily proportioned and blended. However,
slurries are uneconomical for kiln operations because evaporation of slurry water consumes
large quantities of heat.

Taking advantage of recent improvements in closed-circult grinding mills, most
modern cement plants economically employ dry grinding and blending procedures. A small
amount of water may still be added to the ground raw materials in order to form nodules
which are easily transported and stored (295).

2.2.3 HEATING

The majority of cement manufacturing companies heat their raw materials with a rotary
kiln. The rotary kiln is a refractory-lined cylindrical shell which rotates slowly about a
slightly-inclined longitudinal axis. The prepared raw materials are fed into the upper end of
the kiln and are slowly transported by the slope and rotation of the kiln to the lower, hotter
end (333).

Four distinct processes take place in the kiln, each occurring in a different range of
kiln temperatures, as shown in Figure 2.1 (295):

1) evaporation, or loss of free water from the raw materials,

2) calcination, or decomposition of raw materials through the loss of bound water

and carbon dioxide,

3) clinkering, or partial melting of the charge, and

4) cooling of the charge once it passes the flame.
The calcination zone occupies over one half the kiln length and transforms the charge into
a reactive mixture that can enter into new chemical combinations. Chemical reactions take
place In the melted fraction In the clinkering zone. The clinkering zone occuples about
one-quarter of the iength of the kiln.



15

exhaust gases
raw feed in imestone
free decomposes
\ water Chy formation
decomposes of meft
formation
of Co5 formation
of C3S

450 1350 1550

)
feed temp.( °C) 50 600 1000 1350 1450

clinker out

gas temp. ( °C) cooling grate

Figure 2.1 Conditions and Sequence of Reactlons In a Typical Cement Rotary Kiln (Dry
Process) (295)

2.2.4 COOLING AND GRINDING

The material which emerges from the kiln is termed portland cement clinker. It Is
composed of Y-inch to 2-inch diameter dark gray porous nodules. Cooling of the clinker
is fascilitated by air or water spray, typically on a moving grate (295). The rate at which
clinker cools can significantly alter the properties of the final cement. For example, slow
cooling permits the flux to crystallize and produces a highly inert form of C,S. High levels
of crystallinity for C ;A and MgO leads to setting difficulties and unsoundness, respectively.
Rapid cooling preserves reactive C,S and freezes the flux in a partially vitreous state,
minimizing the size of C ;A and MgO crystals (333).

The cooled clinker Is transported to a ball mill where 1t Is ground to particle diameters
mostly less than 75 micrometers. Approximately 5 percent gypsum (calclum sulfate) is
usually interground with the clinker in order to retard the quick-setting tendencles of reactive
C,A (278). The grinding ball mill is a horizontal steel cylinder with orifices for feeding and
discharging. The cylinder is lined with hardened steel and is normally loaded to one-third
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of the mill volume with wear-resistant steel balls. Rotation of the mill causes the balls to
pound and abrade the clinker and gypsum (333).

2.2.5 COMPOSITION

The four primary oxides of a typical portland cement clinker are lime, silica, alumina,
and ferric oxides. Minor constituents include magnesia, alkalies, and sulfur trioxide. Lime
Is generated by decarbonation of the calcareous materials, while alumina, sllica, and ferric
oxides are derived from the argillaceous materials (333). Alkalies of sodium and potassium
are widely distributed elements in nature and are found in small amounts in all the materials
used for manufacturing cement (218). The total amount of alkalies Is usually expressed as
an Na ,0 molar mass equivalent [Na,O + (0.64)x(K,0)]. Sulfates and sulfides are usually
derived from the clay components of the raw mix and also from the coal, oil, or natural gas
used to fire the kiln. The high clinkering temperatures in the kiln promote the formation of
sulfur trioxide.

The sulfur trioxide in clinker preferentially combines with alkalies to form alkali sulfates
(405, 406, 407). During the formation of alkali sulfates, one mole of either Na ,0 or K,0 is
consumed for each mole of SO ,. Since the molar ratio, (K,0 + Na ,0)/S0O ,, tends to
exceed unity in clinker, the entire quantity of SO , is typically consumed. The molecular ratio
of alkalies combining with SO, Is typically K ,0/Na ,O = 3 (310).

Portland cement clinker consists primarily of four crystalline compounds: tricalcium
silicate (C ,S), beta-dicalcium silicate (8C ,S; 8 is used indiscriminantly to represent two
crystal forms), tricalcium aluminate (C ;A), and a phase approximating tetracalcium
aluminoferrite (C ,AF). Calcium aluminates and ferrites form through solid-state reactions
at the end of the calcination zone. These compounds then melt at approximately 1350 °C
and act as the main fluxes In cement clinkering (278, 295, 309). Calcium sllicates form in
the liquid phase of the charge in the clinkering zone where the temperatures may reach
1600 °C (295). Without sufficlent fluxing, the silicates would only form at much higher
temperatures or after much longer durations (289).

The chemical compositions of the portland cement clinker compounds are not exact.
For example, the ferrite phase, which exhibits hydration behavior typified by that of the C ,AF
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composition, is actually a solid solution of composition lying between C,AF, and
CeA,F (218). Also, the high temperatures prevalent during clinker formation enables
impurities to enter into solid solutions with each of the major compounds. Both C ;S and
BC ,S invariably contain small amounts of magnesium, aluminum, iron, potassium, sodium,
and sulfur ions. The impure forms of C ,S and BC ,S are known as alite and belite,
respectively (278).

Silicate and aluminate phases are likely to contain K,0 and Na ,0, respectively. in
conditions similar to cement clinker formation, Taylor (419, 420) reported the preparation of
a compound KC ,,S ,,, optically simllar to C,S. Brownmiller and Bogue (43) reported the
formation of a compound NC (A ,, the x-ray pattern of which was similar to that of C,A.

Small amounts of impurities in solid solution do not significantly alter the hydraulic
properties of cement compounds, but larger amounts may contribute to the instabilities of
compounds In aqueous environments (278). For example, C ,A and C ,S compounds
containing large amounts of alkalies have complex crystal structures. These complex
structures are characterized by large holes which increase the reactivities of these
compounds. Upon wetting of cement, both NC ,A ; and KC ,;S ,, react quickly with
CaSO, (218):

Na,O - 8Ca0 -« 3AI, 0, + CaSO, -~ Na,SO, + 3C,A and
K,0 « 23Ca0 - 12Si0, + CaSO, -~ K,SO, + 12C,S.

Recently, due to increases in the use of impure raw materials in the production of cement,
the effects of minor compounds has become a popular topic for research (278, 289).

After gypsum lIs interground with the clinker, ordinary portland cement has an oxide
composition and a compound composition typified by Tables 2.1 and 2.2, respectively (295).

2.2.6 HYDRATION
2.2.6.1 Introduction

Portland cement is composed of a heterogeneous mixture of several anhydrous
crystalline compounds. The hydration process of cement consists of many simultaneous
reactions between these compounds and water.
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Table 2.1 Typical Oxide Composition of a General-Purpose Portland Cement (295)

Percent

Crystalline
cos po:r‘\d C.S Cc,S C.A C.AF CSH,
Percent
by 50 25 12 8 35
Weight J

Portland cement compounds do not react at the same rate. The aluminates are
known to react much faster than the sllicates. The stiffening (loss of consistency) and
setting (solidification) characteristics of a portland cement paste are, therefore, largely
attributed to reactions involving aluminates. The hardening (strength development)
characteristics of portland cement are largely attributed to reactions involving silicates (278).

2.2.6.2 Mechanism

Two mechanisms of hydration reactions have been proposed (278):

1) through-solution hydration and

2) topochemical hydration.
Through-solution hydration involves the dissolution of anhydrous compounds to their lonic
constituents, the formation of hydrates in solution, and the eventual precipitation of the
low-solubility hydrates from the supersaturated solution. Topochemical or solid-state
hydration Involves the reactions taking place at the surface of anhydrous cement
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compounds, without the compounds going into solution. It is generally accepted now that
at least the early reactions of portland cement compounds with water are achieved by the
through-solution mechanism (278).

2.2.6.3 Liquid Phase

Calcium hydroxide, calcium sulfate, and alkali sulfates are all present in portland
cement as readily soluble solids. The liquid phase of hydrating portland cement is therefore
initially abundant In ions from these compounds, tending towards the following
equilibrium (217):

CaSO, * 2H,0 + 2MOH « M,SO, + Ca(OH), + 2H,0,
where M is either K or Na or both.

The solution composition remains relatively constant for a period of several hours. As
hydrated products are precipitated, additional anhydrous materials pass into solution. The
precise composition of solution depends on the particular cement and the water/cement
ratio (218).

Solid Ca(OH) , persists at all ages in portland cement and therefore maintains a supply
of its lons. Sulfate ions have a limited supply from gypsum and alkall sulfates and they are
quickly precipitated within insoluble hydrated calcium sulfoaluminates. Typically, nearly all
of the sulfates are removed from solution within the first 24 hours of hydration (218). Alkall
lons are inttially supplied by the alkali sulfates and their supply is maintained by the release
of alkali hydroxides from hydrating calcium aluminate and calcium silicate compounds (218).
Typically, all or neary all of the alkalies have passed into solution after 28 days of
hydration (218).

The relative proportions of calcium, alkali, and sulfate ions in pore solution determines
the nature of initial hydration products (137, 148, 351). Figure 2.2 indicates trends of
calcium hydroxide solubility in solutions containing alkall hydroxides and alkali sulfates. The
calcium ion content in solution decreases with increasing concentrations of alkali hydroxides.
However, under the same OH " concentration conditions, the calcium hydroxide appears to
be more soluble in the presence of sulfates provided by alkali sulfates (351). This trend of
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higher Ca ?* contents have also been observed when alkali hydroxides were used in
combination with sulfates provided by gypsum (351).

25 : : : : :
Equiibrium | : hydroxide with sulfats’ | " 2504
: : : L |K2SO4
20.. .................. ._ .........
5 Equilibrium Il : :hydroxide without suifste  (KOH
= : : : : Na,CO4
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E
[
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E
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(4]
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Hydroxyl lons (mmol / liter)

Figure 2.2 Dependencies of Calcium and Hydroxyl lon Concentrations in Solution With and
Without Sulfate lons (137, 148, 351)

Decreasing calcium hydroxide solubility with increasing alkali hydroxide concentration
has been attributed to a common lon effect (218). Alkali hydroxides are very soluble and
therefore release hydroxide ions (OH ) into solution quickly. Calcium hydroxide Is then less
able to dissolve In a pore solution which already contains hydroxide ions.

The apparent increased calcium hydroxide solubility in the presence of alkali sulfates
is actually a result of the higher solubility of calcium sulfate and syngenite
{CaSO, *+ K, SO, « H,0) under these conditions. Reactions between alkall sulfates and
calcium hydroxide result in the formation of alkall hydroxide and calcium sulfate (and
syngenite if potassium hydroxide Is present). Calcium sulfate and syngenite then release
higher concentrations of Ca?* ions into solution than would calcium hydroxide alone (351).

The same reasoning applies to solutions which initially contain calcium hydroxide,
alkali hydroxide, and gypsum. However, the initial reaction between alkali sulfate and
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calcium hydroxide to form gypsum is not required (351). Since the two curves in Figure 2.2
converge, the solubilities of gypsum and syngenite must also decrease with increasing OH"
concentration (351).

2.2.6.4 Calcium Stlicates

Tricalcium silicate reacts more rapidly than dicalcium silicate. The reactivity of C ;S
Is attributed to its irregular ionlc packing which leaves large structural holes (218). Portland
cements which contain large proportions of C ;S, relative to BC ,S, exhibit high early
compressive strengths.

The hydration reactions of both C ;S and BC ,S produce a family of calcium silicate
hydrates (C-S-H) and calcium hydroxide (CH). The members of the C-S-H family are all
structurally similar but vary widely in calcium/silica ratios. On complete hydration, an
average composition of the hydrates may be represented by C,S ,H ; (278, 295):

2C,S + 6H = C,S,H, + 3CH
2C,S +4H = C,S,H, + CH.

The C-S-H are poorly crystalline porous solids which exhibit the high surface area
characterisitics of a rigid gel. Calcium hydroxide [Ca(OH) ,] is a compound of definite
stoichiometry, tending to crystallize as large hexagonal plates and prisms (278).

Most of the strength of portland cement concrete is attributed to C-S-H, which bonds
by Van der Waals forces over its extremely high surface area (278). Calcium hydroxide,
which has a considerably lower specific surface area than C-S-H, does not contribute
significantly to concrete strength.

Due to its solubility in acidic and sulfate waters, leaching of CH may increase concrete
porosity and decrease concrete durability. Cements with relatively large proportions of 8C ,S
are conducive of low CH liberation and therefore contribute to strong and durable
concrete (278).
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2.2.6.5 Calcium Aluminates

The highly exothermic reactions of C ;A in water produce a mixture of hexagonal
hydrates: C,AH ;4 and C ,AH,. These hexagonal plate crystals are metastable and
eventually transform into the cubic hydrate, C ;AH ¢, which is less soluble (218, 278).

Although C ;A is Initially highly reactive in water, its reactivity quickly decreases.
Hexagonal hydrates form a diffusion barrier on the C,A grain surface. Periodic breakdown
of the protective hydrate layer, caused by crystal growth pressures, allows the C,A to
continue hydrating at a decreasing rate (175).

The ferrite phase, approximated by the composition C ,AF, reacts quickly in the
presence of water, but not as quickly as C,A. A solid solution of C ,AH ; and ferric oxide
is formed as hexagonal plates. At ordinary temperatures, the hexagonal solid solution phase
readily converts into a cubic C ,AH¢-C ,FH ¢ solid solution (60). These reactions are similar
to the reactions involving C ;A and pure calcium aluminate hydrates.

The initial reaction of C ;A in water is so rapid that unless it is controlled by some
means, cement will stiffen immediately (flash set) and will be useless for construction
purposes. immediate stiffening occurs as aluminum ions and silica ions coagulate to form
a low-lime gel. The sources of aluminum ions and silicon ions include tricalcium aluminate
and calcium silicates, respectively. The low-lime gel hinders the formation of normal C-S-H
and therefore reduces concrete strengths (218). Prevention of the formation of the iow-lime
gel is accomplished by controlling the rate of hydration of C,A. The rate of hydration of
C,A is generally controlled by intergrinding 1 to 10 percent gypsum with the cement
clinker (334).

2.2.6.6 Effects of Gypsum

The morphology of hydration products of C,S and BC,S are slightly modified in the
presence of gypsum because sulfate can enter the structure of the calcium silicate hydrate
gel (218). Also, the rates of reaction of the calcium silicates are increased by the presence
of gypsum, resulting in decreased final set times. in the absence of gypsum, ferric oxide
produced during hydration of C ,AF can precipitate on cement particles and retard thelr
hydration. When gypsum is present, C ,AF hydrates to form a solid solution of
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sulphoaluminate and sulphoferrite and there is no prolonged inhibiting effect on cement
hydration (218).

The hydration of C ;A Is altered considerably by the presence of gypsum. Most
importantly, hydration is retarded and portland cement concrete is provided with an
extended time of plastic behavior. Forsen formed two theories for the mechanism of C ;A
hydration retardation by gypsum (120): chemical repression and physical repression of the
solubllity of alumina. Chemical repression of alumina solubllity is caused by gypsum
releasing Its calcium and sulfate ions into solution. A solution which contains an abundance
of lons [s less receptive of additional ions, Including those from alumina-bearing compounds
(218, 278). Physical repression of alumina solubility is caused by the formation of a film of
insoluble hydration products around cement particles.

Calcium sulfoaluminate films which form around the anhydrous tricalcium aluminate
compounds are theorized to be relatively impervious. Therefore, these films serve as
diffusion barriers and retard further dissolution of aluminate compounds. The barriers are
repeatedly formed and disrupted, allowing a slow supply of aluminum ions to enter the liquid
phase. Disruption of barriers is caused by osmotic pressure and the transformation of
trisulfoaluminate to monosulfoaluminate (217). The relative stabilities of trisulfoaluminate and
monosulfoaluminate depends on the concentrations of aluminum and sulfate lons in
solution (278).

Hydration of C ;A in the presence of gypsum can be considered to occur in three
stages, as shown in Figure 2.3. During the first stage, there are sufficient sulfate ions
supplied by the gypsum for the high-sulfate form of sulphoaluminate to precipitate (334).
This hydrated compound is also known as ettringite, which is the name of the naturally
occurring mineral of the same composition (295, 374):

C.A + 3CSH, + 26H - C,AS H.,,.

The surfaces of C ;A particles act as catalysts for crystal nucleation. Therefore, ettringite
crystals form near the surfaces of these particles and grow out into solution as fine
needles (382). The rate of heat evolution gradually decreases as the ettringite barriers
progressively obstruct water molecules from moving toward the surface of C ;A
particles (334).
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Figure 2.3 Calorimetric Curve for the Hydration of C ;A in the Presence of Calcium Sulfate
(175)

Stoichiometry of ettringite formation suggests that when the Initial molar ratio of
gypsum to C ;A is less than three, all gypsum is eventually consumed. Depletion of gypsum
Is significant since ettringite is only stable while there Is a sufficient concentration of sulfate
ions in the liquid phase. if the concentration of sulfate ions nears depletion before all the
C ;A has hydrated, ettringite begins the second stage of hydration. This stage involves
massive conversion of eftringite to the low-sulfate sulfoaluminate, otherwise known as
monosulfoaluminate hydrate or monosulfate hydrate (295, 374):

2C,A + C(AS,H,, + 4H = 3C,ASH,,.

The second stage of hydration involves rapid consumption of C ;A and considerable heat
evoiution. Rate of heat evoiution increases as the ettringite barrier Is destroyed (334).
Ghorab et.al. (127) belleve monosulfoaluminate is also formed through-solution, as ettringite
dissolves. This stage terminates when all ettringite has been converted or when the C ;A
supply Is depleted.
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The third stage of C ;A hydration begins after total conversion of ettringite to
monosulfoaluminate. The remaining C ;A reacts quickly with water in the presence of
monosulfate to form a solid solution of monosulfate and hexagonal aluminate hydrates:

The hexagonal hydrates eventually convert to cubic hydrates, which are more stable (334):
CAHg + CAH (1345 = 2C,AHg + (8-15)H.

Some remaining C ;A may also be absorbed by the hydrous calcium silicate gel (374).
During this third stage of hydration, the rate of heat evolution decreases as the remaining
C ;A is consumed.

Exposure of C ,A to solution in the presence of monosulfoaluminate and in the
absence of ettringite occurs only in cements with relatively low SO ; contents. These low
SO, contents correspond approximately to gypsum/C ,A molar ratios less than unity (334).

The reaction equations for ettringite and monosulfoaluminate are approximate;
precipitates of variable chemical compositions have been found to be structurally similar.
The notations AF, and AF , are often used to encompass all hydration products structurally
similar to trisulfoaluminate (ettringite) and monosulfoaluminate, respectively (278).

2.2.6.7 Optimum Gypsum Content

Lerch (212) has Investigated the influence of various proportions of gypsum on the
initial rate of hydration of portland cement. He used a conduction calorimeter to record the
rate of heat evolution during the exothermic cement hydration reactions, which provided
insight into their nature and sequence (374, 385).

Lerch (221) studied four cements which were ground with the same clinker but with
various levels of gypsum, producing SO , contents of 1.3, 1.9, 2.4, and 3.0 percent. Rate
of heat evolution curves are shown in Figure 2.4. Heat of hydration within the first
30 minutes was ignored for clarity. Reactions causing initial heat evolution include the
dissolution of alkalies and gypsum, the hydration of free lime, and the formation of ettringite.
Peaks in Figure 2.4 which are labeled "C" represent heat released during the hydration of



26

C Clinker Composition 1.3% S04

Rate of Heat Evolution (cal / gm [ hr)

e i
‘ A C: eftringite —» monosulfate

] A : hydration of alite
2.
6

C 2.4% SOg
4 A
2 i
4
A 3.0% SO, o;

2 i

0 8 16 24 36

Time (hours)

Figure 2.4 Calorimetric Curves for the Hydration of Ordinary Portland Cement with Varying
Proportions of Gypsum (221)
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C ;A or the conversion of ettringite to monosulfoaluminate. Peaks in Figure 2.4 which are
labeled “A*" represent heat released during the hydration of alite.

The lowest SO , content (1.3 percent) was Insufficient to prevent rapid dissolution of
C ,A and the formation of an alumina-silica gel. Alite hydration was delayed and hindered,
as seen by its late occurence at 24 hours and Its relatively low peak rate of heat evolution,
respectively.

Higher gypsum contents delayed the dissolution of ettringite. As a result, the alite was
able to hydrate properly. Lerch expected that there existed some SO, content higher than
3.0 percent which would have eliminated peak C altogether.

Lerch considered the optimum gypsum content to be that which is just sufficient to
eliminate peak C. This level of gypsum supplies enough SO , to keep the ettringite stable
until most C,A is hydrated. The amount of gypsum required to eliminate peak C has been
found to increase with increases in cement C ;A and alkali contents (221, 385).

Additional investigations on gypsum contents In cements have reported that cements
exhibit the highest strengths and the lowest drying shrinkage approximately at their optimum
gypsum content, as defined by Lerch (329). Gypsum contents lower than optimum impede
proper alite hydration, while gypsum contents higher than optimum cause expansions which
disrupt the hardened concrete. These expansions are due to the availability of sulfate ions
after the concrete has hardened, which enables hydrating C ,A to continue to form ettringite.

Optimum gypsum contents cannot be determined by simply calculating a specified
$0,/C A ratio. Tricalcium aluminate compounds vary in reactivity, depending on their rate
of cooling after firing, their impurity compositions, and the conditions within which the
cement was stored (218). The rate of availabllity of sulfur trioxide in solution depends on
whether the SO , Is supplied by clinker, calcium sulfate hemihydrate, or calcium sulfate
dihydrate (gypsum). Sulfur trioxide originating In clinker is readily soluble K it exists as
exposed alkali sulfates, but it is slowly soluble if it Is confined within cement compounds.
Hemihydrate (CaSO, - %H ,0) is more soluble than gypsum and is produced when gypsum
(CaSO, * 2H,0) Is subjected to temperatures of 130 °C to 150 °C. If large proportions
of hemihydrate are present in cement, the liquid phase may be supersaturated with calcium
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and sulfate ions. Subsequent precipitation of bulky gypsum crystals causes false set for the
concrete mixture. False set can be remedied by vigorous mixing (223, 278, 381).

2.2.6.8 Effects of Alkalies

Modemn cement proces'sing technology and the use of impure raw materials have
increased the proportions of alkali compounds which are typically found in portiland
cement (173). The effects of alkalies on cement hydration has therefore become a popular

topic for research.

Spierings and Stein (390) compared the rates of heat evolution for C ,A pastes in
water and in NaOH solutions of various concentrations. Heat evolution In the first 15
minutes decreased with increasing NaOH concentration, as shown in Figure 2.5. Decreased
reactivity of C,A was attributed to the formation of an efficient diffusion barrier. Alkalies
Increased the rate of conversion of hexagonal hydrates to the cubic hydrate, C ,AH,, and
decreased the size of these hydrates (140).

A portion of Na ,0 in clinker is normally present within C ,A-ike structures, forming
solid solutions of the general formula: (x)Na,O « (3-x)CaO + A, O, (230, 354). Therels
general aggreement that the Initial hydraulic reactivity of C ;A increases as the Na,O content
in the crystal structure Increases (35, 38, 39, 40, 352, 390, 391). However, as the
Na ,O-doped C ,A hydrates, alkalies are released into solution. Once the alkalies are In
solution, they have retarding effects similar to those found on the hydration of pure C,A in
NaOH solutions (390).

Decreased reactivity of C ;A has also been observed in the presence of gypsum and
alkali sulfates (174). Jawed and Skalny (174) studied the heat evolution of C,A hydration.
Total heat evolved after 30 minutes was reduced slightly in the presence of gypsum alone
and was reduced by more than 50 percent in the combined presence of gypsum and
K,SO,, as shown In Figure 2.6. This severe retardation was presumed to be due to both
the rapid formation of an ettringite film and to the decreased rate of hydration of C ;A in
alkaline solutions (373, 381, 390).

The early hydration of C ,S has been found to be significantly accelerated by the
addition of K ;8O , to mixing water. The presence of alkali sulfates removes Ca?* ions from



29

the aqueous phase by precipitating Ca(OH) , and CaSO,. Since these phases precipitate
in solution and not on the surfaces of C ,S particles, further dissolution of C,S is
enhanced (174).
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Figure 2.5 Calorimetric Curves for the Hydration of C ;A Pastes in Water and in NaOH
Solution (390)

Jawed and Skalny (174) studied the effects of alkalies on the rate of heat evolution
due to the hydration of C,S. Inclusion of alkali sulfates with Type | cement decreased the
time required for the peak rate of heat evolution to occur, as shown in Table 2.3. The
decreased time-to-peak corresponded to increases in the rate of hydration of 6 percent to
32 percent (174).



30

Heat Evolved After
i Curve System 30 Minutes (cal/ g)
I CaA 75.7

II CaA + 5% gypsum 542

il CzA+5%gypsum 326
+2% K80,

Relative Rate of Heat Evolution

0 10 20 30
Time (minutes)

Figure 2.6 Early Heat Evolution of C ;A In the Presence of Gypsum and K,SO , (174)

in general, the effects of alkalies on the hydration of calcium silicates results in
increased early concrete compressive strengths (up to 7 days) and decreased 28-day
compressive strengths (177). Increases in early strengths result from the increased rate of
hydration of calcium silicates. Decreases in 28-day compressive strengths result primarily
from changes in the morphology of hydration products (174). The changes in morphology
result from two factors (174): increased rate of early hydration and increased water
requirement for the same concrete slump. Rapid hydration reactions in the initial stages of
calcium silicate hydration result in a coarser and more heterogeneous microstructure for the
C-S-H gel. This microstructure leads to lower inherent strengths (303). The increased water
requirement for cement paste which contains alkali sulfates has been attributed to early
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precipitation of gypsum and syngenite (K ,SO, «+ CaSO, < H ;0) in the liquid phase
(357, 392).

Table 2.3 Heat Evolution Profile Characteristics for Cement Pastes with Potassium Sulfate
Additive (174)

Heat Evolved at Time of Peak
30 minutes * Maximum **
System (cal/ gm) (hours)
EEETIEE—
Cement A 6.76 6.5
Cement A + 2% K,SO, 6.14 55
Cement A + 3% K,SO, 5.38 45
m
Cement B 6.88 85
Cement B + 2% K, SO, 5.90 8.0
Cement B + 3% K,SO, 487 6.0
]
Cement C 7.29 95
Cement C + 2% K,SO, 5.80 8.0
Cement C + 3% K,SO, 4.73 65

Note: water/cement ratio = 0.5, temperature = 30°C

* cumulative heat evolved after 30 minutes of hydration
** time for second heat evolution peak maximum
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2.3 SULFATE ATTACK

2.3.1 DESCRIPTION OF PROBLEM

The action of sulfates is the most widespread and common form of chemical attack
on concrete (295). Even as the most common form of chemical attack, Pierce (330)
estimated that the proportion of concrete in the United States which is exposed to sulfates
is probably less than 10 percent.

Sulfates originate from a wide range of sources. Seawater contains approximately
2700 mg/liter sulfates as SO 2. Some groundwaters contain sulfates, particularly when the
soil through which it flows consists of a high proportion of clay. High local concentrations
of sulfates in groundwater may be found in the vicinity of industrial wastes such as mine
tailings, slag heaps, and rubble fills. Rainwater may contain sulfates from air pollution, and
sulfates may be produced by biological growths; these two sources of sulfates can cause
deterioration of concrete above ground (278, 295).

Mineral sulfates within clayey soils are formed by the disintegration of rocks and are
typically those of calcium, magnesium, sodium, and potassium. Clays containing these
mineral sulfates are often referred to as alkali or gypsiferous soils (218).

Environmental conditions are important when considering the potential sulfate attack
exposure of concrete. The solid salt content of surrounding soil alone does not provide an
accurate indication of the severity of conditions. The solid saits require moisture in order
to enter into a solution which can react with the hardened cement paste. A large amount
of water accompanied by water movement, however, may leach the destructive salts away
from the vicinity of the concrete. Regions in which alternate wetting and drying are fairly
frequent, such as semi-arid regions in the western United States, are particularly conducive
of sulfate attack (330).

Concrete which rests on wet, sulfate-bearing solls and which Is subjected to surface
drying is susceptible to deterioration. Evaporation on the top surface increases the volume
of sulfate-bearing water which Is drawn through the concrete. The concentration of sulfates
inside the concrete may even exceed that of its subgrade (218).
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The mobility of salts in solution causes variability in the sulfate contents of waters and
solls between points close together. The irregular distribution exists between soil samples
differing In horizontal location and also differing in depth. For example, due to gradual
leaching by rainwater, the top 2 or 3 feet of soills may be relatively free from sulfates.
Alternatively, In dry regions where rates of evaporation are high, large concentrations of salts
may accumulate near the ground surface (218). Irregular distributions of salt concentrations
make structures which cover large areas of fand particularly susceptible to sulfate attack;
scattered tests on soil samples may not reveal potential sulfate hazards for pavements or
canals (330).

Sulfate attack has been a consistent topic of concrete durability research for the past
60 years. As early as 1936 a concrete construction manual published by the United States
Bureau of Reclamation (USBR) warned that concentrations of soluble sulfates greater than
0.1 percent In soil (or approximately 150 mg/liter SO ,> In water) may be detrimental to
concrete and that concentrations greater than 0.5 percent In soil (or greater than
approximately 2000 mg/liter SO ;2 in water) may have a significant damaging effect (278).

2.3.2 MECHANISM

Sulfate attack on concrete can be considered as a sequence of three processes which
leads to cracking, expansion, and strength loss (295):

1) diffusion of sulfate ions into the pores of the concrete,

2) gypsum corrosion, and

3) sulfoaluminate corrosion.

The first step In the sulfate attack process requires moisture for the transport of SO
lons through solution (28). The rate of diffusion of sulfate lons into concrete depends on the
permeability of concrete, the concentration gradient of sulfate lons, and the diffusion
characteristics of the sulfate ions.

Gypsum and sulfoaluminate corrosion are both expansive reactions which cause the
internal stresses responsible for concrete deterioration during sulfate attack.

Gypsum corrosion Is a base exchange between calcium hydroxide and the sulfates
entering the concrete pore solution. The calcium hydroxide is a product of the hydration
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of calcium silicates. The conversion of calcium hydroxide to gypsum more than doubles its
solid volume; the respective molecular volumes of Ca(OH), and Ca,SO, « 2H,0 are
33.2 cc and 74.2 cc (218). The basic chemical reaction is:

Ca(OH), + M SO, + 2H,0 « CaSO, * 2H,0 + 2MOH,
where M is usually K or Na or both.

The sulfate lons combine with calcium ions while the hydroxide ions combine with sulfate
salt cations.

Increases in solid volume during transformations from calcium hydroxide to gypsum
are only destructive when gypsum forms topochemically (80). Otherwise, gypsum formation
encourages the penetration of additional sulfate ions into the concrete and concentrates
them Iin a form in which they can react directly with alumina-bearing compounds (295).

The degree to which gypsum corrosion proceeds depends on the environmental
conditions. If alkali hydroxides are removed by flowing waters and if alkali sulfates continue
to be supplied, the conversion of calcium hydroxide to gypsum may proceed to completion.
Alternatively, if the groundwater is stagnant, the alkali hydroxides accumulate in the concrete
pores and an equilibrium Is attained (28). For example, in stagnant 5 percent Na ,SO,
solution, only about one-third of the sulfur trioxide is deposited as calcium sulfate when
equilibrium Is reached. In stagnant 2 percent Na ,SO , solution, only one-fifth of the sulfur
trioxide Is deposited as calcium sulfate (218).

The third step in the sulfate attack process, sulfoaluminate corrosion, Involves
reactions between gypsum and several alumina-bearing compounds: unhydrated tricalcium
aluminates, hydrated calcium sulfoaluminates, and hydrated calcium aluminates. These
reactions, in their respective order, proceed according to (65):

1) C,A + 3CSH, + 26H = C,A « 3CS « H,,
2) C,A « CS « Hyppe + 2CSH, + (10-16)H - C,A « 3CS + H,,, and
3) C,AH,; + 3CSH, + 14H - C,A « 3CS + H,, + CH.

These sulfate-Induced expansive reactions are similar to some initial cement hydration
reactions but they occur after the concrete has hardened. The product common to all
reactions Is trisulfoaluminate hydrate, or ettringite. The formation of ettringite may resutt in
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a large Increase In solid volume as compared to its reactants. For example, the solid phase
volume more than doubles during the transformation from monosulfoaluminate hydrate to
trisulfoaluminate hydrate; their respective molecular volumes are approximately 313 cc and
715 cc (218).

Expansions may initially result In densification of concrete as crystals of gypsum
and/or ettringite fill previously unoccupied pores (28). However, continued expansions lead
to Internal stresses, volumetric changes, and cracking in concrete. Cracks fascilitate the
ingress of additional sulfate ions, thus accelerating the sulfate attack process.

An additional attack mechanism occurs in conditions where sulfate solutions are
replenished. The supply of sulfate ions in concrete pore water solution is maintained, while
the supply of aluminate ions is depleted by the formation of hydration products.
Crystallization of gypsum, which does not require aluminates, must eventually replace that
of ettringite. The source of calcium ions during gypsum formation, calcium hydroxide, may
also eventually be exhausted resulting in decreased pore solution hydroxyl ion
concentration. Low pH, high sulfate concentration solutions provide unstable environments
for calcium silicate hydrates (65, 272):

1) sulfate adsorption on C-S-H surfaces is believed to reduce their adhesive

properties and

2) inlow pH environments, C-S-H gels release CH into soiution in order to return the

pH to a level which promotes its own stability.

Since calcium silicate hydrates are the primary binders within hydrated portland
cement, this acidic form of sulfate attack results in the deterioration of cementitious
properties. Surface-softening and decreased compressive strengths are often observed prior
to any expansion (272).

2.3.3 SULFATE SALT TYPES

Sulfate salts are typically calcium, magnesium, sodium, or potassium sulfates. At
relatively small concentrations, the nature of the cations accompanying the sulfate anions
does not significantly affect the process of sulfate attack. However, at higher concentrations
of sulfates, the type of salt present has significant effects on the severity of conditions (295).
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Calcium sulfate, which is present in almost all soils, has the advantage of bypassing
gypsum corrosion to proceed directly with sulfoaluminate corrosion. This difference is
significant between sulfate ion (SO,%) concentrations of approximately 600 mg/liter to
1400 mg/liter. At these sulfate ion concentrations, calcium sulfate Is regarded as more
aggressive than sodium or potassium sulfates (28). The contribution of caicium sulfate to
the deterioration of concrete is less at sulfate ion concentrations greater than 1400 mg/liter
(295). Calcium sulfate is limited by its solubility, which is approximately 1400 mg SO % per
liter of clean water at normal temperatures (278).

Sodium and potassium sulfate soiubilities are in excess of 10 percent at normal
temperatures and are typically responsible for SO ,/* concentrations In groundwater in
excess of approximately 0.15 percent. In the alkali soils of North America, soil water has
been found to contain up to 1.0% total sulfate salts (0.65 to 0.80% SO ) (28, 218, 409).

Magnesium sufates, which are also very soluble, initially cause damage to concrete
by means similar to other sulfates: calcium sulfoaluminates and magnesium hydroxide are
formed. However, magnesium sulfates may also attack the C-S-H gel directly. Magnesium
and calcium ions have equal valence and similar ionic radii. Therefore, magnesium sulfate
can react with the C-S-H gel to form gypsum, magnesium hydroxide, and a silica
hydrate (57):

C,SH, + (MS + (3x+0.5y-2)H - (X)CSH, + (x)MH + (0.5¥)S H.

The gypsum formed may react with the calcium aluminates to produce additional ettringite.
The magnesium hydroxide and silica hydrate react slowly to form a non-cementitious
hydrated magnesium silicate (218, 250):

4MH + SH, - M,SH, + (n4.5)H.

Magnesium hydroxide (or brucite) has a solubility of only 10 mg/liter and Is thus an
efficient remover of hydroxide lons from solution. During magnesium sulfate attack, the
concrete pore solution may have a pH as low as 10.5 (28, 65, 218). Since calcium silicate
hydrates are unstable in poorly alkaline solutions, the hydrates improve stability by releasing
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additional calcium hydroxide. The CH will contribute to the formation of additional gypsum
it magnesium sulfate is available for reaction: '

CH + MS + 2H - CSH, + MH.
The gypsum will then be available for additional ettringite formation (65, 218).

Sodium and potassium sulfates are not able to attack the C-S-H gel directly because
the Na* and K* lons are not of proper size or valence to displace the Ca?* ions within the
gel (65).

2.3.4 ETTRINGITE FORMATION

Two principal theories exist for the mechanism by which ettringite causes expansive
stresses (64):

1) crystal growth theory and

2) swelling theory.

The crystal growth theory states that as soon as ettringite formation begins, the
surfaces of the expansive particles (C,A and C,A ,S) are covered with a dense coating of
ettringite (355). Further hydration occurs topochemically, increasing the thicknesses of the
ettringite coatings (373). The size of crystals eventually exceeds the space available,
causing pressure and subsequent expansion (355).

The swelling theory states that ettringite particles form a gel by through-solution
crystallization of colloidal-size particles. The gel tends to adsorb water and swell, which
causes pressure and expansion (64).

Proponents of both ettringite formation theories generally agree that the presence or
absence of Ca(OH) , results in the formation of two types of ettringite: expansive or non-
expansive, respectively. In the presence of solid Ca(OH) , (Ca?* and OH " In solution) pore
solution pH is generally 12.5 to 12.9. In the absence of solid Ca(OH) ,, pore solution pH is
generally 11.5 to 11.8.

In solutions of relatively high pH, proponents of crystal growth theory propose that
aluminates hydrate slowly and ettringite is formed topochemically (directly on the surface
of C,A without C ,A dissolving beforehand) (64, 373). The ettringite consists of small,
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rod-like crystals, typically 1 to 2 micrometers long and 0.1 to 0.2 micrometers thick (272).
Proponents of the swelling theory propose that under these conditions the colloidal gel is
formed by through-solution reactions. Proponents of both theories feel that under these
conditions, ettringite is expansive.

In solutions of relatively low pH, aluminates hydrate rapidly and ettringite is formed by
precipitation from solution phase (ions of calcium, aluminate, and sulfate first are dissolved
from cement compounds) (64, 373). The ettringite consists of large lath-like crystals,
typically 10 to 100 micrometers long and several micrometers thick. Advocates of the crystal
growth theory state that these crystals do not form an efficient diffusion barrier on expansive
particles, so ettringite continues to form through-solution. Advocates of the swelling theory
state that these large crystals with their low specific surface area have reduced capabilities
for adsorbing water molecules (64). Proponents of both theories feel that under these
conditions, ettringite is not expansive.

Lafuma (210) has suggested that the combination of a cement compound in its solid
state with a substance in solution always leads to expansion. However, if the cement
compound passes into solution, reacts, and then precipitates as solid, no expansion occurs.
The formation of calcium sulfoaluminates during sulfate attack on hardened portland cement
Is an action of the first type: the presence of free calclum hydroxide renders the hydrated
calclum aluminates entirely insoluble during thelr reaction with sulfates. In some special
cements with relatively low calclum hydroxide contents, however, the action of suifate
solutions is of the second type: the absence of lime allows the hydrated calcium aluminates
to be slightly soluble during their reaction with sulfates (218).

Schwietz et al. (373) have suggested that ettringite which forms by precipitation from
solution contributes to concrete strength, while ettringite which forms topochemically does
not contribute to strength. These types of ettringite correspond to non-expansive and
expansive, respectively.

Kalousek and Benton (190) reported an additional classification of ettringite types:
aluminum-rich ettringite and Iron-rich ettringite. Aluminum-rich ettringite Is a product of the
aluminate phase and is expansive by mechanisms discussed previously. Iron-rich ettringite
Is a product of the ferrite phase and expansion is small or non-existent. The ability of iron
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to reduce expansions has been attributed to two effects, neither of which Is universally
accepted:
1) lron-bearing ettringite resists conversion to monosulfoaluminate during hydration
(284) and
2) Iron-bearing monosulfoaluminate resists conversion back to ettringite, even In the
presence of sulfates (295).
The ability of iron to affect the reactivity of alumina-bearing compounds has been linked to
crystal morphology and the tendency for crystals to dispense lon or to cumulate lons from
the surrounding solution (190).

The expansive potential of hydrated cement paste is not simply related to the amount
of calcium sulfoaluminate present. It is also a function of the type of ettringite which is
formed. The type of ettringite may even change with time. Changes in pore solution
composition may cause non-expansive crystalline ettringite to transform into an expansive
gel-like ettringite (1, 152).

2.3.5 SIGNS OF DISTRESS

Deterioration of concrete due to sulfate attack can be detected as changes in (65):

1) physical characteristics, including cracking, warping, mass loss, and expansion,

2) mechanical properties, including elastic modulus, compressive strength, and
dynamic modulus,

3) chemical characteristics, Including hydration product compositions and pore

solution chemistry, and
4) microstructural properties, including shape and size of hydration products and

pores.

Deterioration of concrete in the presence of sulfate solutions may involve several
simultaneous processes. The prominent type of deterioration is affected by cement
composition, concrete mixture design, and exposure solution chemistry. Therefore, several
concrete properties should be monitored in order to make valid comparisons of sulfate

resistance (65).
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2.3.6 PHYSICAL TEST METHODS

2.3.6.1 Test Requirements

In order for a laboratory test method to provide a satisfactory assessment of sulfate
resistance, it must meet the following criteria (281):

1) reliable and reproducible Information should be obtained in a relatively short period
of time,

2) natural sulfate attack processes should be reproduced as accurately as possible
s0 that correlations with field experience may be developed, and

3) the test method should be applicable to a wide variety of cement types, including
those which contain pozzolans.

2.3.6.2 Tests on Cement Pastes

Mehta (264, 276) utilized ¥-Inch cement paste cubes for comparing the resistance of
cements to sulfate attack. The cubes were immersed in four percent Na ,SO , solution and
were measured for retention of compressive strength after 28 days. Rapid and complete
sulfate permeation was assured by using cement paste alone, by mixing paste at a
water/cement ratio of 0.5, and by keeping specimen dimenslons relatively small. A constant
degree of sulfate exposure was maintained by automatic titration of 0.1N H,SO,. Solution
pH was maintained within the narrow limits of 5.7 and 6.7. Since minor flaws in small
specimens can lead to wide variabilities in mechanical properties, ten replicates were used
for each strength test.

Cohen (65) utilized cement paste mixtures for sulfate tests on cubes and prisms.
Water/solid ratios and fiows were kept constant at 0.3 and 110 to 120 percent, respectively.
In order to achieve both constants for various cement types, a high-range water reducing
admixture was included. Cubes of dimensions 25x25x25 mm were monitored for changes
In mass and compressive strength. Beams of dimensions 6x14x80 mm were utilized for
monitoring changes In length and flexural elastic modulus. Specimens were cured for

28 days In saturated lime solution prior to exposure to sulfates.
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Three replicates of each mixture were exposed to each of three solutions:

1) saturated lime-water solution,

2) 10 wt.% Na SO, solution (%SO, = 5.6), and

3) 8.5 wt.% MgSO, (20% bound water) solution (%SO, = 5.4).
Specimens In the saturated lime-water solution provided a control for comparisons with
specimens in the sulfate solutions. Exposure solutions were covered to minimize
evaporation and were replaced at least monthly. Durability characteristics were measured
at 70 and 140 days after exposure, with long-term exposure conditions monitored as
needed.

Stenzel (396) modified a paste slab test conceived by Merriman in order to standardize
a method for rapid acceptance of cements to be exposed to sulfates. Slabs of dimensions
2x4%x1Y inches were cast with paste consisting of 100 gm cement and 40 cc distilled water.
After seven days of moist curing, the bottom of the slabs were coated with an impervious
film and the slabs were placed in ten percent sodium sulfate solution. Since the slabs were
attacked from one surface, they warped as sulfates caused expansive reactions. Warpage
was measured at 21 days with a spherometer to provide an indication of sulfate-
susceptibility.

A sulfate exposure test which was conceived by Le Chatelier and later modified by
Anstett has been Implemented in European communities (20, 147). Cements were ground
to pass a sieve of 4900 openings per square centimeter. They were then mixed with 50
percent water by weight to form a paste. After 14 days of curing, the hardened pastes were
crushed to a maximum size of 5 mm and were dried at a temperature of 40 °C. The dried
powder plus an equal amount of gypsum by weight were ground to 100% passing the #200
sieve. The powder and gypsum were then mixed with 6 percent distilled water and were
molded under pressure of 5 kg/(sq.cm.) into disks 80 mm Iin diameter and 30 mm high.
After removal from the molds, the specimens were covered with filter paper which extended
Into distilled water. The specimens were monitored dally for changes in diameter.

This test was extremely severe and therefore provided rapid results. In order to make
the test appropriate for cements containing mineral admixtures, the time allowed for
hydration prior to the addition of gypsum would have to be extended.
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Predictions on the resistance of concrete to sulfates, based on tests performed on
cement paste, have to be used carefully. Cement paste and concrete respond differently
to attack by sulfates. For example, paste can often withstand relatively large local tensile
strains before cracking (67). Therefore, paste may expand due to the formation of ettringite
and may not suffer a loss in strength. Also, paste/aggregate bonding in concrete influences
permeability which, in turn, affects the rate of ingress of sulfate lons.

2.3.6.3 ASTM C-452: Potential Expansion of Portland Cement Mortars Exposed to Sulfate

This ASTM test method is based on measuring the length changes of portland cement

mortars which contain relatively large proportions of sulfates. The portland cement to be
tested is mixed with high-grade natural gypsum in order to obtain a total SO , content of
seven percent by weight. The gypsum has a fineness of 90% passing the 45 micrometer
sleve and is initially mixed directly with water to fascilitate dissolution. The water/
(cement + gypsum) ratio is specified near 0.5 to assure high porosity.

Mortar bars of dimensions 1x1x11% inches are cast with a gage stud on each end.
After moist curing for one day, the bars are removed from their molds and an initial iength
is obtained. Subsequent storage is in clean water of volume not more than five times the
volume of the bars. The limitation on water volume Is required to prevent excessive
leaching. Lengths of mortar bars are measured again at 14 days and measurements at iater
ages are optional.

Expansions at 14 days have been found to correlate well with cement C ;A contents.
However, three primary disadvantages limit the usefulness of this test (249, 281):

1) field conditions are not simulated because the anhydrous cement constituents, and
not their hydrates, are exposed to sulfate attack,

2) resistance of cements to the surface-scaling type of sulfate attack Is not evaluated,
and '

3) the initial chemical reactions of the aluminous constituents in slags and pozzolans
are severely altered in the presence of high sulfate concentrations.



2.3.6.4 ASTM C-1012: Length Change of Hydraulic-Cement Mortars
Exposed to a Sulfate Solution

This ASTM test method was developed primarily to satisfy the need for evaluating
blended cements containing pozzolans and slags (249). Similarto ASTM C-452, mortar bars

of dimensions 1x1x11% Inches are cast with water/(cement+pozzolan) ratios near 0.5.
However, the bars are moist cured until companion mortar cubes reach an average
compressive strength of at least 2850 psi. Then the bars are immersed in aggressive sulfate
solutions where the volume of solution is 4 +0.5 times the volume of bars. Visual
inspections and length measurements are conducted for one year at increasing time
intervals (11).

During its development, this method was subjected to two rounds of cooperative
testing. The first round included a test solution of 0.176 mol/liter of each of sodium and
magnesium sulfates. The second round of tests included two exposure solutions: 0.303
mol/liter sodium sulfate with 0.407 mol/liter magnesium sulfate and 0.352 mol/liter sodium
sulfate with no magnesium sulfate (11). The second round of testing permitted differentiation
between sulfate attack and magnesium ion attack on C-S-H gel. Precision of the results and
ranking of cements tested did not differ between solutions in the second test program, so
the simpler exposure solution of plain sodium suifate was selected as the standard.
However, the composition and concentration of the exposure solution may be modified to
simulate potential field conditions.

This test method is generally too slow to be considered an accelerated test (281).
Test periods of at least 180 days have been suggested for general testing (321), although
28 days has been found to be sufficient for the detection of cements with very low resistance
to sulfate attack (448).

2.3.6.5 USBR 4908: Length Change of Hardened Concrete Exposed to Alkali Sulfates

This USBR test method was developed in order to provide a standard procedure for
testing concrete, rather than paste or mortar. Similar to ASTM C-1012, it permits the
evaluation of blended cements containing pozzolans and slags. Concrete cylinders of
dimensions 3x6 Inches are cast with %-inch maximum size aggregate and with a
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water/cement ratio of approximately 0.5 (158). The cylinders are immersed in sulfate
solutions after 28 days of curing: 14 days of moist curing and 14 days of curing at 50 +2
percent relative humidity. The test may be modified with any type of sulfate salt in the
exposure solution, but sodium sulfate is recommended. Initial lengths of cylinders are
measured prior to immersion and one day after immersion. The difference between these
measurements provides an indication of initial absorption. The second measurement Is used
as the initial length for expansion calculations. Additional length measurements are taken
after 30 days of immersion and every 3 months thereafter. If a mixture is seen to be
particularly susceptible to sulfate attack, the frequency of measurements may be increased.

This standard provides three options for test procedures:

1) continuous soaking in a 2.1 percent sodium sulfate solution (Method A);

2) continuous soaking in a 10 percent sodium sulfate solution (Method B); and

3) alternately soaking for 16 hours in a 2.1 percent sodium sulfate solution and drying
for 8 hours under a forced air draft of 130 °F (Method C).

One year of soaking/drying cycles has been reported to impose similar magnitudes
of concrete deterioration as six to ten years of continuous soaking in 2.1 percent solution
(192). Continuous soaking in 10 percent solution has been determined to be about as
rigorous as the soaking/drying test (91). Continuous soaking in 10 percent solution has also
been found to be a true acceleration of tests in more dilute solutions, with no apparent
irregularities in the mechanism of sulfate attack (431).

2.3.6.6 Dynamic Tests for Monitoring Deterioration

Two test methods which utilize acoustic wave pulses have been implemented to
monitor concrete deterioration due to actions of frost or chemicals: ultrasonic pulse velocity
method and fundamental resonant frequency method. Both tests measure the dynamic
modulus of elasticity of concrete, which is related to the compressive strength of concrete,
as shown in Figure 2.7 (309). Dynamic modulus of elasticity is measured within a small
range of stress and at low levels of stress. Therefore, it is approximately equal to the initial
tangent modulus as determined by a static test (309). The initial tangent modulus is
considerably higher than the chord modulus as determined under standard static test
procedures (ASTM C-469) (295).
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Figure 2.7 Relation Between the Dynamic Modulus of Elasticity and Compressive Strength
of Concrete Cylinders (378)

The relationship between strength and modulus of elasticity depends on the aggregate
used, mixture proportions, and curing conditions. Therefore, these dynamic test methods
provide a good indication of changes in strength for a single concrete mixture, but should
not be used to compare strengths of different mixtures (309).

The relationship between dynamic modulus of elasticity (E ;) and pulse velocity (V) in
an infinite, homogeneous, isotropic, elastic media Is (309, 356):

. (1+u)(1-24) )
E =pV? x R T where (21)

p = density of concrete and
p = Poisson’s ratio of concrete.

The pulse velocity Is calculated by simply dividing the distance between transducers by

pulse transit time.
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In bounded elastic media, such as cylindrical-shaped test specimens, lateral
displacements occur freely. These conditions affect the relationship between pulse velocity
and dynamic modulus of elasticity. However, provided the lengths of longitudinal waves are
long in comparison with the cross-sectional dimensions of the rods, the inertial forces
caused by the lateral motions of particles can be neglected. In these cases, the following
solution is a reasonable approximation: E , = pV? (356). This approximation neglects the
effects of poissons ratio. The quotient in Equation 2.1, which accounts for the effects of
Poisson's ratio, is nearly 1.0 for concrete.

Recommended test procedures for pulse velocity measurements are presented in
ASTM Standard C-597. The standard recommends that the test not be considered as a
means of establishing design compliance of field concrete for strength or modulus of
elasticity.

Torii et al. (428) monitored longitudinal pulse velocity on 40x40x160 mm prisms, which
were immersed in 10 percent Na ,SO , solution. They found that dynamic modulus of
elasticity tended to increase with increases in mix design cementitious content and with fly
ash content. However, measurements of dynamic modulus of elasticity did not detect
concrete deterioration as readily as measurements of length, mass, or compressive strength.
They attributed the lack of sensitivity of pulse velocity to the mismatch between the location
of concrete deterioration and the location of wave travel. The rectangular beam specimens
lost mass from surfaces and comers, but no large cracks had formed in the central portions
of the beams, which is where acoustic waves travelled.

Three methods for evaluating fundamental resonant frequencies of concrete
specimens are described in ASTM Standard C-215: longitudinal, transverse, and torsional.
The relationship between dynamic modulus of elasticity (E ;) and fundamental resonant
frequency (f ) is (295):

E, = WK(f,) 2 where 2.2)

W = weight of specimen and
K = constant depending on direction of vibrations,

specimen shape, and specimen dimensions.
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Rosner and others (360) monitored deterioration of 1x1x11-inch mortar bars in
5 percent sodium sulfate solution by measuring expansions and transverse resonant
frequencies. Initial lengths and resonant frequencies were recorded after 24 hours of curing.
The specimens were then cured in saturated CH solution until they reached a strength of
approximately 20.7 MPa, at which time they were exposed to sulfates. Two fallure criteria
were defined: expansion of 0.10 percent and dynamic modulus of elasticity falling below
120 percent of the initial value (initial value is measured 24 hours after casting). The
measurements of resonant frequencies were discontinued after 150 days due to surface
scaling of the mortar bars, which caused testing difficulty and variability. Therefore, they
found linear expansion measurements better suited for monitoring deterioration in a sulfate
environment.

The United States Bureau of Reclamation laboratories have reported an approximate
relationship between expansions and reductions in dynamic moduli of elasticity (383):

_ (1.124)(1.108) ¥

, where (2.9)
100

X
X = percent expansion and
y = percent reduction in dynamic modulus.

This relationship was observed for 3x6-inch concrete cylinders which were soaking
continuously in 2.1 percent sodium sulfate solution. The relationship is linear on a semi-log
plot, as shown in Figure 2.8 (383).

2.3.6.7 Permeability Tests

Traditionally, permeability has been a concern for designers of hydraulic structures
who required Information on the rate of passage of water through concrete under the
influence of high hydraulic heads (447). Testing often involved pressure produced by
standpipes of mercury. Outflow of water through hardened cement paste samples Is
measured in a calibrated, vertical capillary tube. The change in position of the meniscus In
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the capillary tube Is measured with respect to time (338). In such instances, flow of water
through concrete can be adequately described by Darcy’s Law (77):

Q=X xaAx @,where (2.4)
Y7 ds

Q = volume outflow (cm */sec),

A = area (cm?),

4 = viscosity of fluid (centipoise),

dp/ds = pressure gradient (atm/cm), and
k = Darcy's permeability constant.

60
continuous soak test
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3x6 inch cylinders

3
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Figure 2.8 Relationship Between Linear Expansion and Dynamic Modulus of Elasticity (383)

For those concerned with concrete durability, the term “permeability” has been
associated with more than saturated flow under a hydraulic gradient. Permeability Is often
considered the ability of concrete to resist the penetration of a particular substance. As
examples, corrosion of reinforcement and sulfate attack depend on the ingress of chloride
lons and sulfate ions, respectively (447). Concrete durability problems may often be
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minimized by decreasing concrete permeability and thus resisting the penetration of

deleterious substances.

Under conditions other than those of saturated fiuid flow, transport of substances
through concrete can occur by a variety of mechanisms (447): capillary action, vapor
transmission, and ionic diffusion. Within nearly saturated concretes, ions migrate primarily
through diffusion processes which are modeled by Fick's Second Law (447):

2

9 _px o€ , where (2.5)
a ax 2

C = concentration at distance x (¢cm) from a boundary,

t = time (sec), and

D = effective diffusion coefficient (cm 2/sec).

The rate of diffusion of chloride or sulfate ions through hardened cement paste Is a
function of both its chemical and physical microstructures. While fluid will not flow through
saturated discontinuous pores, chloride or sulfate ions may diffuse between these pores,
depending on the chemical microstructure. These ions may also react with hydration
products to form new compounds. Physical microstructure may be characterized by pore
size distribution which is commonly measured by mercury intrusion porosimetry (MIP).

Pores In normal-weight concrete are considered part of the paste fraction and cover
a large range of sizes. Voids with diameters less than 10,000 nm are generally labeled
"pores” and voids with diameters larger than 10,000 nm are generally labeled "air volds®. The
traditional classification of pores, as suggested by Powers and Brownyard (337), includes
two classes, as shown in Figure 2.9 (451): ‘ .

1) capillary pores, which are remnants of water-filled space, and

2) gel pores (intrinsic porosity), which are associated with the morphology of

hydration products.

The caplllary pores form a continuum which can be measured by MIP. Sorption techniques
are required to investigate the finer gel pores (451).

Mehta (270) has suggested that measurements of pore structures of blended cement
pastes are likely to yield the best predictions of durability. However, measurement
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techniques which use pressure differentials, such as MIP, should be avoided. The pore
structure developed by blended cement pastes is particularly susceptible to damage during
testing (116).

Pores
Class mmp Alr Volds
Gel Capillary

Diameter (nm) mmp } !

T
10 10,000

Figure 2.9 Classification of Pore and Void Sizes for Cement Paste (337)

The resistance of concrete to the intrusion of chloride ions has received considerable
attention due to the influence of chloride ions on the corrosion of reinforcing steel. Until
recently, ponding tests such as AASHTO Standard T-259 have been relied upon to assess
chloride permeability characteristics of concrete. Small concrete slabs are ponded with 3
percent sodium chloride solution for 90 days. Samples are then removed from the slabs at
various depths and are pulverized. Chloride contents of solutions containing the samples
are determined by laboratory titration procedures (299).

In 1983, AASHTO adopted a rapid method for assessing chloride ion permeabilities
of concrete. Testing Standard T-277 involves the use of electric potential to drive chloride
fons through concrete samples. The total electric charge passed during a 6-hour period has
been shown to correlate well with chloride ion profiles after 90-day ponding tests (446).

2.3.7 EFFECTS OF MIX DESIGN VARIABLES

2.3.7.1 Cement Composition

In the year 1919, D.G. Miller (292, 293) began an investigation with the objective of
cormrelating sulfate resistance of concrete with portland cement compounds. Concrete

cylinders of dimensions 2x4 inches were cast with 122 portland cements from 85 mills.
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Some specimens were immersed in Medicine Lake, South Dakota, which averaged five
percent total sulfates and companion specimens were stored in tap water. Compressive
strengths of cylinders in the lake and in tap water were monitored; the ratio of strengths
[f .(ake)/f .(tap water)] provided an indication of concrete deterioration due to sulfates.

Companion cylinders from all concrete mixtures were also immersed in two solutions
prepared In the laboratory: one percent magnesium sulfate solution and one percent
sodium sulfate solution. These cylinders were monitored for linear expansion.

Tricalcium aluminate was the cement compound which exhibited the best correlation
with concrete sulfate resistance. Sulfate resistance generally increased as the cement C,A
content decreased, as shown in Table 2.4. Tricalcium aluminate contents were calculated
from bulk chemical analyses utilizing Bogue equations (147).

Thorvaldson (114) studied various mixtures of the four major compounds of cement
clinker. His conclusions aggreed with Miller, but he also found that substitutions of C ,AF
for C ;A increased the resistance of cement to sulfate attack; decreasing Al ,O ;/Fe ,0 ; ratios
in bulk chemical compositions generally resulted in decreasing sulfate-related expansions.
When the Al,O ;/Fe ,0, ratio of a cement was low, ettringite formed as a solid solution:
C.A - 3CS - Hy, -C4F - 3CS + H,,. Asdiscussed previously, iron-bearing ettringite tends
to be less expansive than ettringite without iron (193).

Tetracalcium aluminoferrite, however, is not immune to sulfate attack. Bogue (37)
compared the sulfate resistance of cements which contained § percent C ;A and proportions
of C ,AF ranging from 6 to 25 percent. He used mortars with a cement/sand ratio of 0.5 and
a water/cement ratio of 0.35. Monrtar bars were exposed to 2 percent Na ,SO , solution. The
rate of expansion increased as C ,AF contents exceeded ten percent, as shown in
Figure 2.10.

The susceptibility of high C ,AF content cements to sulfate attack offers a partial
explanation to the erratic behavior of zero percent C,A cements. Cements which do not
contain any C ,A may still be susceptible to sulfate attack due to the presence of high
proportions of C ,AF. In fact, the Bureau of Reclamation has consistently reported superior
sulfate resistance for cements which contain small amounts of both C ;A and C ,AF (193).
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Table 2.4 Effect of Portiand Cement C ;A Content on Its Resistance to Sulfates (292, 293)

Months to 0.01%

camere | CA | Mg | Meails
Group | ‘
! Min. - Max. I 1 year 5 years 1% MgSO, | 1% Na,SO,

1 44-54 92 82 220 260
2 41-6.7 92 69 160 190
3 59-97 90 56 130 150
4 74-95 87 45 97 122
5 8.1-10.3 83 29 79 106
6 8.7-9.7 85 28 68 7"
7 9.2 -10.9 85 8 58 55
8 9.0-11.6 79 0 46 51
S 9.9-135 76 0 36 29
10 10.6 - 14.1 72 0 29 24
1 11.1 - 134 62 0 29 20
12 11.9-14.2 50 0 18 13

Note: All data was obtained from 2x4-inch concrete cylinders.
* Medicine Lake storage / laboratory water storage

Variations in C,S/C ;S ratios may also contribute to variabilities in the resistance of
0% C ;A cements to sulfate attack (193, 295). During hydration, tricalcium silicate liberates
a large proportion of calcium hydroxide relative to that which would be liberated by
dicalcium silicate. In the process of sulfate attack, calcium hydroxide permits the formation
of gypsum. Calcium hydroxide is also relatively soluble and therefore may be leached out
into solution, leaving the concrete more permeable and less durable.
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Figure 2.10 Effect of Portland Cement C ,AF Content on Its Resistance to Sulfates (37)

The proportions of anhydrite and /or gypsum added to cement are largely determined
by optimizing strength and shrinkage characteristics. However, relatively high SO, contents
in cement may be beneficial for sulfate resistance. Concrete pore solutions with high SO,
contents promote rapid ettringite formation and keep ettringite stable while the calcium
aluminates continue to hydrate. Budnikov and Grachera (46) conducted a study involving
two cement clinkers (5.0 and 10.9 percent C,A) and three percentages of added anhydrite
(3.0, 5.0, 10.0 percent). By increasing the total SO , for cement, the percentages of
combined SO , within six hours of hydration increased and the durations for the presence
of uncombined SO , increased, as shown in Table 2.5.

Budnikov and Grachera (46) tested these cements for resistance to sulfates by
monitoring the flexural strength of mortar bars in 5§ percent Na ,SO, solution. The low-C ;A
clinker was resistant to sulfate attack at all three percentages of added anhydrite, as shown
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in Table 2.6. The sulfate resistance of the high-C ;A clinker increased with increasing
percentages of anhydrite.

Table 2.5 Rate of Combination of SO ; from Anhydrite with Two Cements (46)

Added Uncombined SO, in Hydrated
. Total 3
Clé"';?’ Anhydrite SO, In Cement Paste (%)
%) | Total [ SO, | Cement | g 1 3 7 | 28
(%) (%) (%) hrs day days | days | days

3.0 1.76 2.05 0.780 | 0.170 0 - -
5.0 5.0 2.95 3.24 1.390 | 0.083 0 - -
10.0 | 5.88 6.17 3.070 | 2.220 | 1.380 | 1.170 | 0.308

3.0 1.76 2.18 0.041 0 —_ — —
10.9 5.0 2.95 3.37 0.632 0 — - —

100 | 5.88 6.30 1.660 | 1.310 | 1.545 | 0.222 0
—— —

The proportion of SO, in cements also affected the flexural strength of mortar bars
stored in water, as shown in Table 2.6. Increases in added anhydrite from 5 to 10 percent
decreased the 28-day flexural strengths of mortars for both clinker types by approximately
40 percent.

Alkalies in cement are limited to prevent flash setting and alkali-aggregate durability
problems. However, high alkali contents have yielded some interesting results concerning
sulfate attack. Heller and Ben-Yair reported that C ,A reacts differently with calcium sulfate
in relatively concentrated solutions of alkali hydroxides than it does in the normal liquid
phase of portland cement pastes. They proposed that in highly alkaline solutions, crystalline
calcium sulfoaluminate Is formed through-solution and therefore does not cause
expansion (189, 191).
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Table 2.6 Effects of Added Anhydrite on the Strength and Sulfate Resistance of Mortars (46)

2
Clinker Added Flexural Strengths (kg/cm“)

C.A Anhydrite Water 5% Na,SO,
(%) ) 28 days 28 days 3 months
I 3.0 53.0 420 45.0

5.0 5.0 48.0 47.8 47.0
10.0 28.8 32.4 35.0
3.0 | 46.2 36.6 0

109 5.0 50.6 50.0 12.2
10.0 30.0 26.8 26.4

Notes: 1:3 (cement:sand) mortar mixtures
1x1x3-cm mortar bar specimens

Van Aardt and Visser (438) studied the effects of alkalli and sulfate contents on the
sulfate resistance of mortars containing a low-alkali, low-sulfate Type | portland cement
(11.8 percent C,A). Alkali and sulfate contents of the cement were increased Individually
with additions of sodium hydroxide and gypsum, respectively. Alkali and sulfate contents

of the cement were increased simultaneously with additions of sodium sulfate.

Table 2.7 shows calculated Na ,0 equivalent and SO ; contents of the cements;
additives were considered as part of the cements. Mortar bars of dimensions 1x1x11 inches
were moist cured for 28 days and were then immersed in 5§ percent sodium sulfate solution.
Specimens were monitored for both dynamic modulus of elasticity (E ) and linear
expansion. Increasing sulfate or alkali contents individually were in some cases able to
decrease rates of deterioration, however, no significant improvements were observed, as
shown in Figure 2.11. When Na ,SO , was used to increase both sulfate and alkali contents,
expansions were significantly reduced and loss of dynamic modulus of elasticity was
prevented.



56

Table 2.7 Modification of the Alkali and Sulfate Contents of a Low-Alkali Portland Cement
(438)

- = :
(%)
1.65 6.52

N1 NaOH 032 | 1.65 5.99 516 |

N2 NaOH 064 | 1.65 5.16 2.58

N3 NaOH 128 | 165 403 1.29

N4 NaOH 256 | 1.65 2.81 0.64

Ci CaSO, * 2H,0 | 0.16 | 1.86 5.85 163 |

C2 CaSO, » 2H,0 || o016 | 227 4.86 14.19

c3 CaSO, + 2H,0 [ o0.16 | 3.09 3.63 19.31

C4 CaSO, * 2H,0 || 0.16 | 475 2.41 29.69

S1 Na,SO, 032 | 1.86 5.42 [ sat

s2 Na,SO, 064 | 227 4.06 3.55

X Na,SO, 128 | 3.09 2.70 2.41

s4 Na,SO, 256 | 475 1.62 1.86

Based on the sufate resistance of mortar mixtures contalning cement with 11.8 percent
C A and various proportions of sulfate and alkali, Van Aardt and Visser (438) formulated two
cement composition criteria. In order to resist attack by sulfates, cements should satisfy

both requirements:

C A%

2.6
SO ,% + Na,0 eq% <3 and 26)

SO ,%

—— < 35. (2.7)
< Na ,0 eq% <
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Figure 2.11 Sulfate Resistance of Portland Cement Mortar with Additional Alkalies and Sulfates (438)
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2.3.7.2 Specialized Non-Portland Cements

Two types of cement have been developed specifically for the purpose of being
resistant to the action of sulfates: calcium aluminate cement and supersulfated cement.

Calcium aluminate cement (CAC) contains monocalcium aluminate (CA) as lts
principal cementitious compound. Calcium aluminate cements typically contain 50 to 60
percent by weight CA and 10 to 17 percent by weight Fe ,0 ,, with the remainder varying
considerably. The large proportion of iron (as Fe ,0 ;) comes from the use of bauxite, a
hydrated alumina mineral, as the raw material source of alumina. Bauxite ores typically
contain considerable amounts of iron as an impurity (278).

Although CAC products have setting times comparable to ordinary portiand cement,
the rate of water consumption and the rate of strength gain at early ages are both high due
to the reactivity of CA. Thermal gradients may cause problems as the rate of heat liberation
at early ages may be as high as three times the rate for high-early strength portland
cement (278).

Under ordinary temperature conditions, the performance of CAC in the presence of
sulfates or seawaters is unequalleq by any other construction cement (218). The
extraordinary resistance to sulfates Is attributed to the absence of calcium hydroxide in set
cement, which is beneficial for at ieast two reasons (218):

1) there are no reactions between CH and sulfates to form gypsum and

2) the absence of CH permits the formation of non-expansive calcium

sulfoaluminates.

Failure to achieve long-term stability has precluded the use of CAC as a general
construction cement (295). Low-temperature (< 50 °F) hydration products, hexagonal
CAH ,, and C ,AH,, are thermodynamically unstable. Under warm and humid conditions,
they convert to the more stable calcium aluminate hydrate, cubic C ;AH,. This conversion
reduces the volume of solids by more than 50%, which causes a significant loss in strength
for the hardened cement paste (278).

The second non-portland cement which is highly resistant to sulfate attack is
supersulfated cement. This cement is produced by intergrinding 80 to 85 percent granulated
slag, 10 to 15 percent anhydrite or hard burnt gypsum, and about 5 percent portland
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cement. The product Is ground more finely than typical portland cement; specifications in
Great Britain require a specific surface area of not less than 4000 (cm,)/gm (218).

Slags to be used in slag cements are chilled very rapidly from their molten state,
which prevents crystallization and promotes solidification as glass. These glassy slags are
very reactive (218). The composition of slags typically range from 30 to 50 percent lime, 28
to 38 percent sllica, 8to 24 percent alumina, 1 to 18 pecent magnesia, and 110 2.5 percent
sulfur (218).

German specifications require that slags to be used In supersulfated cement must
contain Al ,0 , contents greater than 13 percent and must conform to the compositional
formula (218):

Ca0O + MgO + Al ,0,
SiO,

=2 16. (2.8)

Similar to calcium aluminate cement, supersulfated cement combines chemically with
more water than is required for the hydration of ordinary portland cement. The curve for
strength versus water/cement ratio has been observed to be unusually flat (308). Contrary
to calcium aluminate cement, supersulfated cement has a low heat of hydration: 40 to
45 cal/gm in 7 days and 45 to 50 cal/gm in 28 days (218). A typical ASTM Type | cement
will produce 80 to 90 cal/gm in 7 days and 90 to 100 cal/gm in 28 days (278). Despite their
low evolution of heat, supersulfated cements harden at a rate which is comparable to that
of ordinary portland cement. The quality of concrete containing supersulfated cement,
however, is more sensitive to early curing conditions (218).

The setting and initial hardening of supersulfated cement is attributed to the formation
of calcium sulfoaluminates. Alumina is provided by slag, sulfate is provided by calcium
sulfate, and calcium is provided by all constituents (295).

Ettringite formation only occurs within a range of solution calcium hydroxide contents.
In saturated lime solution (high pH), the unstable monosulfoaluminate phase forms. In water
which contains no calcium hydroxide (low pH), no calcium sulfoaluminates form. Budnikov
found the optimum concentration of calcium in solution to be from 0.15 to 0.5 grams CaO
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per liter (45). The correct lime content for the formation of ettringite in supersulfated slag
cement pore solution Is ensured by the small addition of portland cement (218).

The resistance of supersulfated cement to sulfate attack Is attributed to both the
retention of ettringlte and the absence of calclum hydroxide in the set cement (295). The
significant effect of blast furnace slag/portland cement ratios on the calcium hydroxide
content in hardened cement pastes is displayed in Figure 2.12 (204).

8
§ 28 CH determined by X-ray analysis
b of hardened cement paste
c
‘% 61 7 - # = days of hydration
(&
'8 3°
g4
2
I
E 2- ,
= S
O .
< .
0 > :'\‘
I 1 I |
0 0.2 04 0.6 0.8 1.0

Slag / Portland Cement Ratio

Figure 2.12 Calcium Hydroxide Content of Set Blastfurnace Cements (204)

2.3.7.3 Water/Cement Ratio

Decreasing the water/cement ratio in concrete mixture design generally results in
more durable concrete (295). Ouyang and others (316) exposed mortars containing a high
C,A cement (12.0 percent) and various proportions of water to ASTM C-1012 suifate
environment conditions. Decreasing the water/cement ratio delayed expansion, but did not
eliminate expansion, as shown in Figure 2.13. This delay was attributed to decreased matrix
porosity and increased concrete strength.
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Figure 2.13 Effect of Water/Cement Ratio on the Sulfate Resistance of Mortar (316)

2.3.7.4 Proportion of Cement

The Bureau of Reclamation subjected numerous concrete mixtures to sulfate exposure
field testing in 1945 (158). Eighteen cement types of various C ;A contents were cast in a
number of forms, including 3x3x16%-inch prisms. The prisms were immersed in a basin of
4 to 5 percent sulfate solution (predominantly sodium sulfate) and were monitored for
changes in length. Figure 2.14 displays the results of seven years of testing. Sulfate
resistance increased with decreasing C,A contents and with increasing mix design cement
factors, where cement factor represents the quantity of 94 Ib sacks of cement per cubic yard
of concrete. As cement factors increased, the time to 0.05 percent expansion increased
slightly for cements with high C,A contents and increased significantly for cements with low
C ,A contents (less than approximately 6 percent C ,A). Improvements in the resistance of
concrete to sulfate attack, due to increased cement factors, are most likely related to
decreased concrete permeabilities.
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Figure 2.14 Effects of C ,A Content of Cement and Richness of Concrete Mixtures on
Sulfate Resistance (158)

2.3.7.5 Aggregates

Katharine Mather (252) has suggested that aggregate particles in portland cement
concrete should not be regarded as completely inent, especially when the concrete is stored
in a moist environment. Although aggregate type Is typically less significant than other
factors when designing concrete for resistance to sulfates, its influence should not be

ignored.

Piasta et al. (328) conducted mortar and concrete sulfate exposure tests in order to
investigate the effects of fine and coarse aggregate types. Fine aggregates in mortars
included a low porosity (5.5 percent pores by volume) crushed limestone, a high porosity
(36.0 percent pores by volume) crushed limestone, and a natural quartz sand. Coarse
aggregates in concrete included the same two crushed limestones, and a crushed granite
with 2.5 percent pores by volume. The fine aggregate in concrete was quartz sand for all
mixtures. Cement type, C,A = 8.6 percent, remained constant. Mortar samples contained
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no fly ash while 40 percent by weight of the cement in concrete samples was replaced by
a low calcium fly ash.

All samples were cured at 100% relative humidity prior to immersion in sulfate
solutions. Both mortar and concrete specimens were Immersed in 4.5% Na SO, solutions
at 28 days. Deterioration due to sulfate attack was monitored as the ratio of flexural strength
to the 28-day flexural strength. This ratio was expressed as Relative Flexural Strength.

Mortar bars containing quartz sand suffered a slow but steady loss in flexural strength,
as shown In Figure 2.15. This was attributed to the dissolution of quartz in the alkali
environment, which caused deterioration of the sand-cement paste interface (21, 328).

Concrete containing both limestone coarse aggregates suffered losses in flexural
strength, while the concrete containing granite aggregate continued to gain strength, as
shown In Figure 2.16. X-ray diffraction analyses detected much larger amounts of ettringite
and gypsum and lower amounts of calcium hydroxide in the limestone mixtures compared
to the granite mixtures. Porosity of aggregates and aggregate influence on water/cement
ratio may have affected concrete permeability and thus, the rate of ingress of sulfate ions.

An additional characteristic of aggregates which could influence the durability of
concrete is their sulfate content. Recently, for reasons of economy and ecology,
sulfate-bearing aggregates have been utilized as concrete constituents: gypsum
contaminated aggregates in the Middle East and by-product gypsum (phosphogypsum) in
the United States (316). if a large proportion of unreacted C ;A is present after the concrete
has hardened and If the aggregates maintain a supply of sulfate ions, sulfate-related
expansive reactions may cause deterioration of concrete. This durability problem is an

example of internal sulfate attack.
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2.3.8 SPECIFICATIONS
2.3.8.1 ASTM Portland Cements

Specific cement types are often designated by designers when specific cement
properties are required, including resistance to sulfate attack. ASTM Standard C-150
provides chemical and physical requirements for five non-air entrained cement types:

1) Type | cement for use when the special properties specified for any other type are

not required,

2) Type |l cement for general use, more especially when moderate sulfate resistance

and/or moderate heat of hydration is desired,

3) Type lll cement for use when high early strength is desired,

4) Type IV cement for use when a low heat of hydration is desired, and

5) Type V cement for use when high sulfate resistance is desired.

Type | cement offers no special advantages, so no limits are imposed on any of the
principal oxides or compounds. Limitations on minor constituents such as magnesium
oxide, sulfur trioxide, and alkalies are required to ensure proper setting and soundness

characteristics.

Moderate sulfate resistance of Type Il cement is ensured by the requirement that it
contain no more than 8 percent C,A. Moderate heat of hydration is ensured if the optional
requirement [(C,S + C,A) < 58 percent] is enforced. Both C,S and C,A are primarily
responsible for early heat evolution.

High-early strength characteristics of Type Hl cement is ensured by its meeting the
physical requirements of one and three day compressive strengths. High-early strengths for
cements are generally achieved through high C,S contents and/or high cement fineness.
To ensure that the high-eary strength is not due mainly to alumina-bearing hydration
products, C ;A content is limited to 15 percent (278, 295). If high-early strengths and
moderate or high sulfate-resistance is desired, ASTM C-150 includes 8 percent and 5 percent
C ;A limitations as optional chemical requirements.

Low heat of hydration for Type IV cements is obtained by limiting C ,S and C ;A
contents to 35 percent and 7 percent, respectively. Since C,S can provide long-term
strength with low early heat evolution, Type IV cements must contain a minimum C ,S
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content of 40 percent. The limitation of C ;A makes Type IV cement moderately sulfate-
resistant. However, relative to Type |l cement, the additional restrictions on calcium silicates
makes Type IV cement more expensive to produce and more difficult to obtain in most
areas.

The high sulfate-resistance of Type V cement is ensured by limiting its C ;A content
to a maximum of 5 percent. Since studies have indicated that cements with high C ,AF
contents are susceptible to sulfate attack, the proportion of this compound Is also limited.
The sum [(C ,AF + 2(C ;A)] or the solid solution (C ,AF + C,F), whichever is applicable, Is
limited to 25 percent. Since aluminates act as fluxing agents in the cement manufacturing
process, Type V cements with low proportions of aluminates are relatively expensive to
produce.

2.3.8.2 Exposure Conditions/ Cement Requirements

The United States Bureau of Reclamation (USBR) recognizes four classes of sulfate
exposure severity, as shown in Table 2.8 (193). Classification may be determined by water
soluble sulfates in soil samples or by sulfates in water samples. The table includes USBR
recommendations for a cement type for each exposure condition. Utilization of pozzolans

as mineral admixtures is an option for severe and very severe exposures.

The American Concrete Institute (ACl) based their sulfate exposure specifications on
those originally developed by the USBR. The four categories of sulfate exposure severity
remained unchanged, but cement type requirements were modified and water/cement ratio
and strength requirements were added, as shown in Table 2.9. The following terms facilitate
understanding the recommendations for blended cement types (16):

1) 1(PM) - pozzolan-modified portland cement in which the pozzolanic constituent Is

less than 15 percent by weight of the blended cement,

2) IP - portland-pozzolan cement in which the pozzolan constituent is between 15 and

40 percent by weight of the blended cement,

3) P - portland-pozzolan cement in which the pozzolan constituent is more than 40

percent by weight of the blended cement,

4) 1{SM) - slag-modified portland cement in which the slag constituent is less than 25

percent by weight of the blended cement,
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5) IS - portland blast-furnace slag cement in which the slag constituent is between
25 and 70 percent by weight of the blended cement, and
6) (MS) - moderate sulfate resistance.
In order for a blended cement to be specified as moderately resistant to sulfate attack, it
must be tested in accordance with ASTM C-1012 procedures. Mortar bar expansion must
be less that 0.10 percent at 180 days.

Table 2.8 United States Bureau of Reclamation Classification for Sulfate Attack Severity
(435)

Relative Degree of Wa(tae;-ggu?; Ztgiflate Sulfate (as SO ,) in
Sulfate Attack Sam pl‘es (%) Water Samples (ppm)
Negligible 0.00 to 0.10 0to 150
Positive * 0.10 to 0.20 150 to 1,500
Severe ** 0.20t0 2.0 1,500 to 10,000
Very Severe t > 20 > 10,000

* use Type |l cement

** use Type V cement or an approved portland-pozzolan cement providing

comparable sulfate resistance when used in concrete

t use Type V cement plus an approved pozzolan which has been determined
by test to improve sulfate resistance when used in concrete

Blehds. as defined by ASTM C-595, consist of intimate mixtures of portland cement
and fine granulated blast-furnace slag or pozzolan. Blends may be produced by either
intergrinding portland cement clinker and slag or pozzolan, by intimately mixing portland

cement and slag or pozzolan, or by a combination of the two procedures (16).

The specified maximum water/cement ratios and minimum compressive strengths
promote desireable durability characteristics for concrete, including low permeability.
Minimum levels of compressive strength are specified for lightweight concrete because
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accurate calculations of water/cement ratios are difficult. Lightweight aggregates are
typically porous and have high absorption capacities (7).

Construction specffications written by the Texas Department of Transportation (Texas
DOT) do not include classes of sulfate exposure. However, general design guidelines are
offered (216):
1) Item 421 of the Texas DOT Standard Specifications requires the use of ASTM
Type Il cement for substructure concrete and
2) a special provision for Iltem 421 states that Texas Type B fly ash may not be used
in conjunction with ASTM Type Il cement.

Table 2.9 American Concrete Institute Requirements for Concrete Exposed to Sulfate-
Containing Solutions (7)

Water Solubl mg‘r: Lightweight
Sulfate S:If.arto (SLE) ). Suffate (SO,) Aggregate Agogr:.g::
. it in Water Cement Types * Concrete o
Exposure in Soil
(%) (ppm) : —
maximum minimum
w/c ratio ** f'. (psi) ™
e ————
Negligible 0.00 to 0.10 0to 150 - - -
I,IP(MS),IS(MS),
Moderate $ 0.10 to 0.20 150 to 1,500 P(MS).I{(PM) (MS), 0.50 3750
(SM)(MS)
Severe 0.20 to 2.0 1,500 to 10,000 Type V 0.45 4250
Type V plus
Very Severe > 20 > 10,000 a pozzolan 0.45 4250

Descriptions of biended cements may be found in ASTM Standard C-595.
** A lower water/cement ratio or higher strength may be required for low permeability or for
protection against corrosion of embedded items or freezing and thawing.

including seawater
a pozzolan that has been determined by test or service record to improve sulfate resistance
when used in concrete containing Type V cement

- -



2.4 FLY ASH

2.4.1 INTRODUCTION

In 1987, the United States ranked fourth in production of fly ash (38 million tons),
second in total utilization of fly ash (8 million tons), and first in utilization of fly ash in
concrete (4.3 million tons) (243). However, i total utilization of fly ash is calculated as a
percentage of fly ash produced, the United States ranks far below some European countries.
The United States used only 18 percent of its fly ash while the United Kingdom and France
used 57 and 58 percent, respectively. The effectiveness of the ash utilization programs in
France and the United Kingdom has been partially attributed to the nationalization of their
power plants. Meanwhile, private electric utilities throughout the United States are not
synchronized in their ash marketing techniques (243).

in 1984, Gaynor (124) surveyed concrete producers in order to obtain an estimate of
the extent of fly ash utilization. The survey was sent to 330 concrete producers, accounting
for more than 18 percent of all the producers in the United States. Gaynor reported that fly
ash was used by 39 percent of concrete producers and that for companies which used fly
ash, an average of 42 percent of their concrete contained fly ash. For concrete produced
with fly ash, an average of 20 percent by weight of cement was replaced with the mineral
admixture.

2.4.2 ORIGIN
2.4.2.1 Coal

Coal fields originate from peat swamps, which are abundant in plant matter. Over
millions of years, the swamps subside and are buried by increasing depths of soii and rock
deposits from the surrounding area. Coal is gradually formed by the decomposttion of plant
matter under conditions of extreme pressure and temperature, accompanied by moisture
and in the absence of alr (325, 441). Degree of coalification, which Is a function of time,
temperature, and pressure, affects the chemical composition of the coal.

Coal deposits are ranked by The American Soclety for Testing and Materials (ASTM
D-388), according to their degree of coalification, as shown in Table 2.10. As coalffication
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progresses, chemical changes produce compounds of lower oxygen and hydrogen contents
and of higher carbon contents (154). These changes result in decreasing proportions of
volatile matter and increasing calorific value (Btu/lb coal), which is a measure of energy
production efficiency (154). The common names and physical characteristics of the ASTM
classes of coal, listed in order of increasing coalification, are (154):
1) lignitic coal, which is usually brown in color and is composed of consolidated, but
easily recognizable, metamorphosed plant matter;
2) subbituminous coal, which is black and crumbly;
3) bituminous coal, which is dark brown to black In color and does not disintegrate
on exposure as readily as subbituminous coals; and
4) anthracitic coal, which is hard and black with a semi-metallic luster.

Table 2.10 ASTM D-388 Coal Classification (19)

Fixed Calorific
Class Carbon * Value **
(%) (Btu/Ib)
Anthracitic 2 86 —
Bituminous - 2 10,500 t
Subbituminous —_ 2 8,300
Lignitic -— b4
——————————————————|

* dry, mineral-matter-free basis
** moist, mineral-matter-free basis

t agglomerating
31 must be consolidated coal
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Coal is composed mainly of carbon, hydrogen, and oxygen, with inorganic mineral
constituents accounting for the remaining 3 to 30 percent (154, 427). The inorganic mineral
matter in coal Is Incorporated by three mechanisms (154):

1) deposition of loose soil and rock fragments during early coal field formation,

2) crystallization of soluble minerals from water which permeated the coal seams, and

3) collection of impurities during coal mining operations.

The most common sedimentary minerals are aluminum, iron, and magnesium silicates
derived from clays. The most common soluble minerals are kaolinite, calcite, pyrite, and
gypsum (154).

2.4.2.2 Coal Combustion

A schematic diagram of a typical pulverized coal boiler is shown In Figure 2.17. Large
bunkers feed coal to a pulverizer where the coal is crushed to approximately 70 percent finer
than 75 um (#200 sieve) (154). The fine coal powder is mixed with preheated air and is
blown into a combustion zone where temperatures may exceed 1600 °C (156). Large fans
force air in the combustion zone upwards through a pollution control device and out the
exhaust stack. Various gases and a portion of the noncombustible ash residue travel with
the draft (72, 154, 156).

The ash residue created during coal combustion consists of the inorganic coal
constituents and any unburned carbon (427). The residue is collected at two locations,
providing two forms of by-product (427):

1) bottom ash, which is collected from the bottom of the boiler unit and is comprised

primarily of the coarse, heavy particles; and

2) fly ash, which is collected by air pollution control equipment and is comprised of

particles that are light enough to be transported by the stack gases.

Generally, bottom ash and fly ash together make up 3 to 30 percent by weight of the
coal (427). Most pulverized coal-firing methods yield by-product proportions of 65 to
85 percent fly ash and 15 to 35 percent bottom ash (154).
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2.4.2.3 Fly Ash Collection

Four types of particulate control devices are available (109):
1) electrostatic precipitators (ESPs),

2) fabric filters,

3) wet scrubbers, and

4) mechanical collectors (cyclones).

Electrostatic precipitation is the most common method of controlling pollution; ESPs
are used by over 95 percent of U.S. power plants (109). An ESP unit Is equipped with
electrodes and collecting plates carrying DC charges of opposite polarity, as shown in
Figure 2.18. The electrodes impress a charge on particles in the flue gas, so the particles
are attracted to the collecting plates. The plates are periodically shaken, causing the fly ash
particles to fall into collection hoppers (72, 109).

In additon to removing more than 99 percent of fly ash particles from stack gases,
ESPs offer the advantage of collecting the coarsest particles first and progressively finer
particles thereafter (287). Fly ash is collected in several hoppers (typically 5 to 7) which
yield different particle ranges. Fly ash from the separate hoppers may then be combined
for use in any desired proportions (154).

Fabric filters are becoming increasingly popular for two reasons (109, 442):
1) their initial costs are less than those of ESP units and
2) they are more efficient than ESPs at removing particles smaller than 10

micrometers.

Fabric filters are installed in enclosures commonly referred to as bag houses, as
shown in Figure 2.19. Flue gases travel through the fabric from Inside to outside. Fly ash
Is trapped by the fabric and by the layer of previously collected ash. Efficiency of particle
removal increases as the layer of previously collected ash increases in thickness. The bags
are periodically cleaned by simultaneously reversing air flow and shaking the bags. Fly ash
Is collected In hoppers which are located beneath the fabric filters (109).

Wet scrubbers are no longer used as primary fly ash removal systems because
scrubber sludge Is difficult to handle and wet fly ash is difficult to market. However, wet
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scrubbers are effective for secondary particulate removal when preceded by an ESP
unit (109).

Mechanical collectors (or cyclones) are obsolete. They are Inefficient collection
systems, particularly for very small particle sizes (< 1.5 ym) (304).
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Figure 2.18 Electrostatic Precipitator (314)
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Figure 2.19 Gas Flow Through a Bag House Particle Collector (113)
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2.4.2.4 Quality Control

Fly ash quality is affected by variables in coal composition and power plant operations
(176). Coal varies in the compositions of inorganic constituents and in the proportions of
volatile matter and ash. Power plant operations vary In conditions of grinding and
combustion of coal and in the method of collecting fly ash. Variables in grinding conditions
include mill capacity and control and adjustment of fineness. Variables in combustion
conditions include load level, adjustment of excess air, procedures for periodic start-up, and

source of energy for combustion (oil and/or gas).

Correlations between power plant operation conditions and measures of fly ash quality
are shown in Figure 2.20 (176). The requirement of cooperation between the power plants
and fly ash consumers is evident. For example, plants with multiple or nonuniform coal
sources have to mix coals in order to produce fly ash with a homogeneity approaching that

of a plant with a single uniform coal source (176).
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Figure 2.20 Correlations Between Coal Characteristics, Power Plant Parameters, and Fly
Ash Quality (176)
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Pattern of boiler operation Is also important for fly ash quality. Some power plants
operate continuously, while others operate intermittently to serve peak power demands.
Each start-up operation may require the use of oil to stabilize the boiler flame. Fly ash
particles produced while oll and coal are burning simultaneously may be coated with
hydrocarbons from the oil and may not be of sufficient quality for use in concrete.
intermittent operations, therefore, require careful control over fly ash collection (287).

Slight malfunctions In the sequence of coal combustion and fly ash collection can also
affect the quality of fly ash. A malfunction in the electrostatic precipitators may allow fine
particles to exit throught the stack. Decreases in the proportion of fine fly ash particles can
cause reductions in pozzolanic activity. A malfunction in the coal pulverizers can result in
higher proportions of coarse fly ash particles, including unburnt carbon. High proportions
of these fly ash particles may cause concrete air-entraining difficulties and may increase
concrete water demand (72).

In order to prevent users of fly ash from receiving shipments of inadequate quality,
ASTM C-618 specifies chemical and physical requirements for fly ash. Also, ASTM C-311
specifies sampling methods, test methods, and test frequencies.

2.4.3 CHARACTERIZATION

2.4.3.1 Variability/ Heterogeneity

The manner in which fly ash is produced and collected results in a material with
variable physical, chemical, and mineralogical properties. In this respect, fly ash is a unique
mineral admixture; other mineral admixtures tend to be relatively homogeneous. Ground
granulated blast furnace slag and natural pozzolans are products ground from quasi-
homogeneous masses. Silica fume Is collected in particulate form, but is generally found
to be composed of particles that are morphologically and compositionally nearly identical
(87). Fly ash exhibits heterogeneity at three levels:

1) between source power plants,

2) between particles from a single power plant, and

3) within single particles of fly ash.
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Variabilities In morphology and composition of fly ash particles between sources are
primarily the result of different coal sources and different coal combustion and fly ash
collection configurations (365). Variabilities between fly ash particles from a single source
are the result of the nature of coal combustion. Fly ash constitutes the residue of
combustion of many small particles of coal. Each particle is heated and undergoes changes
independently of neighboring particles. Therefore, the composition of each fly ash particle
reflects that of the inorganic portion of the particular coal fragment from which it originated
(87, 88). Inhomogeneities within single particles of fly ash can be partially attributed to their
incomplete crystallinity. Fly ash particles consist of crystalline precipitates within otherwise
glassy matrices. Even the glassy phases themselves exhibit inhomogeneities in the form of
phase separations (156).

The intrinsic variability of fly ash, coupled with the complexity involved in Its
characterization, have hindered its use as a mineral admixture in concrete (365).

2.4.3.2 Morphology

All fly ash particles can be classified as “fine® since they must be small enough to be
carried by flue gases. However, particle diameters (or widths) vary from several tenths of
a micrometer to several hundred micrometers (365). The largest fly ash particles are often
bulky agglomerates of smaller particles or rough fragments of unburnt coal. Small fly ash
particles, however, are typically spherical. Warren and Dudas (444) have presented a model
for the microstructure of a typical small-sized fly ash particle, as shown in Figure 2.21. The
spherical shape of small particles results from the rapid cooling and solidification of moiten
droplets while they are suspended in air (365). The smaller spheres are typically solid whiie
the larger spheres may be hollow and empty (cenospheres) or hollow with smaller spheres
inside (plerospheres). Vesicles within spheres are formed when particles solidify around
trapped gas bubbles (365).

Most crystalline material Is incorporated within the glassy matrix. However, alkali-rich
(less viscous) melt solidifies from vapor on and slightly under particle surfaces (255). The
surface salts and very rapid cooling history of glass near particle surfaces make It the most
reactive glass.
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Figure 2.21 Structure of a Typical Fly Ash Particle (444)

2.4.3.3 Physical Properties

Specific gravities of fly ash particles vary considerably, ranging from approximately 1.6
to 2.8 (365). Minnick et al. (298) performed statistical regression analyses between fly ash
specific gravities and fly ash bulk chemical compositions; iron oxide contents yielded the
highest direct correlations with specific gravities. Fly ashes with low specific gravities have
often been found to contain high carbon contents (365).
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The range of typical particle size distributions for fly ashes is displayed in Figure 2.22
(30). These distributions are assumed to be measured by hydrometer (ASTM D-422) and
are assumed to include both Class F and Class C fly ashes. The range of particle
distributions which includes 60 percent of samples is a good approximation of a typical
particle distribution for ordinary portland cement. Portland cement, however, typically has
a lower proportion of particles larger than 45 ym.,
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Figure 2.22 Particle Size Analyses of Fly Ash, Including Both High-Calcium and
Low-Calcium Ash (30)

Two single-value measures of fly ash fineness have commonly been used: percent
retained on the #325 sieve and specific surface area. Each method has limitations: percent
retained on #325 sleve provides limited information and the reliability of specific surface area
measurements is questionable. The reliability of specific surface area measurements has
been questioned because of discrepancies between measuring techniques, including Blaine
air permeability, nitrogen adsorption, and Wagner turbidimeter (154). Chopra and Narain
(63) reported that the presence of fly ash particles larger than the #325 sieve and unburned
carbon particles are primarily responsible for these discrepancies. Increased surface areas
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due to internal fissures and pores in particles affect adsorption measurements but do not
significantly affect air permeability measurements.

2.4.3.4 Chemical Composltion

Although several dozen minerals are present in coals, most occur only in trace
amounts. The majority of coal minerals that influence fly ash composition may be classified
into five groups (119, 133): aluminosilicates (clays), carbonates, sulphides, chlorides, and
silica (quartz). With the exception of quartz, all other minerals are substantially decomposed
during coal combustion. Chemical reactions at high temperatures result in the formation of
new glassy and crystalline phases (156, 343). The bulk chemical composition of fly ash
glassy and crystalline phases consists mainly (95 percent to 99 percent by weight) of oxides
of silica, aluminum, iron, and calcium with smaller amounts (0.5 percent to 3.5 percent by
weight) of magnesium, sulfur, sodium, and potassium (154, 427).

ASTM Standard C-618 specifies two classes of fly ash based on chemical composition.
Class F fly ashes, which were at one time the only class, are required to have a minimum
sum of three major oxides (SiO ,+Al ,0 ,+Fe,0 ) of 70 percent by weight. This requirement
was designed to ensure adequate pozzolanic reactivity. Class F fly ashes are typically
derived from burning anthracitic and bituminous coals.

Fly ashes derived from burning lignitic and subbituminous coals were found to
enhance concrete quality even though their silica, aluminum, and ferric oxide contents were
relatively low. Therefore, an additional fly ash class was added, Class C. Class C fly ashes
are required to have a sum of three major oxides (SiO ,+Al ,0 ,+Fe ,0,) of 50 to 70 percent
by weight.

Since Class C fly ashes have relatively low proportions of silica, aluminum, and ferric
oxides, they have relatively high proportions of the fourth major oxide, calcium. Class C fly
ashes are often referred to as high-calcium ashes while Class F fly ashes are often referred
to as low-calcium ashes.

A compilation of reported chemical compositions of Class F and Class C ashes is
shown in Table 2.11 (365). In addition to high calcium contents relative to Class F fly ashes,
Class C fly ashes typically have higher magnesium oxide, sulfur trioxide, and alkali contents
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(259). Differences in the bulk chemical compositions of fly ashes are reflections of the
different glassy and crystalline compound compositions. The composition of glass and the
types and proportions of crystalline compounds influence fly ash reactivity.

Table 2.11 Range of Bulk Chemical Compositions of Fly Ash (365)

) Range of Cm Compositions (wt.%)
Oxide Class F Fly Ash Class C Fly Ash
Si0, 38 - 65 33 - 61
A0, 11-33 8.0 - 26
Fe,0; 3.0 - 31 40-10
Ca0 0.6 -13 14 - 37
MgO 0.0-5.0 1.0-7.0
Na,0 0.0 - 3.1 04-64

K,0 0.7-5.6 0.3-20
SO, 0.0-40 05-73
LOl * 0.1-12 02-14

* joss on ignition

2.4.3.5 Mineralogy

Quantifying the crystalline compositions of fly ashes Is difficult for three primary
reasons:

1) crystalline phases are typically not pure,

2) crystalline particles are non-discrete, and

3) the background components of X-ray diffractograms interfere with analyses.

Many of the crystalline phases in fly ash contain substantial amounts of impurities and
some phases are members of complete solid solutions (254). Individual crystalline particles
are not ordinarily present in fly ashes; crystalline material is either embedded within glass
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or is deposited as a film on the surface of particles (44, 85, 142, 143, 163, 259, 339). The
total Bragg scattering of crystalline phases is reduced by a broad background feature on the
baseline of diffractograms. The background feature Is caused by the glassy component of
fly ash, which typlcally accounts for over 50 percent of fly ash composition (254).

The mineralogy of low-calcium fly ashes consists primarily of four crystalline phases:
quartz, mullite, hematite, and magnetite (or ferrite spinel) (254). These crystalline phases are
relatively inert during cement hydration and during glassy ash/water reactions (154, 259).

The mineralogy of high-calcium fly ash is more complex. In addition to the previously
mentioned crystalline phases, the higher calcium concentrations during coal combustion
induce the formation of lime, C ;A, merwinite, melilite, and C,S. If both calcium and sulfur
are present in high concentrations, anhydrite and sodalite structures are also formed (254).
The chemical compositions and X-ray diffractogram reference peaks of the common
crystalline phases formed in fly ashes are presented in Table 2.12 (254).

Quanz is found In all fly ashes and usually accounts for the most intense XRD
reflection. It originates as quartz in coal and survives combustion without melting (254).

Muliite is found in most fly ashes. It is not a naturally-occurring mineral in coal, but
it forms during the decomposition of alumino-silicates, particularly clays (155, 254). Mullite
is often difficult to identify because Its strongest XRD reflections are close to those of
quartz (259).

Hematite and a spinel! structure result principally from the oxidation of pyrite in coal.
Hematite is present in all fly ashes, but is difficult to detect because its XRD peak overlaps
with merwinite and C ;A. Most fly ashes contain a spinel structure oxide with an X-ray
pattern similar to magnetite (Fe,O,) and magnesioferrite (MgFe ,0,). This solid solution
phase contains partial Mg and Al substitutions for Fe. Treatment of a fly ash sample with
a hand magnet provides a sub-sample rich in hematite and ferrite spinel (254).

Crystalline CaO (lime) Is found in virtually all high-calcium lignite and subbituminous
fly ashes, typically accounting for 2 percent to 5 percent of overall analytical CaO (365).
Lime results from the decomposition of calcite and/or gypsum (254). Dissolved CaO is
capable of reacting with the glass phase in a relatively slow “self-pozzolanic” reaction (259,
365). When crystalline CaO Is not reactive upon first contact with water (highly sintered
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large grains), it can remain to cause unsoundness problems due to its transformation to

portlandite (259, 371).

Table 2.12 Fly Ash Crystalline Phases (254)

| s':;?:; Name Nominal Composition
Ah Anhydrite " Caso . S 25.4
As Alkali Sulfates (N.K) ;SO 32.2
C.A Tricalcium Aluminate Ca A0, 33.2
C,S Dicalcium Silicate Ca,SiO, e
Hm Hematite Fe, O, 33.2
Lm Lime Ca0l 37.5
MI Melilite (Ca,Na) ,(Mg,Al,Fe)(Si,Al) .0, 313
Mu Mullite Al¢S1,0 ;5 26.2
Mw Merwinite Ca,Mg(Sio,), 33.3
Pc Periclase MgO 42.9
Pl Portlandite Ca(OH) , 34.1
Qz Quartz Si0, 26.7
So Sodalite Structure Ca ,(Ca.Na) ¢(Al,SI) 1,0 24(SO ,) 4., 23.7
Sp Ferrite Spinel* (Mg,Fe)(Fe,Al) .0, 35.6

-

including magnetite

** C,S exhibits may X-ray diffraction patterns

The relative proportions of tricalcium aluminate and merwinite are difficult to determine
in x-ray diffractograms because their reference peaks overlap. However, the proportion of
merwinite, a Ca-Mg silicate, is known to increase with increasing fly ash MgO contents (254).
For purposes of quantitative XRD analysls, the intensity of the composite peak is typically

attributed equally to C ;A and merwinite (256).
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Tricalcium aluminate is often present in substantial amounts in high calcium fly ashes.
This compound can react rapidly with anhydrite to generate ettringite (259). Self-cementing
high calcium fly ashes are known to contain ettringite rods which link and bind adjacent
particles (365). Contrarily, merwinite is not reactive at normal temperatures and pressures.
Experiments of fly ash with water and gypsum showed C ;A to be very reactive and
merwinite to be nonreactive through several weeks of setting (259).

Melilite is a mineral group term encompassing akermanite (Ca ,MgSi O ,), gehlenite
(Ca Al ;SiO,), and sodium-melilite (NaCaAlSi,0,). Iron commonly substitutes for portions
of Mg or Al. Formation of melilite and merwinite requires substantial MgO and CaO contents
In fly ash (254). Melilite solid solutions (Ca, Mg, Al pyrosilicates) are not ordinarily very
reactive (365).

Dicalcium silicate and even tricalcium silicate are occasionally detected in high calcium
fly ashes, but only in amounts of less than one percent by weight. Their eventual hydration
may contribute slightly to the formation of cementitious products (259, 365).

Periclase, crystalline MgO, is found in most subbituminous and lignite coals. It
originates from dolomite or from the oxidation of organic magnesium (254). The total
analytical MgO content of fly ashes is limited to 5 percent or less in specification ASTM
C-618. This requirement is based on experience with portiand cement in which the
formation of Mg(OH) , has resulted in unsoundness. However, MgO in fly ashes Is often
present as periclase, merwinite, and in glass. Fly ashes with high MgO contents routinely
show no expansions during autoclave tests (365).

Anhydrite is found in fly ashes with high calcium and high sulfur trioxide contents.
Calcium oxide acts as a "scrubber” for SO , during coal combustion and in the exhaust
stack. As a "scrubber”, CaO combines with SO , and with excess O , to form anhydrite
(CasO)).

Sodalite Is a calcium-bearing sodium aluminosilicate mineral found in high-calcium,
high-sulfate fly ashes. Its name is used for a group of isostructural phases, including hauyne
(Ca ,(NaAISIO ,) ((SO,) ;) and calcium aluminosulfate (Ca ,Al ;O ,,SO,). The composition
of this phase in fly ash Is typically closer to C A 3§ than to hauyne (254).
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Many fly ashes contain alkali sulfates as surface deposits. These crystalline species
include potassium sulfate (a-K ,SO ), sodium sulfate (thenardite), and mixed sulfates. The
mixed sulfates include aphthitalite ((Na,K) ,SO,) and potassium-calcium sulfates (365).

McCarthy et al. (245, 259) have studied numerous fly ashes from North Dakota,
Wyoming, and Montana subbituminous and lignitic coals sources. Based on their data and
data from literature on bituminous coal ashes, they reported trends of fly ash chemical and
mineralogical compositions, as shown in Table 2.13 (245).

Table 2.13 Trends of Fly Ash Characteristics Based on Source Coal Type (245)

Component Low Calcium High Calcium

Bituminous Lignite Subbltuminous
AlLO, 23 - 35% < 16% 16 - 25%
MgO < 2% > 4% 2-4%
Na,0 - K,0 K;0 > Na,0 Na,0 > K,0 Na,0 > K,0
Lime Very Rare Common Common
C.A No Common Common
Periclase No Yes Yes
Anhydrite Very Rare Yes Yes
Alkali Sulfates No Common No

2.4.3.6 Glass

Fly ash particles are produced by melting and subsequent quenching of the inorganic
material present in coal. The cooling rate of fly ash leaving the combustion zone, as It Iis
transported by stack gases, has been reported to be as quick as 1500 °C to 200 °C in
4 seconds (154). This results in glass as the predominant phase, constituting 50 to 90
percent of fly ash particles (427).
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Fly ash contains modified siliceous glasses. Fly ash with total calcium oxide contents
of 20 percent by welght or less contain mainly aluminosilicate glass. Fly ash which contains
total calcium oxide contents greater than approximately 20 percent by weight may also
contain calcium aluminosilicate glass (156).

A useful model for describing complex glass systems such as those found in fly ash
was pioneered by Zachariason in the 1930s (452). The glass network theory proposes
structural disorder in terms of three influencing factors: rapid quenching, network
isomorphic substitution, and cation modification.

In ordered crystalline silica, silica tetrahedra form a three-dimensional network by
sharing oxygen atoms at their corners (452), as shown in the two-dimensional schematic
representation, Figure 2.23(a). Quenching results in a loss of long-range order. However,
short-range order in the form of Si** and O % relationships remains intact, as shown in
Figure 2.23(b).

Figure 2.23 Schematic Representation in Two Dimensions of the Structure of (a) Crystalline
Silica and (b) Glassy Silica (452)
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Short-range order is disrupted by isomorphic substitution and cation modification.
lons Al**, Fe ¥, and other cations of similar size and valence may substitute for silicon within
the tetrahedra, while Ca?*, Mg ?, Na*, K*, and other relatively small cations may be
incorporated In the holes between tetrahedra. These two groups of cations are termed
substitutes and modifiers, respectively (350).

Network isomorphic substitution introduces two forms of disorder to the already
distorted glass network (156):

1) achemical disorderthrough the random substitution of network-forming atoms and

2) subsequent depolymerization of the three-dimensional structure.
Depolymerization is the result of tetravalent silicon lons being replaced by lower valence
elements such as trivalent aluminum ions. The continuous polymeric network is disrupted
and the excess negative charge supplied by the oxygen must be neutralized by the inclusion
of an additional cation, (such as Na*), as shown in Figure 2.24 (156).

? C|> 0.5 Al,04 CIJ C|> C|>
—0—8i—0—8—0— —» —0—SI—0—SI—0—AI—0"~ M+
o b M & b o
(Si204 network) (aluminosilicate)

Figure 2.24 Network Isomorphic Substitution (156)

In addition to supplying neutralizing cations for Si substitution, modifiers may also
depolymerize a pure vitreous silica network on their own. Incorporation of modifying cations
Induces breakage of Si-O-Si bonds to preserve electroneutrality, as shown in Figure 2.25,
the two-dimensional schematic representation of a sodium sllicate glass (156). Higher
concentrations of network modifiers result in increased depolymerization; as Na ,0 (or K,0,
Ca0, M@0, etc.) is added, the glass network Is composed of increasingly smaller silicate or
aluminosilicate polymeric units, with an increasing number of non-bridging oxygens (156).

Comparisons of typical proportions of network formers and modifiers for mineral
admixtures and commercial glasses are presented In Table 2.14. Fly ashes have
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compositions which are ranked between the highly disordered blast furnace slags and the
scarcely modified silica fumes.

e Sl4+ O 02- @ Na+

Figure 2.25 Schematic Representation in Two Dimenslons of the Structure of a Binary (e.g.
sodium) Silicate Glass (452)

Fly ash glass compositions are an approximate reflection of fly ash bulk chemical
compositions. Class F fly ashes have relatively high Si and Al contents and relatively low
Ca and alkali contents. Therefore, they are composed of alumino-siliceous glasses with
relatively low modifier contents. These high-silica glass phases originate from the thermal
dissociation and fusion of lime-deficient clay particles (155).

Lignite ashes typically contain higher modifier contents than 