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ABSTRACT

‘Nith tﬁé currgnt prfssdres to conserVe'energy and‘ﬁrotect the
environment, researcR to take advantage of the cementitious nature
of'yitheoqs pej]etized blast furnace slag (a byproduct of the stee]u
industry) sth]d,yieid both economic and techpical advanfages to the
CanadiénAconst;uction industry.

Three specific areas were chosen for study.

1. The deQe]opment of a test method to quantify the degree

of vitrifﬁcation éch{eyedjin the quenching of blast furnace
slags (a property known fo havé’fundameﬁtgl inf]uence'on its
reactivity) énd.the evaluation of new and exisfing test methods
with Eegard to simplicity .and" accuracy for potential use as

.a basis %of commercial quality control.

2. The study of the incorporation of slag cement in autoclaved
binders having a wide raﬁge of compositions in the ternary

s&stem containing slag, portland cement and ground quartz .. -

(silica flour). ' | '

3. The effects of variations in the physica]!and chemical

pﬁoperties of slag cement on autoc]aQe reactivity.

Within the previously ﬁefined areas, a few of the findings are
given. . — |

1. From analysis of glass content deferminations, the method

adopted is critical to the results obtained. The McMaster

Individual Particle Analysis was found to give the most accurate

. t;' . , ¢
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and rellable glass content values when compared to a QXRD
standard prqcedure and when used to predict strength potent1a]
2. 0pt1mum strengths weLe obtalned w1th térnary s1ag Port]and
cement-silica flour binders conta1n1ng 60 ﬁo 75 per cent slags
When autoc]aved'4h’at~i850§,higﬁ strengths corresponded to the
presence of sémi—crysta]]ine C-S-H resh]tjng in fine'pore

\ .
size distributions and mixtures of C+S=H and =C,SH. It was also
found that s]ag was activated by 51111% flour alone resu]t1ng

“in hlgh compressive strengths, h?§ﬁ”?§ﬁ§77€426 compressive

strength ratios and rg]ative1y‘we11 grysta]]ized tobermorite.

3. The degree of vitrificatioﬁAof slag was found to have the"
most significant inf]uense on strength of autoclave curea pastes
but the trend was not clear at high glass contents. The Ca0’
and_MgO contents were significantly related to strength when
combined with the degree of vitrification. However, for eval-
uating slag hydraulicity, it is suggested thaf~on1y physicai

stfength testing has the authority for engineering decision

iv.
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1. IWTRODUCTION : »

1.1 BACKGROUND 2
With the current pressures to conserve energy and protecf the

envifonment, research to take advhntage of the cementitious nature of

vitreous pelletized blast furnace slag (a byproduct of the steel

industry) should yield both economic aﬁd tachnical advantages to the

Canadian construction industry. Pelletizing of liquid slag, in{tial1y

to produce a light weight aggregate, was developed in Hamilton, and

the process is now being adopted at stee14w0rks in many countries.

Unfortunately, gemand for tHis energy efficient product, particularly

in cementitious applications, has been slow to develop since the

fundamental hydraulicity aspects and product performance character-

istics have not been defined. Further, the slow development in the use'

of blended cements in Worth America is also partially due to the

attitude and inertia of the building materials and construction

industry which, unlike its European counterpart, has had the use of

almost unlimited and uninterrupted sources of raw materials and energy

for the production of portland cement. ¢
These attitudes are changing since it is clear that substantial

energy savings are possible with about 3 to 5 MJ saved for every kg

of portland cement replaced by slag cement. Since the cost of energy

has risen dramatically over the past decade these lgrge energy reductions

can translate into attractive economic savings, and most of the major

st ot wm et
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portland cement manufacturers have recently taken notice.

This work was concerned with elucidating the hydraulic properties

of pelletized slag, factors affecting its quality as cementing material,

with emphasis on high pressure steam (autoclave) curing applications.
Approximately 90 per cent of the concrete block and brick produced in
Ontario is autoclave cured but the costs of plant operation have risen
enormous 1y with the increasing cost of producing steam and the largely
ehergy related, increasing costs of cementing materials. Therefore,
because of energy considerations coupled with lack of research on slag
in autoclave applications, this area of study was thought to be very
re]e&ant to the ngeds of the building products industry.

Within this éenera] context, three specific areas were chosen
for study.

1. The development of a test method to quantify the degree

of vitrification achieved in the quenching of blast furnace

slags (a property known to have a fundamental influence on its

reactivity) and the evaluation of new and existing test methods

with regard to simplicity and accuracy for potential use as

a basis fof commercial quality control.

2. The study of the incorporation of slag cement in autoclaved

binders having a wide range of compositions in the ternary

system containing slag, portland cement and ground quartz

(stlica flour).

3. The effects of variations in the physical and chemical

properties of slag cement on autoclave reactivity.
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Unlike Menzel's (1934) study of the complete range of portland ‘
cement-quartz binders, the published studies on slag have only concentrated
on one or two isolated binder combinations. Tﬁerefore, to establish
a base for work on the effects of slag properties on reactivity, it
was thought to be necessary to establish slag reactivity over the
complete range of s]ag,‘portland cement and silica flour bindérs.

Also, before the effects of variable slag properties could be.studied,
a reliable method of determining the degree of vitrification, likely
the most important slag property, had to be developed and evaluated.

Therefore, it is thought that the combination of these three
areas form a comprehensive study—af slag hydraulicity with regard to

developing its commercial use in a(t/oclaved products.



1.2 OUTLINE OF STUDY

As a background to the experimental work, the production,
processing and properties of blast furnace slag are discussed in
Chapter 2. Also given is a background and literature éeview on the
cementitious properties of blast furnace slags, autoclave curing in
general and finally the study of autoclaved cements incorporating
slag.

It is well Khown that the degree of vitrification achieved upon
quenching of blast furnage slag is fundamental to its reactivity as a
cementing maferia]. However, the development and adoption of a simple,
yet reliable test for the measurement of this property, with regard
to quality control purposes, has been a subject of‘concern due to the
numerous test methods available and the large variations” in results
obtained. This is evidenced by the lack of test methods offered for
its measurement in national standards for slag (e.g. CSA A 363 -M
1977 in Canada; ASTM C5§5 in the United States; DIN 1164 in West Germany).

In Chapter 3, eleven different glass content determination
methods are discussed, with the techniques detailed in the Appendices.
0f these, six methods were chosen for study, including three commercially
used for quality purposes in Canada, the United States and South
Africa. Also included was a previously developed procedure, known-
as the McMaster individual particle analysis, which was modified to
give two values of glass content depending on how a certain particle
type was interpreted. A standard method using quantitative X-ray
diffraction (QXRD) with synthetically produced mineral standards was

developed as a basis for evaluating the accuracy of the five other glass

EE N A F B s s e v BN



content methods chosen for study.

Thirty-six slags from both Canadian and foreign sources,
and one synthetically produced glass were evaluated by each of the
glass content determination methods and compared. The chemical
and mineralogical properties of the eighteen slags chosen for study
in Chapter 5 were also determined.

The properties of autoclaved pastes and mortars are described
in Chapter 4, over a wide range of binder compositions containing
mixtures of one sample of slag cement, normal portland cement and
silica flour. A single autoclave curing cycle, typical of those used
in local commercial practice, was adopted. The properties measured
for each of the autoclaved pastes included compressive and tensile
strength, solid density, apparent porosity, non-evaporable water
content and quantities for most of the unhydrated and hydrated phases.

QXRD was used for most of the phase analysis with a sample
of 11.BR tobermorite being synthesized and used as the basis for
the quantification of this component in the autoclaved pastes.

As an applied extension to this work, industrial trials were
performea using slag/portland cement/silica flour binders to produce
concrete block. Waste cement kiln dust was also tested to replace
portland cement in one of these trials. In order to improve the
economic viability of using pelletized slag for cementitious purposes,
the slag used in these trials was only partially ground. This was
accomplished using a concrete mixer with a high speed, intensive rotor
which was able to produce a combination binder and.fine aggregate

material in six minutes.
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In Chapter 5, one ternary binder combination, containing 60
weight per cent slag, 20 per cent portland cement and 20 per cent
silica flour, was chosen for further study. This composition was
thought to be commercially practical as indicated from the previous
experimental work and the industrial trials. Seventeen of the slags
ana the synthetically produced glass evaluated in Chapter 3 were used
to produce autoclaved pastes. The slags studied had a range of chemical
compositions, glass contents (some of which were altered by heat
treatment) and finenesses of grinding. To evaluate the variations in
these slag properties, the same properties of the autoclaved pastes
were measured as in Chapter 4. Furthermore, in this work, pastes
containing each slag were mixed at three water/cement ratios resulting
in three values of apparent porosity. This was used to establish the
strength-porosity relationship for pastes containing each slag, in
order to assess their strength properties at a common value of porosity
(by interpolation).

Multiple linear regression analyses were performed in order to
develop relationships and assess the significance of the variations
in slag on properties of the autoclaved pastes.

In Chapter 6, conc]hsions are drawn from the experimental
findings,and suggestions for future research are given.

A list of the abbreviations and terminology used throughout

this work is given in Table 1.1.
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(a) Cement Chemistry Notation for Oxides in Mineralogical Compounds

TABLE 1.1

LISTS OF ABBREVIATIONS AND TERMINOLOGY

Abbreviation

C S

A

M F

H

C

S

Oxide

Cad  Si0,

Mg0 Fep0,

H,0

€O,

504

(b) Analysis Technigues

Abbreviation Technique
XRD X~ ray diffraction
QXRD Quantitative X-ray diffraction
XRF X-ray fluorescence
DTA Differential thermal analysis
SEM Scanning Electron Microscope
EDXRA Energy dispersive X-ray analyser

(e) Standards and Organizations

Abbreviation

Organization

—

CSA
ASTM
DIN
ACI

Canadian Standards Association

American Society for Testing and Materials

West German standards organization
American Concrete Institute

(d) Other Cement Terminology
Abbreviation Meaning
W/C = water to total cementitious materials ratio
Wn/C = non-evaporable water content per unit weight of
cementitious material )
Wn/Wo = ratio of non-evaporable water to original water
content of paste
C-S-H = notation adopted for calcium silicate hydrates of
L the tobermorite group but of largely undetermined
) composition and usually poorly crystallized.




2. BACKGROUND AND LITERATURE REVIEW
2.1 INTRODUCTION

The purpose of this chapter is to provide background information
on the areas covered in the experimental work and to evaluate fhe work
done previously in each area. First, the production, processing and
utilization of blast furnace slag is discussed in general to introduce
the relatively new development of pelletized slag. The next section
deals with the cementitious aspects of slag and factors affecting it§
reactivity. The hydration products and properties of high pressure
steam cured cements are then discussed. Finally, the limited work

done previously on autoclaved cements incorporating slag is covered.
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2.2 IRON BLAST FURNACE SLAG *

2.2.1 Production‘add Properties )
The iron blgst furnace operation is a confinuoys process. The

blended raw materials (burden) and coke are introduced at the top and

" as the materials move down through the furnace, they are heated from

below. Air is injected near the bottom of the furnace and the ignited

coke eventua]]y‘guppTies enough heat to melt the burden. The slag

results from fusion of the fluxing stone (limestone and/or dolomite)

together with the gangue (siliceous and aluminous residues from the iron

ore) and coke ash in the blast furnace. (It should be noted that steel-

making slag is typically recycled as part of the burden). The molten
slag floats on top of the molten iron and below the unmeited burden.
Both‘mo1ten materials are drawn off at regular intervals from the
continﬁo;s process furnace. Slag is tapped from modern blast furnaces
using high quality ore burdens at a rate of 280 to 340 kg per tonne of
- hot metal (Schrider, 1969). A flow sheet for the production of blast
furnace slag is given in Figure 2.1. Since the rawimateria1 burden is
¢arefully controlled to give consistent iron productgon, the range of
slag chemical compositions is faﬁr]y narrow for a specific ore and.
furnage operation.

The major oxides in the slag are not free but combined, anq

the equilibrium compositions of Cdnadian slags are typically mostly

*Yhile there are many types of ferrous and non-ferrous slags,
for brevity in this work, iron blast furnace slag will be referred to
as slag. :
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melilite solid solutions (between akermanite and gehlinite) with
minor anounts of diopside or monticellite. The range of blast furnace
slag compositions containing 10 per cent MgO (typical of North American

slags) is shown in Figure 2.2. Detailed studies on the compositions

w0
\

N
2 2 Ca0® s|o;\s\>4\

v / .S melle ,
5 <_§c,o\ b RN
/ \ ‘ \/
\"cio—V bencioss }\\/ \ N\ \/
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FIGURE 2.2: MAIN FIELD OF COMPOSITION FOR BLAST FURNACE SLAGS
CONTAINING 10 WEIGHT PER CENT Mg0 (Smolczyk, 1980)

of blast furnace slags and the influence of blast furnace operat}Ghs
have been summarized by Osborn and co-workers (1954) , 'Kramex. (1962),
and Schroder (1969).
The physical state of the s1§g.is fundqmenta] to its cementitious
properties. Common North American practice is to cool the slag
slowly in pits (referred to as air-cooled slag) which allows sufficient
P time for the molecules 'to arrange themselves into crystalline mineral

compounds as the slag solidifies. Unfortunately, these crystalline
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compounds have 1little or no cementitious value (Lea, 1971). However,
when quenched from its molten state (after discharge from the furnace)
the molecules in the slag are not given sufficient time to crystallize
due to the high viscosity developed with falling temperatures. As a
result, the disorgamized liquid structure is retained in a metastable
amorphous, vitreous or glassy state.* The glass structure represents
energy locked in the slag at a perched Ahhrenius potential (Mills,
1976), and imparts latent Hydrau]ic properties as discussed later.

However, industrial quenching methods are not always effective
in producing completely vitreous slags. If the slag temperature just
prior to quenching is lower than the liquidus temperature of the slag,
some of the slag will already be crystalline. Also the quenching rate
may not be high enough to prevent further crystallization before the
viscosity of the slag becomes high enough to‘prevent it. The viscosity
of a slag at constant temperature is also a function of its chemical
composition, which therefore also influences the effectiveness of a
fixed quenching rate. '

The methods of processing slag, as shown in Figure 2.1, and

uses for each type are described in following sections.

H

* The terms amorphous, vitreous and glassy are used interchang-
eably throughout this work to describe the disorganized structure of
quenched slag. The term commonly used by producers and users is glass.
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2.2.2 Air Cooled Slag
As mentioned previously, the bulk of available slag in North

America is cooled slowly in pits, then broken up and crushed for use as

D e

aggregate or granular base. However, as energy savings become a more
important consideration in the manufacture of cements, the production
of hydraulically inert air-cooled slag will likely decrease. While
perhaps not always used to its optimum "energy" advantage, it should be

noted that blast furnace slag is almost fully utilized and therefore

R

must be classified as a by-product rather than a waste material. In :
1976 , over 90 per cent of the slag produced in Canada was air-cooled i

(Emery, 1978).

2.2.3 Foamed Slag

Foamed slag.(sometimes referred to as expanded slag), which . .
is utilized as a light weight aggregate, is produced by introduction of
a limited amount of water to the molten slag. The water is vaporized

and the escaping vapour bubbles caught in the solidifying product result

s v
L g

in a light weight, porous product. Disadvantages of this process

L MR 3

incluce the high HoS emissions during foaming and the high water

esnsiosns 3

absorption.of the product when used as an aggregate. No expanded slag

has been produced in Canada since the 1960's.
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2.2.4 Watér Granulated Slag

The most commonly empﬂoyed method of quenching slag is by
water granulation. The molten slag is usually broken up by water jets,
then immediately immersed in water, but several variations are used
(Lea, 1971). while an effective method of quenching, water granulation
has several disadvantages from environmental and production viewpoints.
The quenching water becomes contaminated with sulphur and other
compounds leached from the slag, and sulphides combine with the water
to form hydrogen sulphide. Besides potential air and water pollution
problems the slag has a high residual mQisture content and must be
dried (energy intenSivé) prior to grinding for cementitious uses.

Currently, no granulated blast furnace slag is produced in Canada and

only a small amount is produced in the United States(Emery,1978).However,

granulation is being considered in several locations and a large plant
is now being installed at Sparrows Point, Maryland. Besides cement
replacement, unground granulated slag has been used as a fine aggrecate
in concrete and in stabilized base for roads.

A\
2.2.5 Pelletized Slag

The slag pelletizer was developed by National Slag Limited in
Hamilton (Margesson and England, 1971) as a means of bringing the very
high gas emission levels typical of the "pit foaming" process under
control. Pelletized slag is produced by expanding molten blast furnace
slag under water sprays, and then passing the flow of this pyroplastic
material over a spinning drum, on which fins are mounted, breaking the

slag up and flinging it in the air for a sufficient time (and distance
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of approximately 15 meters) that surface tension forms pellets (Emery,
Kim and Cotsworth, 1976). The sulfide gases are trapped inside the
pores as the pellets solidify. This concept of using limited water
sprays and a finned, rotating.drum to quench slag (for cement purposes)
had also been used prior to 1909 in England and Germany (Anon, 1909),
and since around 1950 in the U.S.S.R. (Kholin and Royak, 1962).

In addition to‘positive control of gas emission, several other
benefits of pelletizing slag have been demonstrated. From the point of
view of slag handling, the pelletizer takes the molten material which
would normally require several days of air cooling, and turns it into
an easily handled product that can be immediately removed from the
blast furnace area. This quick-cooling aspect of pelletizing is very
important in situations where only limited space is available for slag
handling adjacent to the furnace.

Production of a very satisfactory light weight aggregate with
Tow absorption and good therfnal conductivity properties generally
results in a fqirly crystaLZ:ne slag structure (Emery, Cotsworth and
Hooton, 1976). However, by increasing the water spray intensity and
the speed;ﬁf the spinning drum, it was found that a high degree of
vitrificét{én could be obtained, making pelletized slag suitable for
cémentitious applications. The major advantages of using pelletized
slag instead of water granulated slag for cement production is the
low residual moisture content of the pellets {average 5.5 per cent,

Emery, Cotsworth and Hooton, 1976) resulting in Tess energy required

for drying. It has also been shown that pelletized slag requires less
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energy when grinding to typical cement finenesses (Osbourne, 1977).
Also, Kramer (1962) reported that the production of a low
density porous glass, instead of a dense, compact glass, resulted in
higher strengths of cements, especially at early ages and low portland
cement additions. Pelletized slag, as previously mentioned, has the
advantage of such a porous structure. Another feature of pelletized
slag found by Roper (1980) was a much higher variation in chemical
composition between slag grains than in granulated slags as detected
using an electron microprobe. He postulated that this variability might
be due to a state of incipient crystallization of the glass. This may
be advantagébus since Hawthorn and co-workers (1980) suggested that areas
of incipient crystallization may act as nucleation sites for hydration.
In Canada, pelletized slag is produced in Hamilton with production
exceeding 0.2M tonnes (Emery, 1978§. It is currently used as light
weight aggregate in fchcrete slabs and b]ock products, and to produce
separately ground slag cement (Molland, 1976). While still a relatively
new product, the use Bf pelletized slag is expanding, with current
production in eight countries in at least twenty-two installations

(Cotsworth, 1979).
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2.3 FACTORS AFFECTING SLAG HYDRAULICITY
2.3.1 General

Major reviews on the hydraulticity of slag were given by Keil
(1954), Kramer (1962), Schrider (1969), Satarin (1974), and Smolczyk
(1980). The properties of slag whieh have been generally acéepted as
influencing its reactivity are:

1. the degree of vitrification (glass content),

2. the chemical composition,

3. the mineralogical composition,

4. the fineness qf grinding, and

5. the type of activation provided. :

In this section, a sumary of the published work is given,

in terms of each of the five aforementioned factors.

2.3.2 Degree of Vitrification

As discussed further in Chapter 3, the latent hydraulicity of
quenched slag is generally considered to result from the perched
Arrhenius energy level of its amorphous structure in comparison to
a crystalline structure of the same composition (Mills, 1976). Unlike
commercial glasses, the high basicity of slag glass makes its structure
only mepa-stable, and it can be completely devitrified by heating to
less than 1000°C. At ambient temperatures, crystallization is only
iﬁﬁibited by the high viscosity of the solid.

P

-
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(71\

\“zp The degree of vitrification achieved in quenched slags is
affected by the temperature at the onset of quenching, the applied
cooling rate and the chemical composition. Blondiau (1951) found

that reduction of granulation Eemperatures from just 1538°C to 1479°C
resulted in strength reductions of the cement of 10 to 40 per cent,
Fierens and Poswick (1977) found that the hydration of completely
vitrified slags was affected by the quenching rate applied. The
higher reactivity of more quickly quenched slags was found to be the
result of fewer defects in the glass structure. However, this trend
was not as clear when applied to industrial slags (Fierens, 1979).

Schwiete and D6lbor (1963) modified quenching conditions for
each of 30 slags and found that the predominant factor affecting
strength was glass content, as shown in Figure 2.3. Although increasing
crystalline contents reduced hydraulicity , it was thought that slags
with glass contents as low as 30 to 40 per cent could still be employed.
Other researchers, as Smolczyk (1980) pointed out, have not

found a linear glass content-strength relationship, and in some cases
small amounts of crystalline inclusions were advantageous. As shown
in Figure 2.4, Demoulian and co-workers (1980) found that the strengths
of slags with glass contents in excess of 95 per cent were reduced.
Figure 2.4 also shows that the influence of over 30 per cent merwinite
crystal content on strength development was very small. They con-
cluded that the composition of  the glass fraction was enhanced with
regard to reactivity by the C3MS2 crystallization, and that this

counteracted the effect of reduced glass content.
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FIGURE 2.3: RELATIONSHIP BETWEEN GLASS CONTENT AND 3 DAY
STRENGTH DEVELOPMENT (after Schwiete and Ddlbor,

1963)
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FIGURE 2.4: RELATIONSHIP BETWEEN CRYSTAL CONTENT AND STRENGTH
DEVELOPMENT OF STANDARD ISO MORTARS
(76 per cent slag, 19 per cent clinker, 5 per cent
gypsum ) (after Demoulian et al, 1980)
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Smolczyk (1980) mentioned that unlike concentrations of large
crystals, the presence of a finely distributed crystal content would
have little detrimental effect on strength. The reason for this may
be that small, finely distributed crystals could remain partially or
totally encapsulated in reactive glass when ground to cement finenesses.

Inspite of the fact that a mainly amorphous structure is
essential to slag hydraulicity, the inclusion of minimum glass content
criteria in standard specifications is rare. One of tge reasons for
this is that there are many methods used to determine élass contents
and the results are not always in agreement. However, even if a
standard method was adopted, another problem would be establishing a
minimum acceptable glass content. Minimum levels such as 90 per cent
have been quoted in commercial data sheets, but as previously discussed,
Schwiete and Dolbor (1963) suggested 30 to 40 per cent glass was accept-
able, and the results of Demoulian and co-workers (1980) implied that
less than 70 per cent glass was still acceptab]é. Coale and co-
workers (1973) on the other hand suggested a minimum glass content of
85 per cént, not only to avoid low reactivity but to reduce the possibility
of unsoundness due to the crystallization of periclase. However, with
the possible exception of some High magnesia (up to 20 per cent) South

African slags (Kriger, 1976), this latter consideration is not a

problem.
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2.3.3 Chemical Composition

While the vitreous state is essential to slag hydraulicity, the
chemical composition of slag is also an influencing factor. Not only
does the composition affect the degree of vitrification achieved upon
quenching (for a given quenching process, via effects on liquidus
temperature and viscosity) but it affects the solubility and hence the
reactivity of the glass during h;dration. For example, at ambient
temperatures commercial glasses of high silica content are not readily
attacked by water or alkaline solutions, but as the C/S ratio increases
they become more soluble (Kruger, 1976). However, as the T/S ratio
increases, the slag also becomes more difficult to vitrify for a given
quenching process (Parker and Nurse, 1949).

It is generally acceptéd that the hydraulic activity of slags
increase with ;ncreasing Ca0 and A1203 contents and decreasing contents
of SiO2 and Mn0 contents (Schroder, 1969; Yang, 1969). However, Smolczyk
(1980) stated that the so called acid slags (C/S<1.0), which were
previously considered of poor quality (Keil, 1954, Kramer,1962), were
reactive when the low Ca0 contents were compensated by increases in
Mg0 and A]ZO3 contents. This was of interest since slags produced
in Hamilton often have C/S ratios less than unity (shown later in
Table 3.1) yet are still very. reactive. Furthermore, as Kondo(1962)
mentionei, slag glasses with increasing A1203 contents may develop
Vigher strengths, but a factor often overlooked is that these glasses
also require higher levels of calcium hydroxide activation in order to

develop strength. He suggested that this increased CH demand at high
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A1,05 contents may be the result of pozzolanic rather than hydraulic
reactions and the CH is no longer just an activator. From the
Titerature, the influence of Mg0 on hydraulicity is conflicting
(Kramer, 1962; Schrdder, 1969) but most recent studies have shown

it to be beneficial (Smolczyk, 1980). The early concerns about the
formation of periclase, which could result in unsoundness, have been
diminished by the successful use of South African slags containing

up to 20 per cent Mg0 (Stutterheim, 1960; Steyn, 1965; Kriiger, 1976).

The effect of minor elements on reactivity is unclear. Keil
and Gille (1949) found that synthetic glasses composed of only the major
oxides, C-M-A-S, did not exhibit the same reactivity trends as industrial
slags. However, according to Nurse (1964), Tanaka and co-workers found
that the reactivity of C-A-S glasses waﬁ similar to that of industrial
slags. Smolczyk (1978) found that the inclusion of minor elements in a
complex equation improved predictions of strength but the effects of
these oxides changed with the properties of the portland cement
activator and with t@e different curing ages evaluated.

In spite of the fact that the chemical composition of slag is
an area over which a slag cement producer has no control (gxcept for
the rejection of slags with unusual composition), many of the studies
on slag hydraulicity have concentrated on compositional effects (De
Langavant, 1949; Sopora, 1959; Coale et al, 1973; Teoreanu and
Georgescu, 1974). Frsm these and other studies, at least thirteen
compositional moduli have been developed to predict optimum slag

‘compositions,as summarized by Keil (1954), Schrider (1969), Lea (1971),
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Terrier (1973), Gupta (1976) and Kriiger (1976).
Many of the moduli are derived from the basicity ratios used
in blast furnace operations to judge the me]ting conditions in the

blast furnace,as given in Equations 2.1 to 2.3 (Keil, 1954).

MI* = /S (2.1)
M2 = (C+M) /S (2.2)
M3 = (C+M)/ (S+A) (2.3)

The modulus M3 is also used in the Soviet Union in combination with
M4 to evaluate slags for cements (Komar, 1974).

M4 =- A/S i ‘ (2.4)
Before 1942, the German DIN1164 cement standard required that Equation
2.5 be at least unity for slags used in cenents. |

M5 = (C+M+0.33A)./ (S +0.67A) 2 1.0 (2.5)
But this was replaced by Equation 2.6’wﬁich is st&]l contained in
DIN1164 (1967) and was adopted in the Canadian CSA A363-M77 preliminary
standard. .

M6 .. = (C+M+A)/S > 1.0 (2.6)
In Japan,' the modulus M6 is required to be greater than 1.4 (Satarin,
1974).

*Another modulus, M7, was given by Keil (1954) which included
terms fér calcium sulphide and manganese contents in slags.

M7 = (C+CS+0.5M+A) / (S+M0) 21.5 - (2.%)

-

)

* The compositiona] ratios or moduli listed here are labelled
M1 to M12 in order to distinguish them in Chapter 5.
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De Langavant (1949) proposed an index of quality,

M8 = 20"+ C+A+0.5M-2S (2.8)
where the slag quality was judged medium if M8 < 12,
good if 12< M8 <16, and very good if M8 >16.

However, if this index is applied to typical, modern North American
slags where dolomite is used as the blast furnace flux (see Table 3.1);
almost all would only be of medium quality.

Sopora (1959) considered iron and manganese to have adverse
affects on reactivity and proposéd the ratio given in Equation 2.9.

M = (C+%M+A)/(S+F+ (M0)2) (2.9)
Schwiete and DGlbor (1963) did not consider the effects of magnesia in
the development of their modulus, which was rearranged by Kriiger
(1976), as shown in Equat;on 2.10.

MI0 = (C+ 0.9A) 7/ (S + 0.1A) (2.10)
Cheron and Lardinois (1969) found a linear r;;¥tion between Equation
2.11 and compressive strength.

Mi1 = (C+ 1.4M + 0.56A) / S (2.11)

Coale and co—wérker§ (1973), using synthetically prepared
glasses over a wide range of major oxides, found a relation between
compressive strenéth and Equation 2.12 for ca1cjum hydroxide activation.

Mi2 = (6C + 3A) / (7S + 4M) (2.12)
But at the same time, it was found that neither this modulus nor the
previously mentioned ﬁodu]i were entirely satisfactory even when applied
to an individual phase field. It was concluded that no linear relation-

ship exists between strength and oxide composition over a large range
' ~N
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of compositions. Gupta (1976) and Regourd and co-workers (1980) also
found that the prediction of strength development by chemical composition
or by many of the previously given moduli was unsatisfactory.

Parker and Nurse (1949) recognized that the glass content was
important to any quality calculation and incorporated it (determined
microscopically) into their formula along with the product of glass
content and the ratio, M5;

Mi3 = 0.38 (Glass content) (M5 - 0.72) + 75.0 (2.13)
where M13 is the percentage compressive strength developed in compa}ison
to concrete made from portiand cement. Kramer (1962) also found a
relationship between strength and glass content as measured by ultra-
violet light multiplied by the ratio Ml. In these two relationships,
the assumptién of perfect vitrification (wh{ch is made in ratios Ml-
M12) is not made and these~§ndicés,coméining glass contents and chemical
compositions, appear to be more app1i23b1e to evaluation of industrially
quenched slags. However, Parker (1954) subsequently reported that
inspite of their index, M13, strength testing was still the most
satisfactory method of evaluating siag quality.

In conclusion, while chemical composition undoubtedly affects
slag reactivity, the effects of compositional changes on hydraulicity
are unclear. Also, as the composition of slag is determined by the
iron producer to optimize the quality of the iron, the work in this area
seems disproportionate to its practical use. In practise, blending of

unground slag stockpiles is used to ensure relatively uniform slag

properties and hydraulic performance (Warren, 1977).
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2.3.4 Mine;alogy

Small changes in chemical composition can have large effects
on the mineralogical composition of portland cement (Neville, 1972),
and the mineralogical composition rather than the chemical composition,
determines its hydraulic properties. Therefore, it would follow that
the potential mineralogical composition of siag glass might be a more
significant influence than its chemical composition on its reactivity.
The crystalline compounds found in devitrjfied slag are mainly the
melilite solid solutions series with end members akermanite (C2M52)
and gehlinite (C,AS) with lesser amounts of monticellite (CMS),
diopside £CMSZ), merwinite (C3MSZ) and others. However, the
crystalline minerals are generally considered inert towards water
(Schrédder, 1969; Lea, 1971), likely due to the regular coordination of
the atoms in their crystal structures (Pai and Hattiangadi, 1969).

Keil and Gille (1949) concluded that the hydraulic properties
of glass could not be evaluated by calculation of the minerals present
at equilibrium. Nurse (1964) agfeed that this technique could be
misleading and that it offered no advantages over the more common
relations with oxide composition. However, Regourd and co-workers
(1980) recently concluded that the melilite composition, based on
measurement of the lattice parameters of devitrified slags, was an
important factor affecting reactivity. Solacolu (1958) and Teoreanu
and Georgescu (1974) found that variations of strength development

with chemical composition were not continuous at phase field boundaries

defining different potential equilibrium mineral formations. Therefore,
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from the literature, the relevance of equilibrium mineralogical composition
to hydraulic activity is unclear. |

Akatsu and co-workers (1978) found that in the gehlinite-
akermanite system, the most reactive glasses had a ;omposition of 30
to 50 per cent akermanite at 3 and 7 days. However, at 28 days high
strengths were obtained from glasses with compositions of 20 to 70
pér cent akermanite.

Kondo and Ueda (1969), based on a study of the pH of suspendeﬁ
glasses, considered C2MS2 more than just latently hydraulic, while
CZAS and a solid solution mixture were just considered latently
hydraulic. Crystalline inclusions cBntained in quenched slags, such
as C3MS2 which are not present after equilibrium crystallization
(Kruger, 1976) may affect slag reactivity by altering the composition
of the glass phase. Schréoder (1969) mentioned work done to enhance

hydraulicity by thermal treatments to promote favourable, unstable

crystallizations of merwinite with respect to gehlinite.



.
2.3.5 Fineness of Grinding

While the ease with which slag can be ground does not affect
its hydraulicity, it does affect the optimum fineness of’grinding from
both étrength development and economic viewpoints. Nater‘granu1ated
slag has been reported to be less easily ground than portland cement
(Stutterheim, 1969), thus intergrinding,the traditional method of ,
producing blended cements, would tend to preferentially grind the
portland cement component. However, recent work by Osbourne (1977) has
shown that pelletized slag, due to its porous structure, requires
less energy to grind than granulated slags.

Because of its advantages, as summarized by Schrdder (1969),
Stutterheim (1969), Lea (1971) and Mills (1976), the practise of
separately ground slag has developed in South Africa, England and
Canada. In this study, separately ground slags were used and the
discussion is focussed on the effects of the fineness of separately
ground slag. A Blaine fineness of 400 mz/kg has been adopted as a
standard for comparison since thia was found to be optimum for Canadian
pe]]etizéd slags in commercial operations (Emery, Cotsworth, and Hooton,
1976; Warren, 1977).

Lea (1971) reported the influence of fineness on the 28 day
strengths cof concrete containing 30 per cent slag.cement. Strengths
were decreased by 22 per cent when the slag fineness (Blaine) was
reduced from 393 mz/kg to 310 mz/kg, but only increased by 13 per cent
when the slag fineness was increased from 393 mz/kg to 485 mz/kg.

However, at 75 per cent slag contents, Schroder (1969) reported
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approximately equivalent in;reases in strengths for slag finenesses
increased from 350 mz/kg to 400 mz/kg and 400 mz/kg to 450 mz/kg
as shown in Figure 2.5. For the same slag content, Schroder (1969)
also found that the effects of fineness on strength were also influenced
by the chemical composition of the slag. Depending on the coﬁposition;
the increases in 28 dayvstrengths varied from 20 to 60 per cent
when the fineness was increased from about 280 m2/kg to 400 mz/kg.

In general, as with all cementiﬁg materials, the reactivity
of slag is proportional to its surface area, with the fineness being
Timited by economic considerations as well as performan&e considerations

such as shrinkage and setting times.

Specific surface of clinker : Specific surface of\clinker :
3000 cm?¥g (Blaine) 4000cm?/g (Blgine)
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FIGURE 2.5: EFFECT OF FINENESS ON STRENGTHS OF DIN 1164 MORTAR
PRISMS CONTAINING 75 PER CENT SLAG (Schrdder,1969)
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2.3.6 Activation of Slag Glasses

The reaction mechanism by which the latent hydraulicity of slag
glasses is released was proposed by D'Ans and Eick (1954). In water,
Ca0 was initially released from'the surface of the slag grains, but
the reaction of water with the remaining A1203 and Si0p formed
impermeable acidic gels on the surfaces of the slag grains. These
coatings acted.to inhibit further hydration until sufficient, externally
supplied 1ime was added to dissolve them. This mechanism was confirmed
by Kondo and Ueda (1969) for CHAS glasses where 0.2um thick coatings
of composition ASH6 were found to form on the glass surfaces.

khile slags are generally regarded to be only hydraulic when
externally activated by alkaline or sulphate solutions (Gutt, 1971),
tgsre are some slags which will set and develop strength in pure water.
Keil and Gille (1949) found that C,MSp glasses were reactive in water
but that CoAS was not. Ludwig (1964) found that CoMS, formed a
tobermorite-like C-M-S-H phase, but C,AS also hydrafed to form égASHg.
Teorneau and Georgescu (1974} found that some synthetic slag glasses
developed strength in water depending on their potential equ{1ibrium
minerals. In conflict with previously mentioned references, akermahitic
systems were found to be practically inert. Good strengths were developed
for C/S between 0.8 and 1.1, and less than 10 per cent alumina contents.
Glasses with alumina contents between 12 and 17 per cent., more typical
of European slags, were non-reactive.

According to Eitel (1966), D'Ans, Eick and Kaempfe, found

that slags high in calcium sulphide were self-activating since in
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water, CaS dissolved to form Ca(OH), f;;~;;s. ‘Because of the
desulphurization processes used atﬁﬁafasco in Hamilton, slags with
sulphide contents as high as three per cent are found (see Table 3.1)

and this may account for some of the non-activated reactivity found

for these slags (Kim, 1975; Emery, Kim and Cotsworth, 1976; Gupta, 1976).
However, Teorneau and Georgescu (1974) and Kruger (1976) found that

there was no relationship between the strength potential of unactivated
aqd activated slags and therefore there appears to be little value in
evaluating the hydraulic potential of an unactivated slag.

The most commonly used activators have been calcium hydroxide,
portland cement and gypsum. Other chemical activators, such as Na2C03
(Dron and Petit, 1975) , NaOH, N525103 (Yang, 1969) and CaCl,

(Teorneau and Georgescu, 1974), have also been used. From the practical
point of view, portland cement is the most important activator since
it is present in almost all concrete.

It is often assumed that when portland cement is used, the
activation is actua]]& by the calcium hydroxide liberated as the portland
cement hydrates. However, Nurse (1964) mentioned that these are
differences between 1ime and portland cement activatioﬁ and the type and
amount of activation required for optimum strength depends on the slag
composition. Keil ahd Gille (1949) found that when using 1ime, CoAS
glass developed high strengths while C,MS; did not,but the reverse was
true‘when porF]and cement was used. In contrast, Kriiger (1976) suggests

that the hydration reactions of slag activated with hydrated lime and

.portland cement are similar. In fact, he suggests that lime

used instead of portland cement for evaluation of 4 slag's strength
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potential.

The activation of slag by portland cement also depends to a
large extent on the mineralogical composition of the portland cement
(Smolczyk,1980). Larger amounts of C3S have been found to be beneficial
(Maiko et al, 1976). The hydration temperature is also a factor when

“evaluating hydraulic potential. Maiko and co-workers (1976) using

50 per cent portland cement-50 per cent slag glass blends found that

the composition of glasses developing high strengths at 20°C (CAS,,

CMS and melilite solid solutions) were not necessarily the same as those
at 909C («CS, CAS; and CoMS,).

Ludwig (1964) found that the hydration products of portland-
slag cements were the same -as for portland cement, except that, at
higher slag contents, smaller quantities®of calcium hydroxide and
C4(A,F)H, 4 hydrogarnets were found.

Smolczyk and Romberg (1976) mentioned that the inclusion of
slag -affected both the porosity and the pore size distribution of
pastes at ambient temperatures. Increasing the slag content of
pastes from O to 76 per cent had the effect of reducing the volume of
large pores (greater than 300um diameter) by about one third. This
is important since the presence of large “"capillary" pores both
increases the permeability and decreases the strength of cement pastes

(Kayyali et al, 1980).
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2.4 AUTOCLAVE CURING AND REACTIONS
2.4.1 Background
2.4.1.1 Autoclave Curing Cycles

Autoclave curing is the name usually used when referring to
curing at temperatures in excess of 100°C in saturated steam. The -
terms hydrothermal curing and high temperature and pressure curing can
also refer to autoclave curing but also include curing at other than
saturated steam pressures.

Autoclaving is ;ost often employed to cure concrete brick and
block and zalcium silicate brick (sand-lime brick). In a typical
commercial process the binder and aggregate components are mixed in
the same manner as normal concrete but with much lower water contents.
Specific amounts of the mix are vibrated in molds until a constant
specimen height is achieved. The formed blocks or bricks are then
immediately de-molded and loaded on to racks. The racks mounted on
wheeled carts, are usually placed in "ki]ns" and moist cured at
609C to 70°C for several hours to develop the "green" strength needed
to resist damage from both handling and thermal stresses. The carts
are then loaded into long, cylindrical, pressure vessels where steam is
admitted until the maximum temperature (and dépendent steam pressure)
are reached in one to two hours. Commonly used maximum temperatures
range from 160°C to 190°C (0.55 MPa to 1.17 MPa steam pressure)
(Davey, 1979) and these are maintained for two to eight hours, depending
on the working schedule of the plant. At the end of the curing cycle

the steam is usually released and used to heat a second pressure vessel
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with atmospheric pressure obtained in 0.3h to 0.5h. The carts are

unloaded, and upon cooling the blocks are ready for use.

2.4.1.2 Use and Advantages of Autoclaving

Autoclaving was fitst used in the United States in i868, (ACI
Commi ttee 516, 1965) but did not develop until Menzel's (1934) extensive
research on autoc]aving—and the use of silica to replace part of the
portland cement.

Due to the capital costs involved with building such a plant,
and more recently the energy costs of producing steam, autoclave
curing is not used extensively to produce concrete block in North
America. However Southern Ontario is an exception with about 90 per
cent of the blocks being autoclaved (Davey, 1979).

Besides producing products that have strengths equivalent to
28 day moist cured concrete in only a few hours, other advantages to

autoclaving were summarized by Nurse (1949) and the American Concréte
Institute (ACI, Committee 516, 19§5). These included; reduction in
the portland cement or lime required, by partial replacement with
ground quartz {(which only becomes reactive at temperaturesbgreater than

100°C as shown in Figure 2.6), increased strength bx/reaction of the

aggregates with the binder (and stabilization of some unsound aggregates),

reduction in drying shrinkage by abtout 50 per cent, increased resistance

to sulphate attack and the elimination of efflorescence.The final products

also have a very low residual moisture content, which coupled with

‘reduced drying shrinkage, allows their immediate use.
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FIGURE 2.6: COMPRESSIVE STRENGTH OF AUTOCLAVED AND MOIST CURED
CEMENT PASTE WITH VARIOUS AMOUNTS OF SILICA FLOUR
(GROUND QUARTZ)(ACI Committee 516, 1965, after Menzel,1934)
Note: 1MPa = 145.04 psi

2.4.1.3 Autoclave Reactions

The nature of autoclave hydration products is simi]a# to those
found in concrete cured at ambient temperatures with the following
exceptions.

1. The calcium /silica (C/S) ratios of autoclave hydrates

which result in maximum strengths are much lower, ranging

from 0.81 to 1.5. L4

2. Silica flour (ground quartz), which is practically inert

at ambient temperatures, reacts with the 1ime liberated by

the hydration of portland cement at temperatures greater than

100°C to form more calcium silicate hydrates. This elimination

of free lime is the major reason for increased su]phate‘resis-

tance. Silica flour is usually blended with portland cement

/
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to provide a C/S ratio cgnsiétent with high strengths.

3. The degree of crystallinity of the C-S~-H* found in
autoclaved hydration products is much higher than the nearly
amorphous C-S-H formed at ambient temﬁeratures.

4. Autoclaved portland cement was found (Powers and Brownyard,
1948) to have a very low surface area resulting from a

collapsed structure with high volume stability.

2.4:2 Calcium Silicate Hydrates formed from Autoclaving

Calcium silicate hydrates have been extensively studied under
autoclave curing since they comprise most of the hydration products
formed in portland cement-quartz reactions and account for mosk of the‘
strength developed. Comprehensive reviews on the composition of
aytoclaved calcium silicates were given by Heller and Taylor (1955),
Taylor {1962, 1964, 1967), Kalousek (1969) and Taylor and Roy (1980).
Their physical and mechanical properties were stydied in many works
including those by Kalousek (1954-1,2), Aitken and Taylor (1960,1962),
Dyczek and Petri (1974), Beaudoin and Feldman (1975), and Crennan
and co-workers (1977).

Since the autoclave curing cycle of 185°C for 4h was chosen
for study in this work, the discussion of previous studies has been
limi ted to temperatures close to 18§°C. However most studies have been

either interested in equilibrium reaction products or have adopted :

)

* C-S-H is the term adopted by Taylor (1962) to represent poorly '
crystalline calcium silicate hydrates of the tobermorite group and covering
a range of compositions.
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older, long autoclave periods and as a result, very little inform-
étion is available for shorter autoclave periods. This lack of know-
ledge about reactions and properties of cements at short autoclave
cycles was also noted by Taylor and Roy (1980).

For lime-quartz pastes autoé]aved for at least 25h in most
casaes, the hydration products detected are given in Table 2.1. Some

of these phases, particularily xonotlite (CSSSH), would not likely be

present at shorter autoclave periods (Kamel, 1973-1). The range of

formation for poorly crystallized C-S-H would likely be wider for shorter

periods of autoclaving since it has been found to be an 1ntermediéta\
or meta-stable phase in some cases (Chan and co-workers, 1978; Tay]o;\«
and Roy, 1980), converting to other phases after longer autoc]aQe'
periods.

The ranges of phase% formed from portland cement-quériz
pastes autoclaved for 25h, are:shown in Fiqure 2.7. The range of
commonly used C/S ratios and températures shown by the shaded region
in Figure 2.7 indicates the predominan;e of 11.8 tobermorite (C536H5)
in commercial products.

Studying the reactioﬁ oF/T?ag—quartz mixtures after 5h at 180°C,
Chan et al (1978) found crystalline tobermorite and xonotlite for C/S
equal to 1.0, and poorly crystalline tobermorite when C/S equalled 0.8.
The crystallinity of the tobermorite was also found to depend 6n the
quartz particle size, in agreement with Crennan(and co-workers ¢1972).

In a similar study, E1-Hemaly and co-workers (1977) found that the

addition of 5.6 per cent A1203 , at C / (S+A) equal to 0.8 resulted

Id 3\
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TABLE 2.1 ,
COMPQUNDS DETECTED IN LIME - QUARTZ PASTES (Aitken and Taylor,1960)
Overall Ca0/810, Range of temperatures !
ratios of pastes in which compound was
Corapound in which detected formed (°C)
Gyrolite i 0-33-067 163-200
C.S.H (ill-erystallized) 0-33-3-00 \ 90-173
Tobermorite
(crystalline 11 A form) 0:33-1-08 125-200
Xonotlite 0-67-3:00 165-200
“Phase F*° ' 1 60-3-00 1535-200
a-C,S-hydrate . 1 30-3-00 125-193
Hillebrandite 1-67-2-00 185-200 .

Note: Phase F is a compound of possible composition CgSqHo

At
L4 ¥ 1
200°- No unceacted cement /’ "~ No free Ca{OH); ,p'
compounds R4 ] B detected [} |
o # detected -7 B /
L 3 - - /
g 160 ¥ -1 - / -]
E Unreacted cement R N
§_ ™ compounds detected N ,
0= . - free/Co (OH)Z -1 ¢
detected ‘
- . - -
80~ y ' . y ] ' 1 1 7
C/S molar 0 1 2 . 3 ) 2 3
| ot T T 1 1 1 L + oo v o1
Q/C wiw 3 1 06 Q45 O3 0 @3 106045 023 o)
(a) . ()]
200° Wk ‘\\ ’." . ' = ‘“’Xar\o‘thte
tobermorite N formed
i rorm_ed 3.5 /', N E:\s\&'
xy’ P
Yy ot ’ a-CyS " = [ Hydrogarnet Tricaloum 7
" hydrate formed ) I possibly formed sihoote. hydrate
2 formed
g
g 1T ]
2
- ] . -
80°- \ - T u i ’ t ] -
C/$ moler O 1 2 3 0 1 2 3 |
T = U RS T T
O/ wiw 3 106045 023 0 @3 106045 02 .0

(c) (d)

FIGURE 2.7: PHASES DETECTED BY XRD IN CEMENT AND CEMENT - QUARTZ
PASTES CURED FOR 25h (Aitken and Taylor,1962)

Note: Q/C = quartz / portland cement ratio by weight
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in the formation of more crystalline tobermorite.

Comparing the reaction of hydrated lime-quartz and portland
cement-quartz pastes, Aitken and Taylor (1965) found that portland
cement was slower to react. While with lime, the quartz was often -
completely reacted, unreacted quartz was detected in all portland cement
containing pastes. They attributed the formation of hydrates with
higher C/S ratios than the bulk C/S ratio of the mixture, to this
slow reaction.

Maximum =C,SH contents resulted from low quartz contents of '
around 5 to 10 per cent (Kalousek, 1954-2; Sanders and Smothers, 1957).
[t is readily formed in short autoclave periods when the C/S of the
cementing mixture is greater than 1.5(Taylor, 1964).

Other phases, sometlmes identified in autoclaved portland
cement%;nd portland cement-quartz pastes have been trigalcium silicate -
hydrat; (C3SH;_5) and possibly hydrogarnet (C3ASzH6-22 solid solution)
(Aitken and Taylor, 1962), hillebrandite (BC,SH) and xonotlite (CgSgH).
Other mfnor or irregularily occurring phases were dischssed by Kalousek
(1969) and by Taylor and Roy (1980). Tricalcium silicate hydrate is
usually only found 1in portland cement pastes since a small quantity of
added quartz suppresses its formation (Aitken and Taylor, 1962). Below
165°c, <C,SH and CH are'more likely to form (Taylor, 1964). Xonotlite
readily forms at temperatures greater than 200°C and more slowly at
Tower temperatures. However, the presence of'on1y a few tenths of

a per cent of A]203 retarded the formation of xonotlite and stabilized

the initially formed tobermorite phases at 175%C (Kalousek, 1957).
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The addition of 5 per cent A]ZO3 in the tobermorite lattice was found
to reduce shrinkage by about 50 per cent (Noorlander, 1967). When the
A1203 content of the lime-quartz-kaolin cementing mixtures exceeded
five per cent, the hydrogarnet C3ASH4 was also detected after 24h at
1759C (Kalousek, 1957). For the(%ame autoclave cycles, Diamond and

co-workers (1966) found that up to 10 per cent aluminum could be

RS &S

accommodated in the tobermorite structure without appearance of hydro-
garnet. However Aitken and Taylor (1962) only found small quantities
of hydrogarnet sporodically in portland cement-quartz migg;;;;:>
Kalousek (1969) concluded that hydrogarnets would be rarely found in
commercial autoclave products except when large quantities of high

alumina fly ash or slag were incorporated in the cement.
[

Therefore at temperatures around 185°C, and for shortsautoclave

periods, the most likely hydration products depending on the cement
composition are tobermorite-like C-S-H of varying degrees of crystail-

inity, «CZSH and C3SH1.5.

2.4.3 Physical Properties of Autoclaved Hydrates

Several studies have associated the presence of.tobermorite
phases with high strengths, and «CZSH with low strengths (Sanders
and Smothers, 1957; Aitken and Taylor, 1962). The crystallinity of
the tobermorite - C-S-H is an important(factor as well. Maximum
crystallinity did not correspond to maximum strength (Crennan et al,
1972; Alexanderson,1979-1),and an optimum degree of crystallinity or

mixture of crystalline and amorphous C-S~H may result in opti¢um

[
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strengths (Taylor, 1964).Alexanderson(1979-1) found a linear relation-
ship between the crystallinity of C-S-H (up to 60 ber cent) and the
inverse of its BET specific surface. In the same study it was also
found ‘that shrinkage decreased with increasing crystallinity.

Work by Butt and co-workers in the Soviet Union was summarized
by Taylor (1967). They tested strengths of blocks made from several
autoclave hydration products as shown in Table 2.2. Less crystalline
C-S-H (I) (C-S-H with C/S<1.5) gave higher compressive strengths than
112 tobermorite, while «C,SH had practically no strength. It can be
observed that high tensile to compressive strength ratios were obtained
with IIR tobermorite, xonotlite and C3SH1.5: This was attributed to
the needle shaped morphology of the crystals in the latter two cases.’
High compressive strengths were associated with high surface areas
which were thought to result in good bonding with many peints of contact
between crystals. The low strength of mCZSH was attributed to a coarse,
but well crystallized hydrate with few points of contact.

The importance of fine, less crystalline hydration products,
(having many points of contact) to high strengths was also discussed
by Beaudoin and Feldman (1975){and Feldman and Beaudoin (1976). They
concluded that po;osity, crystal bonding and hydration product density
and morpho]ogy were all importént factors to strength development.

They found that the ratio of poorly crystalline C-5-H to well
crystallized, dense material («CpSH and/or-well crystallized tobermorite)
required to give éptimum strengths was dependant on the porosity of the
solid. Taylor (1977) thought that this was a very important concept

and it was used to explain the results of his co-workers (Crennan et al,

19
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1977).

Beaudoin aqd Feldman (1975) used the solid densities of
fully hydrated autoclaved pastes to characterize the type and bonding
of hydration products presént. Low densities corresponded with poorly
crystallized C-S-H and higher strengths. Smith (1979) found that the
C/S ratio of the C-S-H was ‘also dependant on its density as shown in
Figure 2.8. The low density, low C/S materials had the highest
strengths.

In an earlier study, Mindess (1970) concluded that the strengths
of autoclaved calcium silicate hydrates were influenced mainly by total
porosity and pore size distribution, and that phase composition was

only of secondary importance.
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2.5 STUDIES OF AUTOCLAVED SLAG
2.5.1 Background

While the use of slag in pastes, mortars and concrete has been
the subject of many studies, very little work has been directed to its
use in autoclave applications. Because of this, a fairly complete
summary of these studies are presented in this section. Many of these
studies have used slags or synthetic glasses containing mainly QaO, A1203,
and SiOZ, without dealing with the Mg0 contained in slags typical of
North American production. Also many of the studies on autoclaving slag
(and portland cement, T .and Roy, 1980) concentrate on equilibrium
products of hydration ;iy:?;str temperatures and longer autoclaving
periods than those used commercially. Therefore the results obtained

in many of the studies have to be viewed with caution when trying to

apply them to commercial products.

2.5.2 Synthetic Glasses and Slags without Activation

Negrq (1969) mentioned that he had studied the autoclave

reactions of melilite glasses with various proportions of vitreous

C,AS and CpMSp. Hydration products detected were =(pSH and C-5-H with
xonotlite and plazolite at higher temperatures. Since no Mg(OH)2

was detected, it was assumed that the magnesium ions substituted for
calcium ioﬁs in the calcium silicate hydrates detected, This agreed

with the results of Schwiete and co-workers (1969) who found that

/////}ncreasing Mg0 contents in the melilite glasses resulted in expansion

of the lattice of C,ASHg for hydration at about 22°C.
. ¥

\\‘
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//// However, Kruger and Visser (1971), Visser and co-workers
(1975) and Kriger (1976) found no evidence to support the formation of
a C-M-S-H phase in pastes autoclaved at 2159C for up to 7 days. In
these studies, it was found that a glass of composition C2M§2 hydratedf
to serpentine (M5$4H4) and>an unidentified phase (either C-S-H or
calcite) with an XRD peak at 3.027R . Amorphous gehlinite (CoAS)
hydrated to the hydrogarnet plazolite (C3A52H2), boehmite (YAH) and
possibly =CpSH. A glass of 50 per cent CpAS, 50 per cent CpMS,
proportions and a South African slag (Mg0 = 15.1 per cent) both hydrated
to form plazolite (C3ASZH2), aluminum serpentine (MgAS3H4) and possibly
=CoSH. Therefore it was concluded that the magnesium in slag glasses
ai# hot combine in a C-M~S-H phase but only in MSH phases. Kriiger
(1976) stated that the possibility ex%sted that water selectively
attacked certain cations, leaching them out of the vitreous slag to form
hydrated phases. The cations not accounted for in the hydration products
might then remain in the unhydrated glass networkf"\\\\

Mascolo and co-workers (1977) autoclaved synthetic é]asses
at 175°C and found the serpentine MgAS3H, together with CoAHg and
plazolite. The amount of CZAHG'increased with increasing Mg0 contents
while the plazolite content diminished. For glasses with a constant
(C+M)'/S'ratio, strengths generally increased with increasing Mg0
content, up to 17.4 per cent.

Govorov (1974) autoclaved synthetic C-M-A-S glasses containing

5 per cent MgO at 150°C, 200°C and 250°C for up to 48h. For 150°C and
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200°C autoclaving the main phase found was CSH(B) (C-S-H with C/S 21.5),
with hydrogarnets of the solid solution series C3AS, Hg_ o, (where z=0

to 3) forming at some compositions. The highest strengths were found to
correspond to maximum hydrogarnet compositions, however those glass

compositions were much different than those typical of blast furnace

slags.

2.5.3 Slags Activated With Gypsum

Massidaa and Sanna(1979) autoclaved compacts of Italian slag

(Mg0 =5.5 per cent) activated with five per cent gypsum at 180°C for

15 and 72h. The only hydrated phase detected was plazolite, with larger
quantities present at 72h but with little difference in strengths. They

attributed the high strengths obtained at 1809C (compared to 50°C, 70°¢,

120°2iand 1509C) to the lower porosities and finer pore size distributions

found.

2.5.4 Slags Activated with Lime and Quartz

Midgley and Chopra (1960) autoclaved ground, foamed and
granulated slags with various proportions of hydrated lime at 160°C
for various periods. Unlike fly ash, quartz and other,siliceous
materials which consumed large quantitie$ of lime, the slags only ful]}
reacted with ten per cent lime after at least 6h at 160°C. The -
optimum amount of lime activator was found to be five per cent,
resulting 1in vefy high strengths as shown in Figure 2.9. Hydrated
phases included a. hydrogarnet (C3ASHp), tobermorite-like C-S-H, and

<CoSH. When higher contents of lime were added, strengths decreased

PP
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as the amount of a€25H increased at the expense of the C-S-H. The %

8

poor strength qualities of «CpSH were also found by Kalousek (1954-2) ' §

5

for pertland cement-quartz pastes. The slags, without lime, hydrated ?
to poorly crystalline C-S-H and a hydrogarnet after 16h autoclaving. f
E

Kondo and co-workers (1975) studied the reaction of pastes
containing 80 per cent slag (Mg0 =3.4 per cent) with 20 per' cent
lime autoclaved for various periods at 181°C and 213°C. After 0.5,
2 and 6h auioc]aving at 181°%, only poorly crystalline C-S-H
(composition C1.4530_8H1_6 at 6h) was detected and strengths

increased. At 12h, a hydrogarnet (C3ASH4) was just detected and

further autoclaving resulted in reduced strengths which were thought

to be due to increased quantities of hydrogarnet. This is in disagree-
ment with the higher strengths of pastes containing hydrogarnet found by
Govorov (1974). It was also fouAd that there was high reactivity up

to 0.5h autoclaving, then an almost dormant period occurred until 2h
with the reaction rate increasing at later ages.

The dormant period was attributed to an impervious coating
forming on the slag grains and temporarily inhiﬁiting further reaction,
which was similar to the coatings described by D'Ans and Eick (1954).

A slag-lime paste of the same composition was also autoclaved by

Abo-E1-Enein (1977) with similar hydration products forming, but

with slightly different strength development. ¥

In the same study, Kondo and co-warkers (1975) autoclaved a %
paste composition 50 per cent slag, 20 per cent lime and 30 per cent é%
ground quartz. Faor the first 2h of autoclaving a high lime, poorly 5

o

‘:i'.'m- o
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crystalline C-S-H was formed and very little quartz was reacted. For

.
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\

up to 12h autoclaving increased quantities of C-S-H with Tower C/S
ratios were detected as strengths increased (composition =Cx,sAo.1S0.9H1.05
at 6h). Lower strengths occurring after longer autoclave periods were
attributed to a change in morphology of the C-S-H. It was concluded
that the high reactivity of the slag after short periods of autoclaving
inifia]]y inhibited the reacfion of the quartz.

Abo-E1-Enein and co-workers (1977, 1978) studied a 25 per
cent slag, 25 per cent lime, SQ_per cent quartz paste autoclaved at
181°C. After 2h autoclaving only poorly crystalline C-5-H was detected
with more crystalline fibrous C-S-H forming after 6h, corresponding to
optfmum strength. Strengths deteriorated after 12h autoclaving but
started to improve after 24h and a very dense C-5-1 with a mix of fibrous

and platy morphologies was observed in the SEM.

2.5.5 Slag Activated with Portland Cement and Quartz
The study of slag in conjunction with portland .cement and
quartz was thought to be the most relevant to commercial practice due
to the frequent use of port]aﬁd cement and quartz in autoclave binders.
Menzel (1934) subg&ftuted ground, air-cooled stag for quartz
in portland cement-quartz mixtures of varying proportions. Due to the
crystalline nature of the slag, the strenéths were found to decrease
almosf linearly with increasing slag content after 24h autoclaving at
1779¢. In a similar study by Kalousek (1954-2), replacing quartz with .

ground, expanded slag resulted in lower strengths. Akaiwa and Sudoh

Y AR Bt s Bar £ o b0
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(1966) found that replacing 45 per cent of portland cement by granulated
slag lowered strengths after 5h autoclaving at 200°C. Yang (1969)
autoclaved suspensions of 75 per cent slag and 25 per cent portland
cement, with and without silica flour, for 16h at 183°C. Without

silica flour, tobermorite-like C-S-H, a hydrogarnet and posgibly
xonotlite were detected. With increasing contents of sili¢2 f1ouf,

the amount of C-S-H increased and the hydrogarnet decreased until it
was not detected at 30 per cent silica flour.

An autoclaved slag-portland cement paste was studied by Kamel
(1973-1). It consisted gf 80 per cent slag, 15 per cent portland
cement clinker and 5 per cent gypsum and was autoclaved at 1939C for
Sh and 6h. Another pasfe consisting of one part of the above mixture
with 0.5 parts of quartz was also mgde. After Sh autoclaving, the
paste with quartz was fognd to contain mainly tobermorite (C-S-H)
while the paste without quartz also contained a little hillebrandite
(BCoSH) . After 6h autaclaving, xonotlite (CgSgH) was also detected and’
this was’tﬁoughg to be responsible for the 16wer strenﬁth encountered
(Kapel, 1973-2).

In a later study, Kamel (1555) found that increasing the
temperature from 193°C to 204°C and 213°C reduced the autoclave time
required for maximum strength from 5h to 4h and 3h respectively.

Autoclaving 6;rt]and cement-slag glass mortars a}'175°c, Mascolo
and co-workers (1977) found that optimum strengths occurred for glasses
with 10 per cent MgD and that the optimum strengths were not sensitive to

the amount of portland cement used (30, 50 or 70 per cent). When only

30 per cent slag was used, the influence of slag composition on strength
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~was minimal.

2.5.6 Slag Activated with Quartz

lamel (1973-1) studied a paste composed of 67 per cent slag
and 331;:§ cent quartz with W/C = 0.25. After 5h autoclaving at
193°C, mostly tobermorite (C-S-H) and a small amount of xonotltte
were detected. After 6h, more xonotlite formed at the expense of

tobermorite resulting in a lower value of combined water.
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2.6 SUMMARY ’

The production of slag and the types of processing used were
discussed with emphasis on granulation and pe]]gtjzing quenching
processes which make slag suitable for cementitious end uses.

Next, the factors affecting slag hydraulicity were detailed
with the main boints summarized as follows.

From the literature, a high degree of vit}ification is desirable
but, «due to ofher influences, partially vitrified slags may possess
simf]arfreactivities‘to completely vitrified slags. From the number of
methodg used for determination of the degree of vitrification, and the
lack of minimum glass content provisions or methods of measurement
in sténdard specifrcations, there appears to be a need for further
work in this area. Also, while several studies have shown that hydrau-
lic potential generally incréases with increased glass content, there is

disagreement as to the sensitivity of glass content to strength. Very

few researchers have gone so far as to recommend a specific minimum glass

‘content, but the switability of slags with between 30 and 65 per cent

contents has been mentioned or implied (Schwiete and Dﬁqbor, 1963;
Demoulian et al, 1980). |

In spite of the existence of many chemical‘jndices for the
prediction of optimum hydraulicity, the effects of chemical composition
are not clear but it appears that slags over a wide range of compositions
can be utilized for cementitious purposeg. From the'production view-
point, consistency of chemical composition would be moré important

than the actual composition in order to produce a cement with uniform

properties. ) - : N
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The usefulness of evaluating a stag in terms of its mineralog-
ical composition is a point of contraversy. However, knowledge of the
types of crystalline minerals co-existing with the glass in quenched
slags could be importaﬁt in view of their effect on the chemical
composition of the glass component.

! :
Increasing the fineness of grinding will improve the kinetics

of slag reaction but ené;gy considerations limit the practical range
of grinding. .

To develop -strengths within a practical time frame, siags
require external activation and are most often blended with portiand
cement. The hydration products of slags activated with portland cement
are similar to those of portla;d cement alone, but the pore size
distribution of the hardened paste may be finer.

A typical autgclave product production cycle was described
and then the types and properties of autoclaved calcium silicate hydrates
were discussed. From the literature, there appears to have been little
work done using the short autoclave cycles typical of modern commercial
practise. Also, it has been found that variables such as quartz part-
icle si;e can affect both thg kinetics of hydrawlic reactions and the
crystallinity of the hydration products formed. Therefore, there is
also J'need to use typical, commercially available materials in the
study of adtoc]ave reactions in oraer to make the work more relevant
to the local commercial sector.

From the 1imited work on the autoclave curing of slag, it

appears that when activated by lime or portland cement without quartz,
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slag hydrates to tobermorite-like C-S-H and «CoSH. Hydrogarnets,

such as plazolite, have been found, but the shortest autoclave period
where this was noted was 12h. Hith slags having a high Mg0 content, the
aluminium serpentine MgAS3H, was found in several instances but again
only at long curing cycles. Other studies have conlcuded that the Mg0
content of slags substituted into the C-S-H phase in a similar fashion
to Al,05.

When quartz was used as well as lime or port]and cement to
activate slag, poorly crystallineC -S-H has been found after short
autoclave periods with the degree of crystallinity improving after
longer autoclaving.

Therefore,.for short autoclave periods, the introduction of
slag appears to give similar hydration products to those found using

‘

typical portland cement-quartz binders.



3. DETERMINATION OF GLASS CONTENT AND ITS IMPORTANCE TO HYDRAULICITY
3.1 INTRODUCTION ‘
3.1.1 General

(As with portliand cement, the hydraulic reactivity of slag is
dependent on'its chemical and physical properties. With slag, the
presence of glass is the most significant variabTe, and certainly the
most critical to hydraulic performance, since a non-quenched, crys-
talline slag possesses little reactive potential. The amount of amor-
phous material obtained can be controlled by the producer, yet due to
its nature (i.e. lack of range order, thus not exhibiting XRD patterns),
the degree of vitrification is the most difficu]t slag parameter to
quantify. This is born out by the multitude of methods of glass con-
tent measurement avai]aB]e, and the widely differing results obtained

from each.

3.1.2 Background

'

\ Quenching of molten slag w§s originally introduced to expedite
quick removal from the limited space surrounding the furnace. Such
quencging by water jets or semi-dry mechanical devices (pelletizers for
instaﬁée, Margesson and England, 1971), generally forms a glassy. or
non:crystélline slag structure. The importance of this glassy struc-
ture to the utilization of the latent cementitious properties of

slag has beén known since at least 1863, when Langen first producgd
cements from grqpu]atéd (water quenched) slag in Germany (Schréder,

55
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1969).

While other factors, notably chemical and mineralogical
composition agd the fineness of grinding, affect the hydraulic pof%nt-
iaa of slag, understanding the structure and trying to estimate "the
qugntity of s]ag‘g1ass has been the subject of numergg§/étudjes\fince
1863. Major contributions and summaries on glas gé}ucture and deter-
mining glass content are available {n the 1itera§32§ (Parker and Nurse,
194§; Kei1,1954 ; Kramer, 1962; Schroder, 1969; Nurgé, 1964; Lea,1971).

One explanation for the hydraulic activit} of glasses has been
“based on free energy considerations. While not working with slags,
Nassau and co-workers (1979) found that certain glasses hydrated in
moist air while crystals of the same composition did not. Their
explanation of this phenomenon was based on the Gibbs free energy
equation and assumed equilibrium conditions and no kinetic barriers.
For the transformatians:

glass + crystal- Gg,c is negative

gfystal + Hy0 + hydrate \ Gc,p is positive,

where G is the Gibbs free energy, g=glass, c=crysta1, and h=hydratg.*

. Therefore for the direct hydration of glass:

glass + H,0 -+ hydrate hz§33= Gg,c * Gc,n
nG

As long as the magnitude of Gg’cis larger t c,h? then Gg,h‘is

negative and the glass will hydrate even if the crystal would not.
These reactions are illustrated in.Figure 3.1. Of course, slags

l .

hydrate only Vggy slowly with water, since there are kinetic barriers.

* For convenience, the éjmpTi?%ed notation of Nassau et al is
adopted. ' ‘ .
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/ Eg,h
ENERGY '
LEVEL
, Gg,h Ec,h
Gg,c , (negative)
{negative)
V4 -
, ;
/
/ ‘[ Q/
Gc,h -
(poijtive)
T m— —
CRYSTAL GLASS HYDRATE
PHYSICAL STATE

LEGEND:

E = activation energy required to overcome the energy barrier

. to reaction

G = Gibbs .free energy

g = glass, ¢ = crystal, h = hydrate ' \
(COMMENTS :

Eg,h can be obtained by chemical means, such as alkaline
activation, or by high temperature and pressure curing.

Eg,c is obta1ned by heating to the dev1tr1f1cat1on temperature
around 850°C.

Ec,h can only be overcome directly by very long periods of
~hydrotherma1 curing (35 days at 1809C, Speakman, 1970),

or indirectly by first remelting and quench1ng to a glass,
then hydrating.

FIGURE 3.1: CONCEPTUALIZATION OF ARRHENIUS TYPE REACTIONS kg
(using the notation of Nassau et al, 1979)
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ks

to hydration, represented by Eg,h’ which can be overcome by alkaline,
sulfate, or temperature activation.

The degree of vitrification achieved during quenching depends
on several factors: furnace tapping temperature; slag chemistry; slag
viscosity; and rate of cooling achieved by the quenching method. The
first three factors are interdependent, and de?ermine whether the app-
lied cooling rate will be sufficient to prevent extensive crystal form-
ation. The temperature, chemistry and viscosity of a slag are optimized
for blast furnace operations, the primary function being to produce iron
with coﬁsistent properties. As a result of modern fhrnace practice %;g
coupled with uniform sources of iron ore and limestone. flux, slags have
become very consistent in chemistry (1.e.,slag viscosity becomes mainly
dependent on temperature for a specific furnace and burden): As long
as the tapping temperature is high enough and a standard quenching
process (éranu]ation or pelletization) is used§ the resulting glass
contents should be fairly constant. ‘ )

Schrdder (1959) has given a'det§i1ed account of how changes in
b]ést‘furnace processes can influence the resulting slags. From ex-
perience in colieéting individual slag samples from a number of casts
for this study, the most variable process aspect influencing the slag
is the furnace tapping temperature, In spite of modern controls, the
furnace can experience "upsets" and hot metal temperatures recorded
over a 3 month period for one furnace varied frbm 1390%C to 1590°C
(Table 3.1), noting that'75 per cent of the hot metp]vlemperatures were

between 14909C and 1550°C for 46 individual samples. Since the liquidus

~ temperature of typical slags varies from 13209C to 1450°C (Schréder,

-



RANGE OF CHEMICAL COMPOSITIONS FOR SLAGS PRODUCED FROM ONE B&AST
FURNACE OVER A THREE MONTH PERIOD IN 1976 (WEIGHT PER CENT)
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TABLE 3.1

&

ELEMENT MINIMUM MAXIMUM TYPICAL
ca0 34.17 43.16 39.98
Si0p 33,33 43.68 - 37.53
A1,04 7.57 10.50 8.33
Mg0 8.27 13.51 10.06 -
Kp0 - 0.14 1.68 0.44
S 1.23 2.98 2.02
Ferotal 0.3; 1.91 0.44
Mnr otal 0.28 2.04 0.54
Hot Metal 1390°C 1590°¢ 1510°¢
Temperature .

P
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1969), the reduction of furnace temperature can result in some crystal-
lization before the slag is quenched: The molten slag was also found
by this writer (using an optical pyrometer) to lose approximately 100°C
to 150°C between the furnace tap hole and pelletizing drems, p?ssing
along a 15m slag runner.

There may be some confusion due to the interchangeable use of
the terms glassy, amorphous, non-crystalline and vitrified. A1l are
intended to have the'saﬁe meaning although it might be argued that
iron blast furnace slags cannot form stable glasses due to their high
Ca0 content. While this is true, with a fast enough quenching rate,
almost any material can be made into a meta-stable, non-crystalldne
solidYas long as the final temperature of the quenched material is be-

low that for glass crystallization (Nassau, et al., 1979). The glass

found in most blast furnace slags is only meta-stable, but at tempera-

tures below 800°C to 900°C (the devitrification temperature range) the
glasses are too viscous to rearrange themselves into crystals within

a practical time frame.

3.1.3 Problems in Estimation of Glass Content
Realizing the general importance of glass content to slag
reactivity, slag cement producers closely monitor glass content as a

quality control measure. Unfortunately, there is no common procedure

- gsed by these producers for determining the glass coptent. One of the

reasons for this_is the inherent difficulty in idenyifyiﬁg glass. For
example, until recently, it was thought that the interstitial material

in portland cement was glass, but as Lea (1971) mentioned, much or [;
\



61

all of this material may be a fine-textured devitrification product.”
Also, the metﬁod of glass content determination adopted by some pro-
ducers, while not necessarily accurate, gives cons1stent1y favourable
glass contentg for their material.

The reasons that producers seem to, without exception, docu-
m;nt glass content as a measure of quality control probably include:

1. The producer knows his source of supply and should be

copfident that any consistent quenching procedure will

likely result in an acceptable glass content.-

2. While a glassy structure is essential to reactivity, a

hi‘hvgla§s content by any procedure does not guarantee a
hiqh]y ;eactive slag. There is no exact correlation of
g]%ss content to hydraulicity, as discussed in 3.3.4. The
prlducer would probably not be able to reject any unground
slag of low glass content, the slag likely being well
blended in '

then. The only feasible
method of/rejecting incoming material would be by simple
-

is much different in

obsejrvation, since air cooled s
co]j&r and physical structure than either water g
or palletized slags.

Glass contents, from the writer's experience are usually taken
on the f1na1 product, which if the incoming slag stockpi]e is properly
blended, 1s very Aonsistent in glass content and hydrau]ic activity.

In some ways glass\contents appear to be a placebo to customers. rather

than a s1gnif1can;}qua11ty assurance parameter - strength testing
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being the only real assurance of quality.

While not convinced of the importance o% a high glass content
(i.e. greater than 95 per cenﬁ) to hydraulicity to the exclusion of
other inf]uencihg factors, the importance of proper quénching as
the basis for slag reactivity is recognized. For instance small
amounts of crystals may actually act as nucleation sites for hydration
(Fierens, 1979; Demoulian et aln 1980). Also due to its widespread
use by producers and in specifications, it was thought that some of the
various methods of determjning glass contents should be compared to
see if each gives valid results.

The ASTM Committee revising the blended cements specification
€595 has 'considered the inclusion of a minimum glass content criteria,
the pﬁbblem being that ﬁt was ﬁroposed that glass content be measured
bx any acceptable means. Unfortunately, as shown herein, it appears
that some methods are insensitive to low glass contents and that by
using these methods even air cooled slag might meet the glass content fs
by "any acceptable means" criteria.

Available me?hods for glass content determination are detailed
in the aépendices. While not all of:these wefe evaluated, they have

been included for the sake of completeness.



63 -

3.2 EXPERIMENTAL
3.2.1 Properties of the Slags

Eighteen slags, used in the autoclave reactivity studies
in Chapters 4 ané 5, formed thg basts of an inter-laboratory gTass .
content determination evalpéifcn. The chemical compositions, physical
properties and sources of these ground slags are given in Tgb]e 3.2,
and numbered one to eighteen in the order of tﬁeir use in Chapter 5.
A1l of these slags were originally quenched by the pelietizing process
(Margesson and England, 1971) with the exception of slag eighteen which
was a synthetically melted and quenched glass of akermanite composition.
The details of its manufacture are given in Appendix A.

The different sources of the slags obtained in Hamilton are
the following. DOFASCO is the iron and steel company where the pelle-
tizing process is operated. National Slag Limited is a slag processing
company operating the pelletizers and removing the slag from DOFASCO's
plant. Standafﬁ Slag Cement Company is a separately ground slag cement
producer utilizing pelletized slag. \

Slags 9, 12, 13, 14 and 15 originated from the same sample of
pelletized slag. This sample was not as well quenched as normal pelle-~
tized slag intended for cement purposes, since the pelletizing process
had been changed (slower drum speed and less water used) for the pro-
duction of light weight aggregate.v This slag sample was alsg used by
Emery and Hooton (1978) in a partial grinding proé:§§] which ig
describéd later in Section 4.5. Slag 12 was taken from the sieved,

minus 75um portion of the partially ground material and had a Blaine
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fineness of 285 m?/kg. Slag 9 was ground to 401 mé/kg ina ball mil1,
and slag 15 was ground finer to 453 mZ/kg. S1ag 13 was devifrif1ed by
heating to 1000°C for 24h and then slowly cooling over 8h. Slag 14
. was from the same slag sample, but was re-melted anhd water quenched from
14209C using 'the same method described for slag 18 (Appendix A).
For thetglass contents determination study, these eighteen
slags yg?é>augnented by nipeteen other slags from the United States,
as ?G;pTied by Dravo Lime Companyﬁ. The small samples available only
allowed evaluation of these slags for glass content. Chemical analyses
were not obtained but the sources are listed in Table 3.2. It must
be emphasized that the main purpose of this work was to compare variou;
glass dontgnt determination methods rather thanlto relate glass contenF
_to cheﬂjcg] or hydraulic properties, which are subject to many other
variables. _ | ‘
] iA]].s]aQS'numbered 19 to 33 were water granulated, while
é]ags numbered 34 to 3? were producedyby a differént process intended
mainly for light weight agg(égate production. (
y, S .
3.2.2 Methods Used For Glass Content Determinétion
In order to evaluate eaéh method of glass content determination,
it was necessary to de&éiob a standard procedure,-which could realis-.
tically and accdrately describe the glass contents of.slags‘for com~ . '
pari;on purposes. Foy this purpose, quantiﬁatiwe'x,ray diffraction
(QXRD) Q%ﬁ uSeJ.to measure the content of eacﬁ'crysta111ne component

and obtain the glass content by difference. This method, and the

.

<y
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otherédused are briefly described as follows:

1. QXRD Standard Method (GLX) .

Characteristic peak intensities of each crystailine mineral
encountered were measured as ratios to the peak intensity of an
added internat gtaqdard( The weight fract{on 6f each mineral
was obtained by cbmpa}isod of the intensity ratio in the slag
30 the intensity ratio for puref synthe;ica]]y produced min-
erals. Further details are given in Appendix B.

2. XRD Amorphous Hump-(GAH)

In a XRD pattern, the presence of glass was only detected
by an am%?phous halo or hump between 260rand 359 26 (CuKe rad-
iation)f"ﬂﬁs hump is located ardqnd the nearest neighbour
atomic distance in glass since ifg structure lacks any long
range atomic ordgr. The area of each hump was determiﬁed,
and expressed as a ratio td”the érea of the inte}na1 standard
characteristic peak, as detailed in Appendix C.; However, due
to lack of a pure g]gss standard oﬁésimjfar“cahposition, this
ratio was not converteé into a pe;centage. This method was

uséd by Millet and co-workers (1977) to determine the glass

© content of pozzolans.

3.  McMaster Individual Particle Ana]ysis

‘The optical procedure prevrous]y deve]oped at McMas ter

Un1vers1ty (Klm, 1975) was mod1fze% to dist1ngu1sh between clear,

glassy part1cles, birefringent crysta]line partlcles and opaque,

’
/ N

mi]ky partic]es, as detailed in Appendix D. To test whether

%
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‘the milky particles were glassy or microcrystalline in nature,
the glassy plhs mifky particlgs (GMAC +AM) were“totalled as well
as the g]aésy particles a]éne (GMAC). A recenf improVement of
this method has been made by insertion of a gypsum plate in the
microscope. This made identification of the crystal and milky
particles easier for the operator, and is detailed at the end
of Appendix D. -

4. South African Optical Procedure (GSA)

Thigngross-polariied light procedure was developed to asgesé
the quality of Slagment, a separately.ground slag ceheﬁt pro-
duced in %Puth Africa. This method was adopted in Canaqa by the
Standard‘Slag,Cemeﬁi Company who provided this anaiysis,\and is
normally used to assess their Cementitious Hydraulic Slag pro-
&uct. The hethbd, detailea in Appendix E, can only distingu{gh .
birefringent, crystalline particles and glé%s is obtained by
difference from the tota]rnﬁmber of particles qbserved.

5. Automated Ultra-Violet Re%]éctance (GUVY

This method employs an ultra-violet spectrophotometer
fitted with a solid sample chamber and is described in Appendix
F. These readings were provided by éhé pﬁavo Lime Company in
‘the United States, which uses this method to assess the slag

cement used in its Calcilox sludge stabilization process.

3.2.2° Glass Content Methods not used in this Study

1. The Parker and Nurse Optical Method

«
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This was published in 1949 and is curreﬁt]y employed in a
modified form to evaluate Cemsave, a separately ground slag
cement marketed by the Frodinéham Cement Company in Britain.
Using plane 1ight, this method was adopted- in paft to help in
distinguishing the "milky" particles in the McMaster Individual
Particle Analysis. Unfortunately, the Frodingham Cement Company
has modified this method resulting in it peing less accurate,
and biased toward higher glass values. Instead of counting the
total number of particles in the graticule area as originally
used (Appendix G), in the modified méfhod (Appendix H) it is
assumed that the whole graticule area, 1nc1uding 10 to 15 per
cent blank space (even when a tightly packed single layer of ~
powder is obtained), is glass.

2. Rheinhausen Optical Method

Cross-polarized light is used to examine polished and etched
particles. The disadvantage of this mthod, developed in
* Germany, is the time and skill involved in sample preparation

compared to other optical methods (Appendik I).
3. Optical Mineralogical Composition .

_This methoa was developed by Steyn‘(1965)'in South Africa
to Tdentify and quant1fy each crysta111ne phase in slags, with
the glass content obta1ned by d1fference The technique is

‘sim11ar to the Rheinhausen gptical method but. more invoTveq.
While this method likely gives accurate results, fhe pro;edure

is very tedious and time consuming. The samples, after.mounting,

»
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are subjected to ten successive grinding and polishing stages.
Then the composition of eaéh sample is determined using linear
traverses in seven stages, with six different etchants being
used. This procedure is not detailed in the appendices since
it is very long and is fully detailed by Steyn (1965).
4. Rheinhausen Ultra-Violet Method

This method was described by Schrider (1969) but a pre-
liminary study of this method, using a portable UV 1igh§
source, showed this procedure to be more qualitative in nature
and also posed a hazard to the eyes of the operator. Tﬁe
accuracy of this method was douS%ed by Schramli (1963), who
mentioned the anomolous results obtained due to minor oxide
staining. ’ “ ‘
5. Differential Thermal Analysis

This has been used in Germany and South Afripa in relation-
ship to hydraulic properties, but with 1ittle success (Schrimli,
1963; Terrief, 1973). The method is based on measuring the
area of the slag devitrifi;ation exotherm(s)(800°c to §00°C)
for a known weight of sample. Unfortunately, each mineral has
its own exotherm (Kriger, 1976) and the resﬁlts change with
chemical composit{on of the slag.. However, some syccess has
resulted from use of this technique to détermine the qﬁantity

. 1 ) . .
of stag in blended portland-blast furnace cements (Kriiger,1962).
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3.3 RESULTS
3.3.1 Glass Contents
The glass contents of the 37 s]ags; determined by the dijfferent
methods are summarized in Table: 3.3. The g]éss contents obtained from

each method are individually compared to the standard QXRD (GLX) values

in Figures 3.2 to 3.6 (with the exception of GSA). .

3.3.2 Discussion of Results
1. QXRD Standard Method (GLX)

As mentioned in Section 3.2.2, the GLX method was developed
for use as a standard since the va]ue; obtained were thought to
accurately deécribe the mineralogical composition of each slag
due to the use of calibration standards for each mineral present.
The mineralogical compositions obtained are detailed in Table
3.4. However, XRQ inten§ities are affected by many factors,
including partic]e‘fineness and crystal gfain size, and the
values obtained may be subject to this type of error. Also
more exact calibration curves could have Been developed using
mixtures of the standard minerals if enough had been available.

While thought to be the nost accurate, drawbacks to the
use of the QXRD procedure are the availability of a machfne and
the need for mineral standards. However, most iron producers
would have a& XkD‘dfffrattometer.and arrangemehts could likely
be made by the slag cemenf pfoduce: to have XRD papterns done

on a regular basis to ensure consistancy of their product.

o
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TABLE 3.3
GLASS CONTENT DETERMINATIONS BY VARIOUS METHODS A
SLAG QXRD - McMASTER HCMASTER - OPTICAL AFSglII‘T:HM U.¥. REFLECTANCE
NUMBER|  GLX A1 GMAC GUC+ M | . GSA Guv* GUV-N
(per cent) | (area ratio) | (per cent) | (per cent) | (per cent) | (per cent) | (per cent)
1 84 4.7 %63 94 97 49 45
27| 67 4.8 78 86 99 49 46
3 69 3.2 83 Y 98 26 28 “: ‘
4 98 6.4 94 98 99 52 49 &
5 54 4.8 47 67 92 56.. 52 “‘
b 9 6.4 74 79 98 88 v :
7 85 5.7 83 98 98 54 <81,
8 94 6.1 94 ~ 97 97 34 o B AN
g 76 4.9 89 95 .97 54 5
10 63 4.7 58 69 88 46 43
n 93 ¢ 6.5 87 96 99 45\ 4 ,
i} 72 3.9 64 7 89 35 3 -
13 10 0.4 6 35 97 10 9
14 93 5.1 89 93 97 16 15 '
15 7 55 74 89 95" 57 53
16 95 6.9 93 95 98 65 6
17 89 5.3 67 83 .9 128 96
18 89 5.2 88 93 95 10 9
v | & 4.6 76 81 98 87 81
20 77 3.7 74 86 96 120 95
21 " 88 4.8 19 87 98 101 94
22’ 89 4.4 95 96 94 123 96
23 89 5.1 85 92 88 80 75
24 86 4.0 87 92 89 100. 94 s
25 &2 3.9 . 80 87 88 105 94
2 92 55 73 88 94 140 98
27, 83 4.9 5] 82 98 133 97
28 85 7.9 VoS 89 97 135 9
29 36 1.2 38 .77 87 44 0
3 93 8.1 84 89 9 13 97
3l 91 5.6 n 89 95 .o 16 95
32 95 4. 18 99 99 89 83
33 45 1.4 - 56 87 81 38 k13
k'] n 4.7 69 87 97 86 80
35 84 5.7 86 97 98 7 .67
B | a2 1.3 47 89 95 50 1Y)
a7 46 1.2 N 87 95 64 60
> ' ) \
*GUV values obtatned by comoarison to 3 standapd giass assigned 100 per cent,
Maximum value obtafned to date equalled 165 oer cent,
13 A ]
Il

=
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100
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(per cent) EQUATION 3.1
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EQUATION 3.2 (SLAG 5 NOT INCLUDED)
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AREA RATIO OF XRD AMORPHOUS HUMP (unitless)

SYMBOL| SLAG SOURCE

CANADIAN SLAGS
FOREIGN SLAGS (NON USA)
AMERICAN SLAGS:
ARTIFICIALLY QUENCHED SLAGS] .

0Ob X

. .

FIGURE 3.2: COMPARISON OF GLASS CONTENT DETERMINATIONS:
AREA RATIO OF XRD AMORPHOUS HUMP (GAH) WITH QXRD (GLX)
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EQUATION 3.4
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EQUATION 3.3 (ALL 37 SLAGS)
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McMASTER METHOD - GLASS PARTICLES (GMAC)

(per cent)
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80 100

SYMBOL| SLAG SOURCE

CANADIAN SLAGS
AMERICAN SLAGS

NMOO DX

FOREIGN SLAGS (NON USA)
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COINCIDENT POINTS

-

- *

FIGURE 3.3: COMPARISON OF GLASS CONTENT DETERMINATIONS :
McMASTER METHOD - GLASS PARTICLES (GMAC) WITH
QXRD (GLX) :

.
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100

80

60

QXRD GLASS
(per cent) 40

20

EQUATION 3.5

. C

1

O 1
0 20 40 60 80 0

McMASTER METHOD - GLASS PLUS MILKY PARTICLES

(per cent)

SYMBOL

SLAG SOURCE

OODP X

CANADIAN SLAGS
FOREIGN SLAGS (NON USA) -
_AMERICAN "SLAGS

ARTIFICIALLY QUENCHED SLAGS

FIGURE 3.4: COMPARISON OF GLASS CONTENTWDETERMINATIONS:

O Y . .

McMASTER METHOD - GLASS PLUS MILKY PARTICLES(GMAC+M)
WITH QXRD (GLX)
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* The glass standard was found elsewhere to contain 93.6 per cent .
glass by QXRD. The maximum U.V.\reading to date is 165 per cent.
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FIGURE 3.5: COMPARISON OF GLASS CONTENT DETERMINATIONS:

U.V. REFLECTANCE (GUV) WITH QXRD { LX)I
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FIGURE 3.6: COMPARISON OF GLASS CONTENT DETERMINATIONS:
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{1reLe 3.4

MINERALOGICAL COMPOSITION OF SLAGS BY QXRD

RS

SLAG | MELILITE | MERWINITE | DIOPSIDE | CALCITE® | TOTAL | GLASS COMILNT
NUMBER CZKSZ-CZAS CSHSZ CHSZ c CRYSTALS | BY DIFFERENCE
. (GLX)
{per cent)| {per cent) | (per cent) | {per cent) | (per cent) | {per cent)

! 6.1 0 10.3 0 16.4 83.6

2 271 6.1 0 0 3.2 66.8

3 23.9 720 0 0 0.9 69.1

4 2.0 3} 0 ) T 2.0 98.0

5 9.0 /A s 0 0 4%.5 53.5

6 2.4 6.4 0 0 8.8 91.2

7 7.9 7.7 0 0 15.6 84.6

8 6.1. 0 0 0 6.1 933
9 15.2 8.7 1 0 0 23.9 76.1

1 12.1 18.8 0 0 0.9 69.1

n 2.9 4.0 0 0 6.9 93.1

12 21.5 6.5 0 0 28.0 2.0
13 - 85.4 0 4.0 0 9.2 9.8
* 1.9 5.1 0 0 7.0 93.0

15 16.4 6.4 0 0 22.8 7.2
16 2.1 2.8 .0 0 4.9 95.1

1] 2.5 8.9 0 0 1.4, 88.6
18 10.8 0 0 0 1% 89.2
19 6.8 8.9 0 2.5 18.2 81.8
20 11.4 8.0 3.2 22.6 71.4

| 9.3 0 3.0 12.3 87.7
22 v 2 8.6 0 0 n.3 88.7
2 3.4 6.1 0 1.7 n.2 88.8
1) 6.3 7.9 0 0 1.2 |-8s8
25 5.3 9.8 0 2.5 17.6 82.4
26 0 5.5 0 2.7 8.2 91.8 )
27 3.7 10.4 0 3.1 17.2 82.8"
28 36 na 0 0 .7 85.3
9 21.9 0.5 0 0 64.4 35.6

1% 0 6.9 o 0 6.9 93.1

3 0 T 6.9 0" 1.9 8.8 91.2

» 0 540 0 0 5.0 95.0
33 54.6 0 0 0 54.6 5.4
k] 20.1 9.2 0 0 29.3 70.7
B 10.9 5.5 0 0 16.4 83.5
% 58.5 0 0 0 58.5 .5
3 43.2 M2 0 0 54.4 5.6

."Calcite was only detected 1n slags from Neville Island Pa.
According to. Foster (1981), the slag §3 flushed from these
blest furnaces bebween fron tappings and a small portion of
the Jimestone burden may have been removed a3 well.
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2. XRD Amorphous Humb (GAH)

As can be observed from Figure 3.2, there is a relationship
between GLX and GAH values. However, it is not c]ear.whetﬁer
the relationship is linear, or curved, passing through the
origin. The leést squares linear equation relationship is
given by Equation 3.1.

GLX (per bent) = 9.610 x GAH + 32.7 (3.1)
(R= 0.849, S.E. =+ 10.7) *

%

The value of thé Eegression correlation coefficient is quite
good considering thé\Jarge variability which was found %oc
repetitions of the XRD-GAH values. When s]ag Number 5 was
removed from the regression and a third order polynomial used
(Equation 3.2), the regression coeffjcient increased to 0 936.

GLX (per cent) = 0.298(GAH)3 - 5.495(GAH)Z%+ 36. 67 %GAH;
3.2

(R= 0.936, S.E.=x 7.0)

(R= 0.905, S.E. =:8.5, for all 37 slags)
As shown by Millet and co-workers (1977), the position and area
of the amorphous hump depends on the composition’6$7the glass.
Therefore it would be difficult to relate the GAH values to
percentages of glass in the absence of étandard glasses of a
" range of compositions.  Also, as mentiéned by Mather (1974-2),
the use of copper radiation on iron also causes a halo due to

secondary iron emissions. An advantage of this method is that

* R denotes the correlation coefficient for the equation .
S.E. denotes the standard error of estimate.
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calibration standards are not required and GAH~Qa1ues could

be qualitatively compared to known; h%gh glass content slags from
c ! . X

the same source.
3. McMaster Individual Particle Anqueis R

As stated‘in 3.2.2 and shown in Table 3.4, two values were
’

obtained using this meﬁﬁbd; GMAC, counting the clear,glassy

particles only, and GMAC + M; counting the opaque, milky par-

;{cles with the clear ones, These values are plotted against

the GLX values in Figures’3.3 and 3.4 reSpectively. As can be

- observed from Figure 3.3, there jis almost a one to one linear,

correspondence of GMAC with GLX values. Least squares linear
regression ana1y51s resu]ted in Equation 3.3 for all 37 s]ags

and quation 3.4 for slags one to eighteen, which were used

subsequentiy in Chapter 5 ~ .
GLX (per cent) = 0 9366 (GMAC) + 8.6 ) | (§>3)
(k= 0.890, S.E. = 9.1) _
6LX (per cent) = 0.8537 (GMAC) + 14.9 (3.4)
" (R=0. 889 S.E. = +9'§) .

.

The GMAC + M values were not as sens1t1ve to lower glass

contents, as can be seen\in Figure 3.4. The regression equation

~is given by: y

GLX (per, cent) = 1.176 (GMAC + M) - 25.3 "~ (3.5)
{R= 0. 698 S.E. =£14.4)

Therefore it was deduced Vhat the opaque m11ky particles were

in fact crysta111ne perhaps m1crocrysta111ne in nature. This
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was considered an important observation; since in previous .inter-
1abgra§ory testing of opticg],proce&ures, the designation of these
opaque,’miiky particles was a problem. (Weaver, 1974; Méther,
1974-1; Emery, Cotsworth and Hooton, 1976)._
i. South African Optical Procedure (GSA) '

The GSA va]ueé were not plotted against GLX. From fab1e
3.4, it can be easily observed that the glass contents deter-
mined by this procedure are not at all sensitive to chénge$ in
glass content, giving consistantly high values ranging fr;m 88
to 99 per. cent. A value of 97 per cent was obtained for the
deviérified slag, Number 13, due to the fact that the majority
of the crystalline particles were opaqué>but not birefringent.
Therefore, while high g]a;s contents were assigned usiﬁg this
method, it was of no use for quality control purposes.

5. Automated U.V.Reflectance (Guv)

From Figure 3.5, it can be observed that there was a wide
scatter in results, é%pecia]]y with the non-United States_s]égs.
As can be seen, GUV values in excess of 100 per cent were ob-
tained sigce the method compares eacﬁ stag with a standard
glass, which was subsequently found to contain on]y‘93.6 per
cent glass by XRD (Appendix F). The maximum value obtained
to date was 165 per cent of the standard. "The dotted ting in
Figure 3.5 connects fhese standard glass values (100 per cent

GUV, 93.6 per cent GLX) with the origin, and also with 165 per
cent GUV, 100 per cent GLX. Since one GUV value reached 165

%
~

\
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per cent while the 100 per cent standard actually contained

93.6 per ceJt glass, it was deduced, as indicated by the_dotted
lines, éhat the GUV va]ue§ do not vary linearly with é]ass con-
tent.

Therefohe the GUV values were normalized to 100 per cent
(GUV-N) by the fo]low1ng equat1ons

For 0<GUV<100, |
GUV-N = GUV x 0.936 ‘ (3.6)

and for GUV>100, -
GUV-N = 93.6 + {GUV-100) / :éé -100) (3.7) -
The normalized GUV-N vatues ate given in T le 3.3 and plotted
in Figure 3]6 There appears to be é linear re]ationship with
GLX, but on]y for the siags from the Uni ted Sthfes, as given

by Equation| 3.8.

\

GLX(per cent) = 0.885 x GUV-N‘+ 3.3\ (3.8)
(R= 0.899, S.E. =:8.6) . "

The large variance with the other s1$gs méy be due to
minor oxide contents affec%ing U.V. results as suggested by
Schramli [(1963). The largest variations with GL; were\for s1ags
14 énd 8, which is evidence for this hypothesis. Both ﬁpese
slags were laboratory melted in an oxidizing atmosphere, which
resulted in low sulphur contents and also left the glass particles
s]iq“t]y stained.

Therefore, using this method 1ow glass content s]égs were

dis%inguishab]e, but several slags of high glass content were
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TABLE 3.5

XRD GLASS CONTENT AND GRAIN SIZE

~
\w«.,
.

SLAG NUMBER

‘ 11

17

SIZE FRACTION

-63ym,+45um

Total Sample

63y, +45,m

%
Total Sample

Crystal Content

Melilite
(per cent)

-~

Merwinite
' (per cent)

Total
(per cent)

GLX Glass
Content
(per cent)

3.8

4.9

8.7

'©

91.3

2.9

4.0

6.9

93.1

0.0

11.6

11.6

68.4

0.0

11.4

11.4

88.6

Difference
(per cent)

1.8

0.

2
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misrepresented as having much-lower glass contents.

3.3.3 G]ass:Content and Grain Size Fraction

Since the optiéa] glass count procedures use only a small pro-
portion of the range of sizes found in ground slag cement (less than 20
per cent is retained on the 45ﬁm sieve), it was ihought worthwhile to
check the assumption that the glass con;ent_of the minus 63um to plus
45um fractibn used, was representative of the ground slag. Pirotte
({954) had stated that this assumption was poor due to differential
grinding of crystals, glass, and portions of different chemical compos-
ition. (;\,////\ )

Therefore, the minus 63um to plus 45um portions of slags 11 and
17 were analysed by QXRD as well as samples of the total ground slag.
Slag li‘was chosen since its GMAC glass count had been much lower than
its glass content by GLX. The results ars shown in Table 3.5. The
small differences found were not considered significant, therefore the
glass content of the minus 63um pius 45um fraction appears to be rep-

resentative of the total ground slag.

3.3.4 Glass Content and Slag Hydraulicity

] As mentioned previously, several interrelated parameters affect
the hydraulicity of a slag (che@istry, mineralogy; temperatwre of
vitrification, fineness of grinding), but the exact relatioﬂship to
these pérameters is unclear. o v

Therefore, while an accurate estimate of glass content can

‘separate potentially inactive slags (i.e. air-cooled, oF very poorly
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quenched slags) from‘the rest, the use of g]éss coqgent alone cannot
be used to predict potential strength development among well vitrified
slags as discussed in Chapter 5. The results support the éonc]usions
of Keil (1954) and Lea (1971) in that physical étrength testing should
be used for the predominant assessment of slag quality. Of the tests
available it is recom@ended that the Keil index approach Be adopted ‘

(Keil, 1954).

n -

i.e., the Hydraulic Index 70/30 = a-
~C
cent slag/30 per cent

x 100 ‘ (3.9)

where a

S O

28 day strength of 70 pe
portland cement

o
[

28 day strength of 100 per cent portland cement

-~

o
[l

28 day strenﬁth of 70 per cent ground quartz/30 per
cent portland cement , )

This index gives a range of values from 0 (for equivalence to
inert quartz at room témperature curing) to ?60 of'greater (for equiva-
lence to, or greater than, the portland cement being uSed).\ This index
can be apb]ied to other materials such a$ non-ferrous s1égs and flyash
and gives a better range and index than the ASTM pozzolanic activity

test, due to the inclusion of quartz as an inert material. -

—
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3.4 CONCLUSIONS AND RECOMMENDATIONS

‘ While not a complete listing, eleven methods for estimating the :
g1§ss content of slags have been discussed. Of these;‘ six were evalu-
ated and compared with the assistance of two industrial laboratories.
g Calibrated X-ray diffraction was used as a realistic comparison
standard for the other methods.

It was found that the often aqopted South African optical pro-
cedure did not distinguish between é&r-cooled and glassy slags, and » r,_{,
cannot be recommended.

The McMaster optical procedure based on glassy particles had
an excellent correlation with XRD res&]ts, while results based on
glassy plus milky particles provided -a somewhat lower correlation
and less sensitivi;y to low glass contents.

* The automated Ultra-Violet reflectance method, while able to
identify slags of low glass content, gave quife erroneocusly low results
for some éﬁggs; Howevar, for slags from one source, it may be accurate.

It is concluded gESf; of the methods evaluated, the McMaster
optical method (GMAC) and quaﬁtitative X-ray diffra;tion are the 5n1y
reliable methods.

However, a high glass content is not necessarily indicative of
strength development in slag cemenfs, since so many other ph&sjca1 and

chemical factors are involved. The only value of a glass content is to

ensure against using air-cooled or poorly quenched s1dgs.. Since some

methods of glass content determination cannot even\distinguish this,

the acceptance or rejection of slag or slag cements on the basis of
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glass content alone is unwise. The Keil index, which is a strenhgth

related physical test, is recommended- for monitoring sitag cement

-

qhality.'



4. AUTOCLAVE REACTIVITY IN TERNARY BINDERS OF SLAG-PORTLAND CEMENT-
SILICA FLOUR
4.1 INTRODUCTION .

. As described in Section 2.4, very little research has been done
on the properties of pastes autoclaved for the short periods typically
utilized in commércial practice. While s}ag has been studied in a few
autoclave applications, as detailed in Section 2.5, there has been no
extensiye study of paste properties over a wide range of slags contents.
Most work invo{ving slag has concentrated on one or two arbitrary bind-
ep combiﬁations. Also even fewer studies have used slag in conjunction
with the portland cement-quartz binders commoﬁ]y used in concrete block
and brick.

Therefore, the purpose of the work in Chapter 4 is to efuci—
date the properties of a wide range of slag-portliand cement-quartz
binders for a typical commercia] autoclave curing cycle. Then,
in Chapter 5, the results of this work are applied to the study of

variable slag properties with respect to autoclave reactivity.

87



4.2 EXPERIMENTAL

4.2.1 Materials o |
The chemical and mineraiogica] compositions as well as phys-

ical properties of the pe]]eti#%d slag, portland cement and si}ica

/
flour used are shown in Table 4.1. The sand used in the mortar cubes

{
/

was standard ASTM €109 graded/dttawa quartz san&.

The pelletized slag ement used in this study was slag Number
17 from Chapter 3. This sldg was selected since it was a commercially
blended and ground'product} and was thought to be typical of the mat-
erial being used in cons;fuctibn.

The chemical analysis originally obtained for the normal
portland cement (not sh wn), with the exception of free lime, was
performed by X-ray f]ygrescence (XRF). However, after completion of
much of the work, a §ﬁbsequent, more detailed analysis, given in Table
4.1, showed that the portland cement contained 3i3 per cent calcium
carbonate. Howevéer,this was not thought to be. due to carbonation
deterjoration of the cement (Chen, 1979) and also other, more recently
obtained samples from the same source were found to contain'simi1ar
quantities of calcium carbonate. Calcium carbonate in the form of
ground limestone may have been added as a dilutent material, which
are now permitted by CSA (up to 5 per cent). .

The silica flour, a widely used, commercially available, ground
’quartz was found by XRD and chemical analysis to contain 6.1 per cent
sericite m%ca as an impurity, but autoclave testing showed this to be

non-reactive. It also remained with the quartz residue in the unreac-
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TABLE 4.1
PROPERTIES OF THE BINDER MATERIALS USED

CHEMICAL COMPOSITION PELLETIZED [NORMAL PORTLAND| SILICA FLOUR
. BY XRF BLAST FURNACE CEMENT
(Weight per cent) SLAG 17 CSA TYPE 10
Ca0 39.75 61.77* 0.12
$10, 36.95 20.27 95.83%*
A1204 8.87 5.81 2.34
Mg0 11.37 2.56 0.06
K0 0.44 1.25 0.62
Na,0 - 0.21 |} 0.08
S 2.06 3.32(S05) -
Fe,05 0.58(Fe) 2.11 0.38
Mn 0.51 - -
Ti0, - - 0.12
L0I{1050°C) | Varies:0.10 at 1.55 0.45
£ 20h,0.63 at 30h
Total 100.63 98.85 100.00
PHYSICAL PROPERTIES
Specific Gravity 2.94 3.11 2.68
Blaine,Fineness 409 343 274
(m°/kg) :
MINERALOGI CAL QXRD BOGUE -
COMPOSITION CALCULATION | QXRD, XRF
(Weight per cent) Tass =88.6| C3S =.46.9 uartz = 93.1
of mainly C2S = 23.7 [sericite= 6.1
CoMSp-CoAS C3A = 11.5 | (KA3ScH,)
composition) | C4AF = 6.4
crystals: ¢S = 5.5
CgMs, =8.9| CC= 3.3
melifite= 2.5 Total = 97.3

*Includes 0.24 per cent free lime by

**gbtained by difference

ethylene glycol extraction
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ted silica test, described later.
' f

Thus, due to these ﬁmpurities, the effort to utilize cpmmerci-
i

|
ally available portland cement and silica flour in the study tlended

to interfere with subsequent analysis to some extent. |

4,2.2 Mortars

At each binder combination, three 5lmm mortar cubes wére mixed
and compacted ﬁsing the methods of ASTM C109 and C305. Canstant
workability (flow= 110 25) was obtained at a constant water‘content

in most cases, except at high slag contents when the water content

had to be reduced.

4.2.3 Pastes

A1l materials were passed through a 150um sieve to remove large
particles which might have acted as stress raisers in the small paste
specimens. The powders were blended dry, distilled water was added, then
the pastes mixed with a Sunbeam household mixer for 30s at low speed then
60s at high speed in a 0.5% stainless steel bowl. A water/cement ratio*
of O.3é was used throughout, since preliminary trials haq shown that the
coefficient of variation of both compressive and split-tension test
results for this W/C were lower than at either W/C equal to 0.25 or 0.40.
After mixing, the pastes were cast in 30mm:diameter by 50mm cylinder
molds. The molds were compacted on a vibrating table for 5s to 10s

without noticeable bleeding of the pastes.

*In this study, the terms water/cement ratio and W/C are meant
to imply the water to total cementitious materials ratia.
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4.2.4 Curing

After casting into the molds, the mortar and some paste
Specimens were stored for 14h to 22h at 23°C.and 100 per cent relative
humidity in order to set and develop initial (green) strength prior )

to autoclaving. In an effort to duplicate industrial®pre-autoclave
conditions, some pastes were initially cured for 3h to 5h at 70°C and
. 100 per cent relative humidity. It should be noted that the autoclave ’

curing was held constant throughout and pre-autoclave conditions, after

providing a minimum maturity factor (calculated by the curing time

: period (h) multiplied by temperature (OC + 10)), was not considered to !
.\\;e a significant factor as, indicated by Menzel (1934) and Alunno- ?
‘ossetti and co-workers (1973). .
After demolding, the specimens were placed on stainless steel
racks in a Cenco laboratory autoclave. The maximum temperafure of
185°C‘(1.03 MPa steam pressure) was reached in lh to 1.5h, held for

4h, then the pressure was released slowly over 1.5h. The speéimens

were left in the autoclave for a further 16h to 18h before removal.

4,2.5 Strength Testing

A1l strength tests were Qerformed using a Tinius Olson universal
testing machine immediately after removal from the cooled autoclave. The,
compressive strengths reported for both the mortar cubes and capped paste
cylinders are the average of three values. Two cylinders were subjected

to splitting tension and the values averaged.
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4.2.6 ‘Density and Porosity Measurement

The solid density and apparent porosity of each paste was dét-
ermined by disp]acenént in methanal. Thin pieces (less than 2mm thick)
of each paste were chipped from the sp]if cylinder paste specimens
unti] between 7g and 10g of baste was obtained.’ These were dried for
4h in vacuum at 110°C. This was similar to the equivalent "d"-drying
used by Feldman (1971).~ Dry samples werg'weighéd to 0.1mg then satur-
ated with methénol'under vacuum. The anhydrous methanol was kept dry
with 4R molgcuiar sieves. The.sanples were transferred to a 150um
mesh basket suspended in a large jar.of methanol and‘we%gged, co;recting
for the'qgjght of the basket (Wsusp). The temperature of the methanol
was recorded, so that its specific gravity could be calculated (Dmeth).
The sample pieces were then removed from the methanol and b1o§ted on

paper to the saturated-surface dry condition and immediately Sealed

in a pre-weighed glass Aial and weighed (Wssd).

The ¢ ‘ations'of solid density and apparent porosity are

given by Equations 4.1 to 4.4.

VoTume of pores (Vpor) = Wssd - Wdry (m1) (4.1)
" Dmeth :
Apparent volume (Vapp) = Wssd - Wsusp (m1) (4.2)
Dmeth
Apparent porosity = Vpor X 100 per cent (4.3)
_ . v Vapp " \ .
+Solid Density = Wdry ?kg/m3X'10"3L (4.4)

{Vapp -Vpor)
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The average coefficient of variation, based on three samples repeated

four times each,‘was found to be 2.4 per cent for the apparent porosity

results and. 1.2 per cent for the solid density.

4.2.7 X-Ray Diffraction (XRD) .
0
A Norelco diffractometer employing CuKe radiation ()\=1.5418A,
settings 30 KeV, 16mA) and equipped with a graphite monochrometer

and scintilation counter, was used at a scanning speed of 1° 20/minute
.oe ,",.)

=3

over the range 6°20 tg‘70°2§. Several repeat scans at selected.angles
were made to verify the presence of weak peaks and to enable the éver—
aging ék‘intensities. Ten parts by weight of reagent grade Can was
added to 100 parts of each sample (ground to minus 75um) as an internal
standard in order to calibrate both diffraction spacings and intensities.
The Can and samples'were ground together in an agate mortar in acetone
to achieve‘a homogeno&s mixture. For intensity calculations, crystal
peaks were expreséed as éjratio to the height of thé 111 spacing
(Miller indices) of CaF, (3.15R - 28.3%28). Peak. height ratios were
found in practice to give more reliable intensities than'using peak
areas and were also easier to calculate. This was also found in the

calibration of quartz and «C_SH by Dyczek and Taylor (1971).

2
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4.2.8 Differentia{ Thermal Analysis (DTA)

Dried paste samples were ground to pass a 300um sieve, and re-
dried at 110°b Jjust prior[to testing. Approximately 300mg of each
sample was placed in a platinum sample cup. Ca]cined.alpha—a]um%na
was used as the reference materi&l. Samples were heated in air at
12°C/minute up to 1100°C in a Dupont 900 analyser using platinum-
}hodium thermocouples. ., In most cases the sensitivity was set at
0.03mv/m (0.06°C/m) of recording chart.

’ However, due to the age and condition of the DTA apparatus it
was found that electrical instabilities resulting in spurious peéks,
combined with steep.background slopes, made interpretation of the
results difficult. Therefore this method was only used as a rough

check of the phase analysis obtained by XRD.

4.2.9 Scanning Electron Microscopy (SEM)
A Cambridge Stereoscan Mark 2 A electron microscope fitted

with a KEVEX brand energy dispersive X-ray analyser (EDXRA) was used to

observe the morphology of fracture surfaces. Each sample was dried

at 110°C, mounted on a microscope specimen holder, then‘a conductive
coating was evapbfated on to the sample surface; A go]é-pa]]adium
coating was normally used but chromium was used in some casés. For °
the EDXRA ana]ysis,iphe 2.308 KeV (K«l) peak of sulphur was obscuréd

by the 2.123 KeV (M« ) peak of gold, but the use of chromium eliminated
this problem. - '
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4.2.10 Non-Evaporable Water Content (Wn/C)

‘ Measurement of the non-evaporable or chemically bound water
cqntent of pastes has been a problem in cement hydration research due
in part to disagreéhent on the séparation between evaporable and non-
evaporable water (Feldman, 1972). Different methods have been devel-
oped (Powers and Brownyard, 1948; Copeland and Hayes, 1953; Mills, 1966;
Kondo and co-workers, 1980), thus requiring the method utilized to be
defined. A commonly used method has been to take the difference
in Qeights between the paste dried at 110°C and ignited at IOSOOF
as a percentage of the dry weight (Mills, 1966). The method of Copeland
and Hayes (1953) is more involved, provid%ngkcorrections for the ignition
loss of the unhydrated cement and expressing the values as a percentage
"of the ignited paste weights, which is almost tﬁe same as the percen-
tage of the anhydrous materials.

K The incorporation of slag in pastes further complicated non-
evgporab]e water determinations, since slag typically gains weight on
ignition due to the oxidation of sulphides (ASTM C114, 1980). It was
found that while initially gaining weight during ignition at 1050°C, the
slag was found to lose weight during continued ignitibn periods. This
is likely due to volatization of the oxidized sulphides, as 502.
After 20h to 30h of ignition, the weightfcﬁange of each slag became
consistent and ievelied off(at a net loss in weight) in most cases

parallel to the rate of weight changé of the respective pasteé. As an

example, the 1gnit{on'1oss-ign1ti0n time curves for slag 17, and a paste
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comprising 60 per cenf slag 17, éO per cent portland cement and 20

per cent silica flour, are shown in Figure 4.1. The Copeland and

Hayes (1953)‘;quation was then modified to include the three binder
components bésed on the average loss on ignitions for each binder comp-
onent and paste at ignition times of 20h and 30h. The calculated

value of Wn was obtained by Equation 4.5.

Wn/ C (t) ={ 1 { (Xbfx -Lbfs(t)) + (Xpc-Lpc(t)) +
1 - w(t)
(Xsf-Lsf(t)))} -1 (4.5)
where,
Wn/C(t) = the non-evaporable water content per unit weight of anhyorous

material (g/g).

w(t) the paste ignition loss at.time t (g9/9).
(bfs=slag, pc=portland cement, sf=silica flour.)

Xbfs, Xpc, Xsf =the weight fraction of eqch binder material.
Lbfs(t), Lpc(t), Lsf(t) = the ignition loss of egch binder material
at time t (g/g).

This method had the advantage of correcting for volatile

components in the raw materials, {nciuding the CO__in the portland

2
cement, but did not correct for édditiqné] CO, in the pastes due to deter-
ioration in storage. However samples were sealed in vials for storage,

in ap attempt to minimize ﬁhis problem.

)
—
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4.3 QUANTIFICATION OF PASTE PHASES
4.3.1 Unreacted Slag

The determination of unreacted slag in pastes is difficult
due to its glassy nature, and cannot be directly determined by QXRD.
The minor crystalline components af slag, if any, were still found to
béxpresent at the same intgnsities as for the unreacted slag (multiplied
by the slag fraction in the paste). This was taken as évidence of
the lack of reaction of the crystalline components.

Kondo and Oshawa (1969) and later Kondo, and co-workers (1980)
used an extraction method in which unreacted slag remained as the inso]-
uble residual. However, in the first study (1969) it was found tﬁa{

autoc]aVed tobermorite was also insoluble, 1nd1ca§1ng that only the more

poorly crysta]lxne hydrates would be extracted by th1s method. Further

study by Kondo and co-workers (1975) on hydrothermaH reactions showed

that this method could not be_uysed. Therefore thisxmethod was not

considered. .
Another method considered waé the measurement of crystalline

slag (mainly melilite) 1ntens1ties o% 1gn1ted pastes as done by Kondo

and co-wpﬁkers (1975) . However th1s may not\Pe a va11d method since

slag hydrates may revert to melilite crysta]s\ypon 1gn1t1on and hence be

included in the unreactéd fraction (Kondo et al., 1975). Also it was

found, when this method was attempted that peaks of other minerals formed

during ignition of hydrates overlapped the melilite Zliipeak, making

intensity measurements exceedingly difficult.

Simply summing \the guantities of the othér phases contained in
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the pastes é]so proved to be an unsatisfactory method of determining
the unreacted slag fraction. The values obtained were found to be in
excess of the total siag content iﬁ many cases. This was likely due
to inaccuracies in the measurement of the other paste components espec-
ially the C-S~H fraction which was complimented by its variable state
of crysfa]]inity as discussed Section 4.3.7.

Another method considered wa§ measurement of the a?ea of the
amorphogs halo in each paste @and compare these values to the ones
expected for the proportion of slag contained if none had reacted.
However, amorphous C-S-H also exhibits an amorphghs hump almost
identical to the ore resulting from vitreous slag. The presence
of an interfering ha[g\iesu1ting from amorphous C-S-H was confirmed
in the XRD traces of the pastes not containing slag.

It appears then that the unreacted slag content -of autoclaved

pastes i3 not amenable to measurement at this time.
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4.3.2 Unreacted Portland Cement (PC)

The quantity of portland cement remaining in the pastes was
determined by QXRD, using the intensity ratio of the alite reflection
at 2.77A (32.3° 26) to the 3.158 calcium fluoride reflection. A Five
"point calibration curve was developed using mixtures with the least
squares linear fit given in Equation 4.6,

PC (per cent) = 40.919 x (12.778 ) - 1.4 (4.6)
13 158

(R= 0.9975, SE =:2.8)
It was assumed that the different phases in portland cement reacted
at equal fractional rates, which was considered to be reasonable by

Crennan and co-workers (1972).

- 4.3.3 \Unreacted Silica Flour

. The extraction technique used by Kondo and co-workers (1975)
was modified to make use of a centrifuge, instead of filtration, to
isolate the insoluble residue. This modified technique is detailed in
Appendix J. It was found by XRD analysis of the residues that the only
mineral present, other than quartz, was the sericite mica impurity

contained in the siltca flour.
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4.3.4 Calcium Hydroxide (CH)

An XRD calibration curve was developed using three mixtures
with 5, 10 and 15 weight percentages of reagent grade c§1cium hydrogide.
The purity of this calcium hydroxide was checked by its ignition loss
compared to the theéretica] losses expected for pure Ca(OH)2 and CaCO3,
and the actual CH content determined by interpolation. The reflection
at 2.63R (34.1%0 ) was used to calculate intensity ratios and the CH

quantity was found to be:

CH (per cent) = 10.83 x ( 12.63R ) -0.07 (4.7)
0
13.15A
(R=0.996, SE =t1.1)

This provided an exceéllent fit for the limited data evaluated. *

4.3.5 Calcium Carbonate

Calcium carbonate contents of the binder materials and pastes
were obtained using a Leco carbon analyser. The assumption was made
that all 0% the carbon detected was present as CO2 in the calcium
carbonate. The calcium carbonate contents of the pastes at each binder
combination were then adjusted, subtracting the amount oriéinal]y pres-
ent in the binder materials. The carbon analyser was not available
until late in the study, so pastes had been stored fo% substantial
periods of time before this analysis, perhaps affecting the results

obtained.

*S1nce some CH can be amorphous, values obtained by XRD may be
Iower and less accurate than those obtained by thermal apalyses.
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4.3.6 Alpha Dicalcium Silicate Hydrate («CZSH)

No standard was made for fhis hydrate, but the XRD calibration
equation of Dyczek anﬁ Taylor (1971) was used to estimate the quantity
present. They also measured the 3.27R (27.2598) peak intensity as a
ratio to the 3.153 peak of calcium fluoride. The only difference bet-
weeh the procedures was that they‘added 10 pafts CaF2 to 90 parts

sample, so the intensities found in this study had to be multiplied

by 0.9.

[0
«C,SH (per cent) = 31.5 x ( 13.27A.) + 0.8 (4.8)
0
13.15A
(SE =123.4)

4.3.7 C-S-H and Tobermorite
4.3.7.1 Background ‘

As discussed in Section 2.4.2 , calcium silicate hydrates of
the tobermorite group are very common in hydrated cements occurring
over a wide range of compositions and temperatures of formation.

These hydrates are not always well formed, and C-S-H is the term
adopted by Taylor (1962) for poorly crystalline 11.38 tobermorite,
although it may include other semi-crystalline hydrates (Taylor ;;;~
Roy,1980). Figure 4.2 shows the form of typical XRD patterns for crys-
tal]ineﬁll.3x tobermorite, semi-crystalline C-S-H, and near-amorphous

C-S-H. From the wide range of crystallinities which may be encountered,

the difficulties in quantitative XRD analysis of tobermorites can be



103

Crystalline
11 A tobermorita

C-S-H(*

(a)
(b)
(c)
0
3
FIGURE 4.2:

Tobermorite gel

(C3S paste with CalOH),
lines omitted}

28 {Cuky)

d (R)

TYPICAL X-RAY POWDER PATTERNS FOR TOBERMORITES REPRESENTED
AS LINE DIAGRAMS

(a) Crystalline 11R tobermorite, similar to the synthetic
material,

(b) semi-crystalline C-S-H similar to that found in most of
the pastes in this work, and

(c) near-amorphous C-S-H found at high C/S ratios (Taylor,

»

*C-S-H(I) is a subdivision of
less than 1.5.

poorly crystalline C-S-H with C/S



104

appreciated. Therefore the experimental techniques are divided into

two sections, for both amorphous and semi-crystalline C-S-H.

4.3.7.2 Tobermorite and Semi-Crystalline C-S-H

The methods available for the determination of C-S-H content in
pastes containing slag are limited due to problems caused by the pres-
ence of slag.

The chemical extraction method of determining total C-S-H
developed by Stokes (1971), and used by Hara and Midgley (1980) and
+ Alexanderson (1979-1), was found not to be valid when unreacted slag
(or unreacted portland cement) was present (Alexanderson, 1979-2).

The XRD method which was adopted t6 determine quantities of
C-S-H is based on a similar calibration procedure used by Dyczek
and Taylor (1971). They used intensity ratios of the 11.3, 3.07,
2.97 and 2.80R reflections of synthetically produced tobermorite to the
3.15R peak of the calcium fluoride standard. In this work, preliminary
investigations showed that the‘11.3 and 2.808 reflections of many pastes
were very weak due to a Towzpegree of crystallinity of the C-S-H.
Therefore, only the 3.07 and 2.972 peaks were used for the most part
in the determination of C-S-H.

In order to develop a calibration standard, a well crystallized
ll.QR tobermorite, with a molar C/S equal to 0.80, was synthesized
from Ca(OH)2 and s?]ica flour as described in Appendix K. The synthi
esized product was found to contain 69.0 pér cent tobermorite, 28.1 °

per cent xonotlite and 2.9 per cent unreacted silica flour (2.5 per

R Ty

o K e P Vi & e
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cent sericite, 0.4 per cent quartz). Due to the fact that both tober-\
morite and xonotlite éxhibit tneir most intense XRD peak at 3.07 = O.ZR,
the assumption of equal intensity ratios (to the Can $tandard) was made,
so that a calibration curve for the 3.073 peak could be developed. The
2.97X peak is unique ‘to 11.32 tobermorite and the use of it for inpensity
calibrations was not a problem. To develop the calibration curves, the
synthetic material was mixed with silica flour in 11 different proport-
ions by weight and then calcium fluoride was added as discussed in
Section 4.2.7. These mixtures were analysed by QXRD, as well as the
silica and synthetic material alone, resulting in a 12 point calibration
curve for each peak height ratio versus concentration. In addition,
each mixture was scanned by XRD 3 to 7 times to obtain average peak
height ratios for each point. Least squares linear regression equations
were ‘determined for the 2.972 and 3.07R peaks of tobermorite. The
line fits were excellent with correlation coefficients of 0.9986 and
0.9985 respectively. As can be seeh in Figure 4.3 there was only
slight absorption of tobermorite by qdartz as evidenced by the
linearity of the calibration curves except at high tobermorite contents.
The calibration equations developed were:
C-S-H (weight per cent) = 31.232(13.07& /13.152 Can) -3.3 (4.9)
(R=0.9986, SE = £2.8) _ |
C-S-H (weight per cent) = 54.805(12.97R /I3.15R CaF,) -6.4 (4.10)
(R= 0.9985, SE = *1.5)
These equations were then applied to the peak height ratios of the same

peaks in the autoclaved pastes to determine their C-S-H contents. The
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values obtained from Equations 4.9 and 4.10 were then averaged. The
11.3A fintensity ratios were not used directly, but the curve is shown
as a dotted Tine in Figure 4.3 and the linear fit is given in Equation
4.11.
Tobermﬁrite (weight per cent) = 45.228(111.32 /13.152)—3.2 (4.11)
(R=0.986, SE = £3:9) .
As Hara and Midgley (1980) poihfed out, the use of a well crys-
tallized tobermorite standard to determine the quantity of pooriy crys-
tallized C-S-H in hydrated pastes wdﬁld tend to be inaccurate. They
developed a crystallinity index (Yr) based on experimental results.

Yr(per cent) = 0.25 + 47.1(111.3R / 13.07) (4.12)
(1.28 - (111.R / 13.07R) )

Using mixtures of C-S-H an& tobermorite, Hara and Midgley found that
the intensity of the 3.07R peak (relative to the 3.158 peak of calcium "
fluoride) for a given amount of C-S-H depended linearly on its crystall-
inity index, fpr Yr vaiues between 20 and 100 per cent. The intensity
ratio for well crystallized tobermorite (Yr=100) was fqund to be 2.6
(calculating from their data) times greater than the same amount of
poorly crystallized C-S-H (Yr=20). While for Yr values between O and
20 per cent, the intensity ratio did not change. '

Therefore in this work, the equation for the crystallinity
index was adopied to evaluate the pastes. The averaged amounts of C-S-H

determined using Equatﬁons 4.9 and 4.10 were then corrected (C-S-Hc)

for the influence of crystallinity.

4
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For Yr values bétween 0 and 20 per cent:
€-S-He -(per. cant) = 2.6 (C—S—H).~ (4.13)
While for Yr values greater than 20 per cent:’
C-S-Hc (per cent) = (C-S-H)-(3.0-0.02(Yr) )  (4.14)
-However, as mentioned previously, the intensities of the 11.3R peaks
used in the calculation of Yr were very weak for some of the pastes.
Due to this, the éccuracy of the Yr values in these cases would be
limited. However, the correction factor in Equation 4.13 does not change
until the crystallinity index equals 20, and by that point the intensi-

ties of the 11.3R peak would have to be quite substantial.

4.3.7.3 Amorphous C-S-H
The method of determining C-S-H content by the intensities of

the 2.97R and 3.072 XRD peaks would ﬁbt account for the presence of
amorphous C-S-H which could only be detectéd by a hump in the base
line of the XRD trace around 38.

' The method of Berardi and co-workers (1975) of determining
re]atiye contents of amorphous C-S;H'by measure%ent of the diffuse
band around 3R cou&d not be uéed except for the portland ceme;i -quartz
paste due to the presence of the overlapping ha]o cauézh by unreacted
§1ag glass which was discussed in Chapter 3. For“pastes not containing
slag, the amorphous C-S-H contents were estimated by difference after

all other pastes were determined. However, in pastes containing slag

the quantities -could not be estimated.
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4.4 RESULTS
4.4.1 Mortar Strengths h

Mortar cubes were made at 10 per cent 1ntervals over most of the
range of the ternary system and the resulting compressive strengths are
shown in Figure 4.4. The average coefficient of variation for all 50
sets of cube strengths was 4.1 per cent. It can be seen that at 20 per
cent silica flour contents, high strengths were obtained over éhe whole
range of slag cement/portland cement. The iso-bars delineate the areas
of 35 and 45 MPa strength development. Maximum strengfﬁs éreater than
45 MPa were obtained at thﬁeefcombinations with high slag contents:
60/20/20*%; 70/20/10; and 75/15/10. From comparison of the strengths
given in Figure 4.4 with the molar C/S ratios of the binder materials
in Figure 4.5, it was observed that optimum strengths genera]ly\coin-
cided with molar C/S ratios of the binder materials between 0.8 and l.5.

In binders used for the production of commercia1‘autoc1ave
products, the C/S ratio is usually maintained in this range in ofder to
optimize strength.This dprresponds approximately to the range of C/S ratios
for maximum tobermorite formation, between 0.75 and 1.1 (Verbeck and

{

Copeland, 1972). :

* For brevity, the ternary binder comb1nat16\3~have been desig-

nated throughout by weight per cent slag/ per cent portland cement/
per cent silica flour.
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TERNARY DIAGRAM INTERPRETATION

pC
60
VA .
X0 . PORTLAND CEMENT
SLAG L STLICA 100%
EXAMPLE: SLAG/PC/SILICA 1.6
= 60/20/20
I00%
Y56 89 /216 262/23.4 4 7 /
PELLETIZED 20 40 &0 80 IC0%

SLAG CEMENT SILICA FLOUR

S,

FIGURE 4.4: COMPRESSIVE STRENGTHS OF AUTOCLAVED MORTAR CUBES (MPa)

Strength isobars are shown for 35 and 45 MPa.
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PORTLAND CEMENT

I00%

15 7 /070 /042 /024 /0.10 /000
PELLETIZED 20 40 60 80 “100%
SLAG CEMENT SILICA FLOUR

FIGURE 4.5: MOLAR C/S RATIOS OF INITIAL BINDER MATERIALS

The range of C/S commercially used is shown
between C/S =0.8 and 1.5.

-
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4.4.2 Paste Strengths

The compressive strengths of paste cylinders made at 20 per cent
intervals” in the ternary binder system are shown in Figure 4.6. Tensile
to compressive strength ratios are given in Figure 4.7. The average
coefficient of variation of all sets of cylinders was 8.9 per cent.
While somewhat high, it was not possible within the context of the study
to refine all data through repetitions, and it is doubtful that the
trends would be changed significantly.

Comparison of\;hese strengths with the mortar cube strengths
in Figure 4.4 showed that the region of optimum strengths has shifted
over to about 40 per cent silica flour. This seemed to indicate that
some of the coarse quartz sand (0.15mm to 0.60mm) in the mortars had
reacted to form hydration products. The hydrothermal reaction of coarse
quartz sand was also found by Menzef/( 4) who noted the reaction of
0.30mm to 0.58mm sand when autoclg;;; at 1770C. Also pastes initially
containing 20 per cent si]ipawf1our, were still found to contain large
quantities of unreacted silica as detected by XRD, but their strengths
were less than the pastes containing 40 per cent silica flour. However,
considering the calcium/silica ratios of the starting materials shown
in Figure 4.5 and the unreacted components, the pastes containing 40
per cent silica were likely near the optimum C/S ratio of 0.8 for
crystalline tobermorite formation. The étrength of the 60/0/40 paste
" appears to be abnormally low, in view of the strengths of adjacent
pastes, but the supply of Slag 17 was exhéusted before this was con-
cluded, preventing further testing. '

/
\

kY
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FIGURE 4.6: COMPRESSIVE STRENGTHS OF PASTE CYLINDERS (MPa)

The interpolated strength isobar at 55 MPa is shown.
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FIGURE 4.7: TENSILE TO COMPRESSIVE STRENGTH RATIOS OF PASTE
CYLINDERS
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4.4.3 Density and Porosity

The solid density at each binder combination is shown in Figure
4,8. Densities ranged from 2.35 to 2.62 kg/m3 X 10_3 which was within
the range of values found by Beaudoin and Feldman (1975) for autoclaved
portland cement-silica pastes. However, unlike Beaudoin and Feldman's
data, the solid densities of the portland cement-silica pastes in this
study are almost con$tant. The slag paste (100/0/0) and slag-silica
paste (80/0/20) exhibited the highest densities, likely due to large
quantities of unreacted slag as evidenced by low strengths.

The apparent porosities shown in Figure 4.9 ranged from 23.4
to 37.2 per cent. The porosities of the three non-portland cement
pastes and the high silica paste (0/40/60) were much higher than the
others. These four pastes, as shown later in Figure 4.11, also had the
lowest non-evaporable water contents which infers a low degree of

hydration.

4.4.4 Unreacted Materials

The quantities determined for unreacted silica flour and portland
cement are listed in Table 4.2. The binder combinations in which they
were detected are also given in Figdre 4,10. The amount of unreacted
portland cement decreased with increasing slag and silica flour contents.
At binder combinations containing 20 per cent silica flour, more silica
flou:iwas reacted at higher portland cement contents. This would be
accounted for by the calcium hydroxide, liberated by the hydrating

portland cement, reacting with the silica flour.
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FIGURE 4.8: SOLID DENSITIES OF PASTES (kg/m x 1073)
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FIGURE 4.9: APPARENT POROSITES OF PASTES (per cent)
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TABLE 4.2

QUANTITIES OF UNREACTED COMPONENTS AND LIME COMPOUNDS IN PASTES

(WEIGHT PER CENT)

PASTE UNREACTED UNREACTED CALCIUM CALCI UM
COMPOSITION |PORTLAND CEMENT SILICA FLOUR  HYDROXIDE  CARBONATE*
(BFS/PC/SF) - PC SF CH T
. 100/0/0 0 0 0 7.5
. |

80/20/0 6.8 0 1.0 1.9
60/40/0 11.8 0 5.6 9.6
40/60/0 10.3 0 5.6 3.1
20/80/0 24.0 0 8.5 7.5
0/100/0 17.3 0 17.5 0.7
80/0/20 0 17.6 0 1.1
60/20/20 4.8 13.7 0 3.6
40/40/20 9.6 12.3 0 2.6
20/60/20 14.7 11.8 1.3 0.7
0/80/20 15.0 9.8 1.5 0.2
60/0/40 0 32.2 0 1.6
40/20/40 0 19.8 0 2.1
20/40/40 14.5 29.0 .0 0.6
0/60/40 11.5 24.7 0 2.3
0/40/60 5.8 46.3 0 2.8

* Based on CO, Contents of paste minus the CO, contents in the

raw mate{ia}s, using §

4

LECO carbon analyser.

PR
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FIGURE 4.10: PHASE COMPOSITION OF HYDRATED PASTES
Legend: SF = unreacted silica flour
.unreacted portland cement
calcium hydroxide
amorphous C-S=H
semi-crystalline calcium silicate hydrate (C-S-H)
more crystalline C-S-H
«CoSH '
tricalcium silicate hydrate
less than 5 per cent detected
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4.4.5 Lime Compounds

The calcium hydroxide (CH) contents of the pasteg are'gfven in
Table 4.2, Calcium hydroxide was consumed readi1§ by silica flour and to
a lesser extent by slag as indicated 15 Figure'4.10, and was not detected
by XRD or DTA below the isobar labelled CH. ’

The calcium carbonate contents of the paste are also inen in
Tabfe 4,2. The values g{ven are the net contentsaafter correcting for the
ea]cium carbonate detected in the unreacted materials. The pastes were
stored as powder for over one year before the carbon analysis so much

v

of the carbonation of calcium hydroxide or C-S-H likely occurred during

~

storage.

4.4.6 Hydration Products
4.4.6.1 Semi-Crystalline C-S-H an&-Tobermorite

The hydration products detected are given in Table 4.3 and are
also shown in Figure 4.10, 11.32 tobermorite in various degrees of
crystallinity, was.found to.be the main hydrated phase in all binders
containing silica flour, and for 100‘per cent slag cemént. Poorly
crystalline tobermorite was also found by Midg]ey and Chopra (1960)
when_an unactivated granulated slag was autoclaved at 188°C. T denotes

a retatively well crystallized tobermorite (Yr greater than 18 per cent)

having a wel] formed 1. 3R peak and CSH denotes poorly crystalline

tobermorite (C- f The~max1mum content of C-S-H, between 46 and 52
perccent by weight, was found along the Tine of binders containing 40

per cent silica flour, coincident with high strengths. The degrees of

- ) AN A,
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TABLE 4.3
QUANTITIES -OF HYDRATED PHASES IN PASTES
(WEIGHT PER CENT)

PASTE  C-S-H  CRYSTALLINITY CORRECTED

COMPOSITION | CONTENT INDEX  C-S-H CONTENT CON%ENT c-gygcoiuu

(BFS/PC/SF) |  CSH Yr C-S-H c* «C,SH
100/0/0 ‘8.4 very Tow 21.8 0 21.8
80/20/0 6.2 1122 6.1 7.1 23.2
60/40/0 5.4 14:9 24.4 41 28.5
40/60/0 4.5 '28.8%* 10.9 5.5 16.4
20/80/0 0o - 0 8.0w* - 8.0
0/100/0 | © - 0 4., 0%xx 4.0
80/0/20 12.1 14.3 31.5 0 31.5
60/20/20 12.0 10.6 31.2 "0 T 31.2
40/40/20 6.1 18.0 15.9 0 15.9
20/60/20 10.8 20.3 28.0 . 3.3 31.3
0/80/20 10.8 12.7 28.1 2.8 30.9
60/0/40 |- 17.7 35.9 46.0 0 46.0
40/20/40 19.9 o 18.1 51.7 0 51.7
20/80/40 19.0 21.1 49.0 0 49.0
0/60/40 18.1 14.9 47.1 0 47.1%"
0/40/60 7.5 . . . 5.8 5.5 0 45.5

* Not including amorphous C-5-H.

** This value of Yr is suspect due to pooﬂy formed C-S-H peaks

*%x Tricalcium silicate hydrate was also detected but not
quantified. In the 20/80/0 paste, C was just detected, while
stronger intensities were observed in l%ﬁe 0/100/0 paste. .
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crystallinity were also relatively high for these pastes as shown in
Table 4.3, but were still Tow in absolute terms. As Crennan and co-
workers (1977) found, the Erystal]inity of C~S-H is dependént on the

fineness of the quartz employed.

4.4.6.2 Amorphous C-S-H

The presence of amorphous G-S~-H, which was not included in the
C-S-H values determined in Table 4.3, was detected in pastés not cont-
aining slag by the amorphous humP in each XRD trace . By difference, the
amorphous C-S-H contents as indﬁcated in Table 4.4 were estimated to be:
60.1 per cent at 0/100/0, 42.6 per cent™at 0/80/20, 14.5 per cent
at 0/60/40, and 0 per cent at 0/40/607 The contenf of this amorphous
hydrate iqcréased with increasind‘por%land cement contents and increasing
C/S ratios. '
' While the quantity of amorphous C-S-H.could not be determined
in pastes containing unreacted slag, its presence was indicated at some
combinations by the fact that the maximum unreacted slag content,
assuming none had reacted,‘could not account for the differences
shown in Column 2 in Table 4.4. Therefore amorphous\C~$—H was included
in the paste phases given in Figure 4.10 for the 40/60/0, 20/80/0,
40/40/20 and 20/60/20 bfnder combinations.

éince at other cpmbinationskgthe unreacted slag could possibly
Sccount for the differences in the totaf phase content of the pastes, the
presence of amorphous C-S-H was not certain. This was indicated by the
question marks in the Column 5 in Table 4.4. However, it appears that

,’amorphous C-S-H was mainly formed at slag contents of 40 per cent or

~y
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: TABLE 4.4 '
SUMMATION OF PASTE PHASES

PASTE |SUM OF PHASES DIFFERENCE MAXIMUM  POSSIBILITY PART OR
COMPOSITION |QUANTIFIED IN FROM 100 UNREACTED OF DIFFERENCE ALL OF
TABLES 4.2 SLAG CONTENT ONLY BEING DIFFERENCE
AND 4.3 OF PASTES *  DUE TO  DUE TO
UNREAGTED  AMORPHOUS
(BFS/PC/SF) | (per cent) (per cent) (per cent) SLAG C-S-H
100/0/0 29.3  70.7- 96.2 yes 7 -
80/20/0 32.9 67.1 74.1 yes ?
60/40/0 55.5 44.5 55.4 yes ?
40/60/0 3.4 64.6 .36.0 no yes
20/80/0 48.0 62.0 18.0 no yes
0/100/0 39.9 60.1 0 - ~ yes(all)
80/0/20 50.2 49.8 76.7 yes 2
60/20/20 53.3 16.7 55.8 yes ?
40/40/20 40.4 59.6 36.9 no yes
20/60/20 59.8 40.2 18.4 no yes
0/80/20 57.4 42.6 0 - yes(all)
60/0/40 79.8 20.2 ~ 56.9 yes ?
40/20/40 73.6 26.4 37.3 yes ?
20/40/40 93,1 6.9 18.6 yes 2
0/60/401_ 85.5 14.5 0 - yes(altl)
0/40/60 100.4 -0.4 0 - ho

*Calculation = (per cent slag in combination) / (1+ Wn/C)
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less and silica flour contents of 0 and 20 per cent. This agrees with
Taylor (1964) who commented that near-amorphous tobermorites generally
have high C/S ratios. Also, it is clear by comparison of Columns 2

and 3 in Table 4.4 that a larger. fraction of slag was reacted at higher

slag contents.

4.4.6.3 ccC,ZSH
The presence of «=C,SH was detected mainly in the slag-portland

cement binary Qonbinations as shown in Figure 4.10 and Tabie 4.3, but

was never detected in quantities greater than eight per cent. A1l of

the pastes containing «C_SH, including pastes containing silica flour,

2

had molar C/S ratios (Figure 4.5) exceeding 1.0, which agreed with the

results of Aitken and Taylor (1962) shown in Figure 2.4. However, high"

strengths were aTSo.obtained for the pastes contaiﬁing mCZSH, perhaps

due to optimum mixtures.of dense, well crystallized cCZSH and less

dense, poorly crystallized C-S-H és suggested by Feldman and Beaudoin

(1976) and Taylor (1977). In other studies, pastes containing large

quantities of aCZSH were found to exhibit low strengths (Kgiousek,1954—2;

Sanders and Smothers, 1957). The surprisingly low quantity of «CZSH

found in the portland cement pagte was also found by Alunno-Rossetti

and co-workers (1973) for C3S péstes autoclaved at 190°C for 5h. Héwever,

according to Taylor (1964) ‘and Verbeck and Copeland (1972), mCZSH is

usually the predominant hydrated phase found in gutoc]aved portland cement.
In the original analysis (Hooton and Emery, 1980), DTA endo- *

therms, with characteristic temperatures at 475°C were found and attri-
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buted to mCZSH (Kalousek, 1954-1; Midgley and Chopra, 1960). However,
later Kriuger (1980) suggested that this eﬁdotherm might be due to
Ca(OH)2 instead, although published DTA data suggested the Ca(OH)2
endotherm to occur at about 550°C (Kalousek, 1954-2). Subsequent DTA
analysis of 3utoc1qved reagent grade calciim hydroxide did not produce
a similar endotherm to those found for the pastes. However, when the
portland cement paste was subjected to methanol-ethylene glycol extrac-
tion { to remove the calcium hydroxide), then re-analysed by DfA, the
endotherm was not present. Therefore the endotherm was concluded to

be calcium hydroxide, and the change in characteristic temperature was

attributed to factors such as machine sensitivity, sample packing, grain

size and/or crystallinity.

4.4.6.4 Tricalcium Silicate Hydrate

Tricalcium silicate hydrate (C3SH1_5) was only detected in
small quantities in the portland cement paste and the 20/80/0 paste as
shown in Figure 4.10. According to Aitken and Taylor (1962), the pre-
sence of C35H1.5 would be expected for molar C/S ratios of greater than
2.6 when autoclaving at 185°C as shown in Figure 2.47 These two paste
combinations were the only ones which met this criteria, héving molar
C/S ratios of 3.27 and 2.60 respectively. The phases detected in the
‘portland cement paste (Figure 4.10) agree with the phases detected by
Akaiwa and Sudoh (1966) for porttand cement autoclaved Sh at ZOOOC.
However, portland cement autoclaved for 5h at 150°C did not contain

C4SHy 5. Therefore, the limit of formation of"C3SH1'5 for short

autoclave periods must be between 150°C and 185°C.
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4.4.7 Non-Evaporable Water Content

In Figure 4.11, estimates of the non-evaporable water, uncorrected
for any carbonation of the hydrates, are given as percentages of the
ignited weights. The non-evaporable water content generally increased
with increasing portland cement content, which would seem to indicate more
complete hydration of pastes containing large quantities of portland
cement after 4h autoclaving at 185°C. However, the presence of increas-
ing quantities of Ca(Oﬂl@With increasing portland cement content
accounted for some of th%s increase. The non-evaporable water contents,
corrected for Ca(OH)2 » are also shown in parentheses in Figure 4.11.
The non-evaporable water contentg corrected for the net (total minus the
CaC03, in binder materja]s) CaCO3 contents in the pastes are also given.
As described in Section 4.2.9, the CO2 contents of the binder materials
were taken into account in the original Wn/C values. As indicated, in
Table 4.2, the CO, corrections for some of the paétes may be excessive
due to carbonation during storage. The non-evaporable water contents
of the non-portland cement (slag-silica flour binary) pastes were much

lower than the rest, most likely due to slower reaction kinetics.

4.4.8 Scanning E]ectron)Microscopy
The SEM study was kept ve%y limited in this work since it was

considered to be more of a visual aid than an analytical tool, although

recent advances have been made 1in éna]ytica] electron microscopy as

discussed by Taylor and Roy(1980). The morphologies of cement hydrates
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FIGURE 4.11: NON-EVAPORABLE WATER CONTENT OF PASTES (WEIGHT PER CENT)

* Yalues in [ J parentheses are corrected for Ca(0H),
content.

** Values in () parentheses are corrected for CaC05 and
Ca(OH)2 contents.



128

are quite variable and in many cases it is difficult to distinguish
“one from anothgt. However, it was thought that a limited study was
required in orde;\to provide an indication as to the nature of hydrates
in general.

The morphology of the synthetic(tobermorite material was examined
in the SEM. As shown in Figures 4.12 to 4.14, the material is composed
of radiating fibres which may be due to either tobermorite or xonotlite.
Small plates, which may be unreacted CH, appear at the interior of the
radiating fibre clusters.

While several pastes were examined in the SEM, surface charging
problems, resulted in poor quality micrographs. As the samples were
evacuated in the microscope, hydrate shrinkage caused cracking of the
conductive surface coating which resulted in the "charging" problems.

Figures 4.15 and 4.16 show fracture.surfaces of the 80/20/0
paste. The crumpled foil structure of the C-S-H is typical of semi-
crystalline C-S-H according to Taylor (1964). The EDXRA results show
the elements found but-l1ittle reliability is given to the intensity
ratios since they are affected by experimental conditions such as
surface roughness nad the prominence of the feature being examined.
(Grattan-Bellow et al, 1978). The areas of influence of the electron
beam maybe larger than a small parfic]e chosen for analysis and the
composition of some of tﬂe surrounding material may also be included.
For these reasons, the hexagonal plates in Figure 4.16 are likely CH
inspite of the other elements given in the EDXRA analysis. The structures

of 60/20/20 pastes are given in Section.5.4.11.
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FIGURE 4.12: FIBROUS HYDRATES
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S
'™ BASTE COMPOSITION (80/20/0)

EDXRA ELEMENTAL COUNT RATIOS

SYMBOL ELEMENT
Ca Si Al S

s 3.75 1.00 0.56 1.10

FIGURE 4.15: EXFOLIATED SHEETS SURROUNDED BY

POROUS HYDRATES

V! g
il
0 Sum  PASTE COMPOSITION (80/20/0)

FIGURE 4.16: CRUMPLED FOIL STRUCTURE OF C-S-H AND

HEXAGOGNAL PLATES - LIKELY CH.

EDXRA ELEMENTAL COUNT RATIOS

SYMBOL ELEMENT
ca Si Al Mg S

Mn

A 4.06 1.00 0.38 --

a [2.52 1.00 0.04 0.05 0.01 0.02 0.02
0.53 0.03 0.03)
o |1.89 1.00 0.17 0.15 0.05 0.06

-
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4.4.9 Non-Portland Cemeﬁt Combinations

One important observation was that in binders not containing
portland cement, the silica flour reacted hydrothermally with the slag
cement in both mortars and pastes resulting in higher strengths than
that obtained by slag cement alone. A further point of interest is
observed from Figure 4.7 which gives tensile to compressive strength
ratios for the ternary cormbinations of pastes. While ratios for binders
including any proportion of portland cement did not exceed 0.15,
ratios for slag cement and slag cement/silica flour combinations were
at least 0.50. Along the slag cement/silica flour binary, the maximum
compressive (56.3 MPa) and split tension (31.4 MPa) strengths
occurred using 60 per cent slag cement and 40 per cent silica flour.
From XRD analysis, it was found that relatively well crystallized
11.3X tobermorite was the only hydrated phase formed at this combination.
Using the method of Hara and Midgley (1980) the crystallinity factor
Yr was 36. Kamel (1973-1) also found that a paste of composition
67/0/33 reacted to form 112 tobermorite after autoclaving for 5h
at 193°C. Autoclaving for 6h resulted in lower combined water contents
attributed to partial conversion to xonotlite. However'go strength
testing of this composition was provided (Kamel, 1973-1,2).

The small quantity of free lime liberated 5§ the slag is
unlikely to have produced tobermorite to the extent it was found.
Therefore reactions, the determination of which was beyond the scope
of the study, must have occurred between the calcium silicates in the

slag glass and the silica flour. The mechanism of these reactions must

A
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certainly be different than the commonly accepted theory of alkali
activation, originally proposed by D'Ans and Eick (1954) and adopted
later by Kondo and Ueda (1969) and Kondo and co-workers(1975).
Although not considering autoclave termperatures, D'Ans and Eick proposed
that hydrationlinhibiting, acidic gels initially coated the surfaces
of the slag qrains and could only be penetrated by a sufficient con-
centration of externally supplied alkali. This mechanism probably
explains the low strengths of the slag paste (100/0/0) but not the
higher strengths developed in the slag-silica flour pastes.

e The practicality of these non-portland cement binders was
questioned due to the slow setting and low green strengths obtained

in the pastes. However, in a related industrial application study

described in Section 4.5, full scale, 200mm width, masonry blocks

1//’ were successfully produced, with a binder of 67 per cent slag (285 mé/kg

¢

Blaine fineness) and 33 per cent silica flour (Emery and Hooton, 1978).

o
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4.5 INDUSTRIAL APPLICATIONS OF TERNARY BINDERS

Previous sections in this chapter have dealt with strengths
of miniature laboratory specimens, but usipg commercially applicable
cementitious systems. In a parallel applied study, similar strength
trends were found for full size concrete blocks with regard to binder
composition. In this section this work is described and similarities
to the laboratory results are discussed.

Full scale, 200mm by 200mm by 400mm, hollow masonry b]oéks
were produced at a local commercial plant, incorporating slag into the
normally used portland cement-silica flour binders. However, the
slag ground to 400 mz/kg Blaine fineness, used in the laboratory
studies was not employed due to its cost relative to less expensive
silica flour. In order to obtain maximum economic benefits,'unground,‘
pelletized slag, commonly used as a light weight aggregate in masonry
biocks, was partially ground using methods developed by Kim (1975) and
Gupta (1976) for base stabilization and autoclave brick use. Essentially
this concept consisted of partial pre-grinding some of fthe moist slag
pellets in an Eirich R7 intensive mixer with a high speed rotor, then
introducing this material to the concrete batch mixer along with the
aggregates. A schematic diagram of the materials required is given
in Figure 4.17. Between 20 and 30 per cent of minus 75um (Blaine .
fineness = 285 mz/kg) slag fines were produced in six minutes grinding
(depending on the slag moisture content, increased moisture having a
,beneficial effect on grinding) with the plus 75um material used to

augment the fine end of the aggredate gradation. Over 50 different

-
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FIGURE 4.17:

SCHEMATIC DIAGRAM OF MATERIAL REQUIREMENTS IN THE

MANUFACTURE OF LIGHT WEIGHT AUTOCLAVE BLOCKS

1. Without s1'ag as a binder component
2. With separately ground slag cement as a binder

component

3. With partially pre-ground peﬂetued s]ag as a

‘binder component

* 'Number‘s refer to weight

percentages of binder components
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batches of blocks were produced industnia]]y,bgsed on data developed
in the laboratory, and variables such as binder composition, aggregate
types and autoclave cycles were considered. ]
Thie effects of variations in the bimder composition on strength

" are shown in Figure 4.18 for light weight pelletized slag aggregate and

- in Figure 4:19 for normal weight dolomitic limestene and sand aggregates.
(Autoclave cycles noted on figures). It can be seen that the compositions
providing maximum strength in both figures are similar to the morfar
cube compositions in Figure 4.4. Comparing Figures 4.d8 and 4.i9, i?
can be observed that presence of slag’Eyéregate causes the maximum
strength compositions to shift towards a higher silica flour content.
This would be expected, since with standard portland cement-silica
binders,‘the use of slag aggéegate allows the use of more siltica flour
than the limestone aggregate for optimum strength.

Also in one limestone aggregate batch, waste cement kiln dust
was substituted for the portland.cement at a binder combination of
50/31/19. For totyl autoclave cycles. of 4.5,5.5,and 6.5h at 177°C, the
respective strengtﬁi\were 8.9,.9.3 and 10.4 MPa, while a similar mix
usi;ng portland cement had strengths of 10.4, 10.5 and 9.6 MPa. While
the strengths obtained using kiln dust were slightly lower at the .
shorter autoclave cy;les, they exceeded the CSA minimum requirement
of_6.9 MPa: Nﬁi]é the industrial study hés not béén covered in detail
here (Emery éﬁd Hooton, 1978), the effect of composition variables on

block strengths is of considerable,intefest given the comparison with

the’inf]uencé of the same variables on strengths of pastes and mortars.
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PORTLAND CEMENT
ICO

LIGHT WEIGHT BLOCK
(PELLETIZED SLAG

80 AGGREGATE)

YAVAN
/\ / \ 9.8 - NORMAL MiX
80 ‘ 96 ”A/\/\ 20
WAVL ViV \

SLAG FINES ‘ ‘ SILICA t-l,OLJR

zOO‘ \

FiGURE 4,18: COMPRESSIVE STRENG\HS OF LIGHT WEIGHT AUTOCLAVED
BLOCKS (MPa) L :
200 x200x400mm (MPa, Gross Area)

CSA minimum = 6.9 MPa o
‘Autoclave cycle 8h ‘total, 6.2h at 185°C
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®* PORTLAND CEMZNT
100

NORMAL WEIGHT BLOCK
(LIMESTONE AGGREGATE)
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.

~75um
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SLAG FINES ’ v - SIUCA t‘LObh

FIGURE 4.19: COMPRESSIVE STRENGTHS OF AUTOCLAVED BLOCKS CONTAINING
: LIMESTONE AGGREGATE

200x200x400mm (MPa, Gross Area)
CSA minimum = 6.9 MPa o
Autoclave cyc]e 4sh t6tal, 2.5h at 180°C
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4.6 CONCLUSIONS

“\Terqafy binder compositions of slag, portland cement and silica
flour were studied for a typical commercial autoclaving curing regime
of 185%C for 4h. ’

.For autoclaved mortars, higher strengths were obtained with
pelletized slag cement as the princﬁpa] constituent in the ternary sys-
tem slag/portland cemnt/si1ica flour than with any binary por%]and
cement/silica flour binder combination. While the strength of mortar
cubes for unactivated slag was.low, high strengths resulted with as much
as 80 per cent slag as long as the combination contained both portland
cement and silica flour. Optimum strengths were found for 60 to 75
per cent slag contents. .
| Paste combinations resulting in high strengths gene;a)ly con-

tained more silica flour than in mortars. These incréases in strength

‘with added silica was attributed to the formation of larger quantities

of C-S-H and a highér degree crystallinity. ., Relativelx high compressive
strengths were also obtained for pastes not containing silica flour.
Mixtures of «CZSH and poorly crystalline to amorphous C-S-H were found
and thg presence af calcium hydroxide was detected in all the portland
cement;slag binary combinations. The presence of CH indicated that

slag, unlike silica flour, did not require large quantities, of lime
3

to hydrate. | '
Pelletized slag was activated by silica flour alone, forming ‘

reiative]y well crystallized tobermorite and resulting in high strengths

{
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at one combination without the use of portland cement. These\slag-
silica binders also showed very high tensile to compressive strength
ratios. The mechanism of the slag reaction in these pastes is unclear.
It is certainly different tgan the commonly accepted mechanism of 5
alkaline activation and this is an area for futﬁre study.

Using a partially ground pelletized slag to replace part of
the binder and fine aggregate, in a parallel ébplied study, full
scale, 200mm width concrete blocks were commerc%a]ly produced. In
light weight (slag aggregate) blocks, the slag replaced up to 67

per cent of the binder required without loss in strength.



5. EFFECTS OF SLAG PROPERTIES ON AUTOCLAVE REACTIVITY
5.1 INTRODUCTION

After the establishment of slag cement reactivity when used in
ternary s1ag;port1and'cement—si]ica flour autoelaved binders as des-
cribed in Chapter 4, the next %odica] step in this work was to study
the effects of variable slag properties on reactivity. Slags from
different sources were obtained Having a range of glass contents and
chemical compositions. As well, some slags were ground to different
finenesses, and others altered to extend the range of glass contents
available.

To stud& the veriations in slag properties, it was necessary
to choose a single, ternary, binder compasition. Initial studies

w1th pure slag pastes were abandoned due to slow sett1ng times and

Tow green strengths which resulted in unacceptable specimen losses.

~ Also, as Kriger (1976) found, the strength development of unactivated

&

s]ags (at 20 C) could not be used to predict strength development of .

the same slags activated w1tﬁ Ca(OH)2 Therefore, a study of unactiv-

ated slags appeared to have little pract1ca] value. - .
. The results obtained from the applied, industrial trials ,_\_//f>

discussed in Section 4.5 indicated that an optimum, practical composition

‘would contain around 60 per cent slag, with the ratio of portland

cément to silica flour\dependent'on the aggregates used, Combined with
the mortar cube strength results, this led to the selection of 60.per

140 . o :
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cent slag / 20 per cent portland cement / 20 éer cent silica flour as
the binder compositfon to be used in this work. Since paéte‘experiments
in both Chapters 4 and 5 were carried out concurrently, the fact that
the 60/20/26 binder. composition was not the overall optimum with regard
to paste strengths and hydration products, was not realized until later.
However, the selection of ;B.optimum paste compositionafound

along the 40 per cent silica flogf line, along with the practical
requirement of some portland cement content (to develop green strength
in a ﬁractical time frame), would have necessitated reducing thé slag

content to 40 ﬁ%r cent. Therefore, in order &o retain slag as the

dominant component fob/%hij>study, the 60/20/20 binder was chosen.
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5.2 EXPERIMENTAL METHODS ' T
‘5.2.1 Matéria]s

The portland cement and silica fldur used were the same as
described in Section 4.2.1 with physical and chemical properties 1isted
in Table 4.1. The sources and properties of the slags used dre given

N
in Tables 3.2 and 3.4. (The_numbering system adopted in Chapter 3

"is continued). In this chapfer, eight Canadian pelletized slags; three

foreign pelletized slags, four physically altered Canadian slags and
one synthetic slag have been studied. Also, paste Series 19, using

slag Number 9 but with CSA Type 50, sd]phate resisting portland cement,

was included to observe the effect of portland cement type on hydration.

The properties of the Type 50 portland cement are given in Table 5.1.
iﬁZet of control pastes, designated C, were made using 70 per cent
normal portland cement and 30 per cent silica flour. This is typical
of binders used commercially.
5.2.2 Paste Specimens and Casting

_ Due to the limited quantity of somé slags available for this
study, the 30mm diameter and 50mm long cylinders used in Chapter 4
were not adopted here. Instead, smaller paste prisms 15mm by 15mm
by 90mm Jong were cast in Lachined p]ex{glass gang molds. This allowed
more repetjtioﬁs of tensile (modulus of rupture) and compressive
(equivalent cube) strength tests. For each slag tested, the pastes

made with 60 per cent slag, 20 per cent portland cement and 20 per

e e e o e Al
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TABLE 5.1

PROPERTIES OF THE SULPHATE RESISTANT PORTLAND CEMENT

(CSA TYPE 50)

XRF CHEMICAL COMPOSITION MINERALOGICAL COMPOSITION

COMPONENT | QUANTITY COMPOUND ‘| BOGUE QXRD
CALCULATION
(per cent) (per cent) | (per cent)

Ca0rotal 62.52 €3S 48.73 78. 4%
Calfree* 0.62 C2S 25.59

$10; 21.75 ¢ 0.62

A1503 3.49 C3A 3.07 2.0
MgO 3.75 C4AF 12.35 12.3
K0 0.71 S 4.20 4.2
Nay0 0.37 Total 94.56 96.5
503 2.47
Fes03 4.06 ;PHYSICAL PROPERTIES

™5r0 0.04 Specific Gravity = 3.18
P20s 0.09 Blaine Fineness = 345 m2/kg
Ti0, 0.17
LOI 1.15
Total 100.57

Y

* By ethylene glycol extraction

** By salicylic acid extraction
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cent silica (60/20/20), were mixed at water/binder ratios of 0.28, 0.32
and 0.40, designated A, B and C respectively. The mixing péocedure

was the same as described in Section 4.2.3, but vibration was not used
on the 0.40 W/C pastes, which were simpﬂy tamped with a small rod in

order to minimize bleeding.

5.2.3 Curing Conditions

After casting, the paste prisms were stored at 23°C and 100
per cent relative humidity for 15 to 23h prior to demolding and auto-
claving. The autoclave cycie was the same as described in Section
4.2.4 with the maximu% temperature of 185°C and 1.03 MPa steam pressure
maintained for 4h. Specimens were left in the autoclave overnight, and
after removal, were placed in a saturated solution of calcium hydroxide,
vacuum de-aired and allowed to soak at least 24h prior to strength
testing. This ensured that the paste prisms were saturated throughout
for testing since variable moisture conditions have been found to have

a major influence on strengths especially at low moisture contents

(Mills, 1960; Feldman and Sereda, 1970).

5.2.4 Strength Testing

Two modulus of rupture tests, with span equal to 45mm and using
third point loading{Figure 5.1),were performed on each paste prism
using a smai] stiff testing machine (Instron). The cast face of each
prism was maintained parallel to the applied load. Values obtained

where the failure occurred outside of the centre span (the region of

/
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RKa

—25mm diameter by 25mm platen
with spherical seat

12mm ball bearing
]-——6 by 15 by 25mm steel bar with attached

.’ , 4mm diameter rods
15 by 15 by 90mm
. B paste specimen :

-~——12 by 50 by 75mm steel base with
attached 4mm diameter rods

FIGURE 5.1: MODULUS OF RUPTURE TEST

. [=—25mm diameter by 25mm platen
with spherical seat
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( + )«-——~—12mm ball bearing
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b

FIGURE 5.2: EQUIVALENT CUBE COMPRESSION TEST
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constént, maximum, bending moment) were discarded. The modulus of rup-
ture strengths were found to be an average of 81 per cent higher than
splitting strepgths obtained using the paste cylinders described in
Section 4.2.3. These results were not unexpected since it has been
found elsewhere that the direct tensile strength is less than the split
cylinder strengths and both are less than the modulus of rupture
strength for identical samples (for example; Neville, 1972).

Equivalent cube compression tests were performed on each of the

three pieces of each prism remaining after the modulus of rupture testing

(Figure 5.2). Between tests, the pastes were stored in the saturated
lime solutions. The compression tests were performed in a Tinius Olson
universal testing machine. It was found experimentally that the equiv-

alent cube compressive strengths were an average of 48 per cent higher

than those obtained using the paste cylinders described in Section 4.2.3.

This was expected (for example; Neville, 1972) due to:

1) the lower height/width ratio

2) the smaller size

3) the effect of restraint from the overhanging sections in the

equivélent cube test.

Three prisms were tested at each water/cement ratio, providing
up to six modulus of rupture and nine compression test results for each
variable. The only exception to this was with slag Number 18, the
synthetically produced and quenched CoMS, glass, where no modulus of
rupture tests and only four compression tests were performed due to the

limited availability of this material.
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5.2.5 Density and Porosity Measurément

The solid density and apparent porosity.of each paste were
determined by the displacement methbd using methanol, as described
previously in Section 4.2.6. As a check, solid densities of most of
the pastes were measured using a Beckman air comparison pyncnometer
in a_helium atmosphere as described by Feldman (1971). The pasté
samples were dried by the samé technique and were of the same size as
described previously in Section 4.2.6. However,due to the irrggu]ar
shgpes of the samples,the bulk volumes and hence the porosities‘
could not be checked by this method.

Also, mercury intrusion pore size distributions were obtained
for a few of the pastes in order to more fully characterize the physical
state of the pastes. These were performed using an Aminco, Porosimeter

0
capable of 413 MPa intrusion pressure (29.5A diameter pores intruded).

5.2.6 X-Ray Diffraction
The apparatus and techniques described in Section 4,2.7 were

also used in this work.

5.2.7 Differential Thermal Analysis
The same methods as described in Section 4.2.8 were used. In
most cases, only the pastes with initial water/cement ratio equal to

0.32 were examined.
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5.278 Scanning Electron Microscopy

The apparatus and coating techniques described in Section 4.2.9

were also used in this work.

5.2.9 Non-Evaporable Water Content

The same methods and calculations previously described in

Section 4.2.10 were used in this work.

L
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" 5.3.1 Unhydrated.Slag
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5.3 QUANTIFICATION OF PASTE PHASES \

The difficulties in determining quantities of unreacted slag
were discussed Sectién 4.3.1. In this work, the unreacted slag was

estimated by difference after all other phases were determined.

5.3.2 Unreacted Portland Cement

The quantity of unreacted portiand cement was determined in
most cases by thé QXRD method described in Section 4.3.2. However, in
some cases, the small quantities of portland cement combined with ove}:~
lap by the 2.75X peak of crystalline C3MS2 made the measurement of the
2.77R peék of alite difficult. For these cases, an alternate calibration
equation was developed using the intensity Z.GOR (34.45026) peak of
alite. Equation 5.1 was calculated by linear regression of four mix-

tures.

. .
29.583 (12.60A /-13.15R ) + 0.2 (5.1)

PC (per cent)

i

(R& 0.997, SE = 1.3)

-

Both Equations 4.7 ahd 5:1 gave similar results for pastes in which both

peaks could be measured.
N

S o

5.3.3 Calcium Hydroxide - ) . l\l

From preyious experience, for example as shown in Figure 4:3,
calcium hydroxidé was not expected to be detectable at the 60/20/20 .
binaer combination chésen for this study. ﬂowever, the calcium hydrogide

L ' - .
content of the control pastes was determined using Equation 4.7.

‘
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5.3.4 Unreacted Silica Flour

In order to bring the task within manageable limits, the extrac-
tion technique described in Section 4.3.3 was not adopted. However,
using the values obtained by extraction on pastes in Chapter 4, together
lith their XRD relative intensity data, an excellent XRD calibration

curve was obtained for the p?ak height intensity of the major

- 3.435R (26.65° / 26, Cuke) reflection of quartz relative to the 3.153R

peak of the CaF2 standard. In addition, several of the pastes in this
study were checked by the extraction technique, resulting in 28 data

points for the calculation of Eduiffon 5.2.

0
Silica Flour (Weight per cent) = 2.3 + 3.674 (13.34SX / 13.153A CaFZ) (5.2)
(R=0.992, SE=+2.1) |

Where the unreacted silica floyr content was checked by the extraction

technique, the value obtained by extraction was reported in the results.

£
o

. | © 4
5.3.5 C-S-H and Tobermorite Contents

The QXRD method described in Section 4.3.7.2.was also used in
this work. However as shown in Table 3.3, some of the slags. used in
this study contained substantial quant1t1es of crystallife melilite.
These crysta111ne peaks remained in the autoc]aved pasfes and the 201
(Miller indices) melilite was found to overlap the 3. 07R C-S-H peak.
In these cases the 'intensity ratios of the 201 to the 211 melilite peaks
were determined from XRD traces of the original slags. Then us1ng

these . ratios, together with tne 211 peak intensities found in the
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pastas, the proportion of the 3.078 reflettions due to the overlapping

201 peaks were determined and the C-S-H intensities corrected. This

method of correcting for overlapping peaks was also used by M{dgley (1976).
Amorphous C-S-H could only be determined as described in Section

4.3.7.3. However, from the results of Chapter 4, it was not expected

to be a major component at the 60/20/20 biﬁder combination used in this

" work. For the 0/70/30 control pasfe, the amorphous C-S—H.cou1d be

éstimated by d{ffgrence.
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5.4 RESULTS

5.4.1 Strength Tests

The equivalent cube compressivé strengths are given in Table 5.2.
The averade coeffieients of variation were 8.1, 8.9 and 7.0 per cent for
N/C.eqUal to 0.28, 0.32, and 0.40 respectively. The modulus of rupture
tensile strengths are given in Table 5.3 along with tensile to compressive
strength ratios. The average coefficients of variation for these tests
results were 9.5, 8.5 and 8.7 per cent for W/C equal to 0.28, 0.32,
and 0.40 respectively. The coefficients of variation for both sets of
tests are on the high side, but study of the literature suggests that
this is common with very small specimens (Mathews and Baker, 1976;
Crennan et al, 1977).

Comparing compressive strengths for paste Series 9 and 19, it
can be observed that the sulphate resistant portland cement reduced
strengths by an average o% 12 per cent. From paste Series 13 (glass
content GLX = 10 per cent) the drastic reduction in strength caused
by devitrigication can be observed. Comparison of the results for
paste Series 9 and 14 (GLX = 76 and 93 per cent respectively), which
contained slags of approximately the same chemical compositioh and

had similar - compressive strengths, showed that while vitrification is

‘ important for reactivity, a higher glass content is not necessarily

indicative of higher strength potential as was also sbserved by.
Demoulian and co-workers (1980). As Fierens (1979) cautioned,
differences in minor oxides resulting from remelting slag Number 14

may also have influenced éirengthl However, the only significant

~
>~

‘e
. ’, -
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TABLE 5.2
EQUIVALENT CUBE COMPRESSIVE STRENGTHS OF PASTES

PASTE COMPRESSIVE STRENGTHS (MPa)

SERIES A B c
1 74.1 6.3 | 49.0

2 90.3 78.8 (| 59.7
3 69.8 63.4 \k\/ 52.5

4 89.8 [~79.6 .| 62.5

5 76.7 73.7 5.8
6 86.2 77.2 58.3

7 76.5 71.0 58.8

8 55.0 55.6 46.1

g | 96.6 81.2 61.3
10 85.7 71.2 52.9
11 99.2 83.2 64.1
12 62.5 57.4 \11.9
13 23.6 20.9 | 15.3
14 99.8 '89.4 64.5
15 91.8 77.7 64.1
16 80.3 | .71.2 54.5
17 . 89.5 75.5 62.0
18 102.7 94.1 66.5
19 | 83.9 71.0 54.7
c 76.4 61.5 40.1
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TABLE 5.3
MODULUS OF RUPTURE TENSILE STRENGTHS OF PASTES
PASTE' |  MODULUS OF RUPTURE (MPa) | FRACTION OF COMPRESSIVE
STRENGTH |
SERIES | A N A B C
1 12.5 10.5 | - 8.9 169 .158 182
2 13.5 11.6 8.3 .150 .147 .139
3 12.8 12.9 10.9 183 .203 208
4 8.2 | W3 14.1. 214 255 226 -
5 2.1 | 10.9 8.8 158 .148 .158"
6 13.4 | 11.4 10.2 155 148 175
7 13.4 11.8. 9.8 175 | .166 167
0.5 0.8 | 8.3 1191 .196 191
9 15.4 14.1° | 10.4 159 174 170
10 14.8 | 13.0 9.4 173 183 | .178
11 21.0 | 17.0 | 12.6 212 204 | 197
12 [/ 9.9 9.5 6.5 158 166 {55
13 6.1 .| 5.3 4.1 292 254 268
14 13.9 13.3 | 10.3 139 149 |, 160
15 16.8 .| 15.7 10.4 183 202 162
16 20.3 17.1 |. 12.6 253 - 240 231
17 14.1 11.4 10.3 .158 2151. .166
18 | - I -
19 | 1.3 | 133 | 100 170 187 | .183
c. | 3.7 3.2, | 2.8 048 | . .052 070
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chemical change noted from Table 3.2 was the reduction in sulphur content
from 1.83 to 0.53 per cent and this was not considered a major influenc-
ing factor on strength, for reasons given later in Section®5.5.3.

As shown in fab]e 5.3, the tensile to compressive strength ratios
for the contro]ﬂpastes (0/70/80) were only a fraction of the 60/20/20

paste ratios. |

5.4.2 Paste Density

The solid densities of the dried pastes obtained by methanol
disp]écement, are given in Table 5.4. The solid dnsities for most of é}?
the pastes obtained by helium comparison pycnometry are also given. The
close correépondence between the two methods was also found by Feldman
(1972).

Due to the smaller diameter of helium molecules, it might be
expected that solid densities obtained using helium would be higher than
those obtained by methanol displacement. However, as mentiong? in
Section 5:2.5, these densities were calculated using the solid volumes
obtained just after introduction of helium to the sample (after 2m, \
Feldman, 1972). Small pores, that helium did not fill "1nstantaneousl§”§\
were regarded .as part of the solid. As shown by Beaudoin and Feldman
(1978), helium, due to its small molecule, willcontinue to flow or
d1ffuse‘into very small and/or blocked pore space for periods of 48h )
or more. Therefore, helium wi]] eventually flow intq smaller pores taén

methanol, but helium "instantaneous" densities do not reflect this.

For example, the specific gravities after 50p helium inflow were found to

1)

-
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TABLE 5.4
SOLID DENSITIES OF DRIED PASTES USING METHANOL AND HELIUM AS FLUIDS

DENSITY BY METHANOL DISPLACEMENT DENSITY BY HELIUM DISPLACEMENT

PASTE (kg/m° x 10'3) (kg/m* x 1073)
SERIES A B c A B C
1 2,30 2.31 2.33 nd* nd nd
2 2.30 2.29 2.39 nd 2.33 nd
3 226 - 2.21 2.35 nd nd nd
4 2.24 2.21 ° 2.24 2.29 2.23 2.24
5 2.45 2.48 2.49 2.43 2.45 2.53
6 | 2.3 2.41 2.41 2.28 2.31 2.29
7 2.33 2.31 2.35 2.29 2.27 2.31
8 2.38 2.38 2,38 2.28 2.28 2.28
9 2.35 2.37 2.40 2.32 2.33 2.30
10 2.30 2.38 2.38 2.33 2.35 2.35
11 2.22 2.20 2.30 nd nd nd
2 .| 2.4 2.41 2.35 2.41 2.41 2.3
13 2.67  2.63 2.61 | 2.64 2.60 - 2.58
14 2.31 2.33 2.31 2.28 2.30 2026
15 - 2.21 2.26 2.28 nd nd nd
16 2.19 2.15 '2.16 nd nd nd
17 2.19 2.17 2.24 nd nd nd
18 2.33 2.39 2.46 2.3 2.33 2.37
19 2.3 2.3 2.40 2.37 2.3 2.3
C 2.44 2.38 2.42 2.31 . 2.31 2,29

*nd= not determined
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be 2.58 for Paste 7B, 2.77 for Paste 13B, 2.57 for Paste 18B, and 2.42
for Paste CB. However, the size of pore spaces filled by helium after
this inflow period would be much smaller than detectable by mercury
intrusion and could only be measured by adsorption techniques.

While inclusion of the densities obtained by helium displace-
ment in Table 5.4 was thought to be valuable as a confirmation of the
accuracy of values obtained by the methanol disp]aceméht technique
(which was also used to calculate the apparent porosities), only the
methanol displacement densities are referred to in subsequent discussion.

The average coefficient of variation for the methanol displace-
ment technique was found to 1.2 per cent. The differences between the
solid densities of the different pastes could either be attributable to
the type of hydration product formed or to tﬁe degree of hydration. In
this light, it is instructive to review the published specific gr;vities‘
of some of the common hydrated compounds, for example; llg tobermorite=
2.82 to 2.46, C-S-H(I). = 2.0 to 2.2, xonotlite‘="2:71, =CySH= 2.80
and €4S hydrate = 2.56. (Taylor, 1964). In general, the specific gravities
of the nydrated compongnts are less than those of the unreacted
faterials, which were given in Tables 3.2, 4.1 and 5.1.

As exhibited by the high densities of pastes containing slag’ ”
Number 13{ the devitrified slag, densities were onious]y affected by
the low degree of hydration. The influence of the degree of hydratioﬁ
on the paste solid densities is shown indirectly in Figure 5.3.

From discussions in Chapters 2 and 3, the glass content of slags was

thought to be the dominant factor influencing reactivity, and since
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2.7 ' . -
2.6 Equation 5.3 (pastes labelled -
6 and 8 were not included in
the regression)
2‘5 -y
AVERAGE SOLID
DENSITIES OF , , | i6 .
a8
PASTES
(kg/m3x10™3)
2.3} ;
R
2.2 1 a 4
a
2.1 F .
2.0 . A . .
0 20 40 60 80 100

GLX - SLAG GLASS CONTENT (per cent)

FIGURE 5.3: RELATIONSHIP BETWEEN AVERAGE SOLID DENSITIES OF DRIED
PASTES (BY METHANOL DISPLACEMENT) AND GLASS CONTENTS
(QXRD METHOD) OF THEIR CONSTITUENT SLAGS
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the paste binders contained 60 per cent slag, the slag glass contents
were used as a measure of the degree of hydration in Figure 5.3.

Linear regression analysis of the average paste densities with
the glass contents of their constituent slags resulted in the relation-
ship given by Equation 5.3.

Paste Density = 2.676 - 0.0046 (GLX) (5.3)

(R = -0.856, SE = #0.061)

The values for the pastes containing slags Number 6 and 8 were not
included in the regression. Both these slags from foreign sources had
much different chemical compositions than the others with higher alumina
and lower magnesia contents. Substitution of the GMAC glass contents for
the GLX values resultted in a similar tﬁg;d, with the correlation coeffi-
cient equal to -0.781. »

4

Therefore it was concluded that while the specific gravities of
the hydration products maybe an influencing factor on the observed paste
densities, the major factor appears to be the degree of hydration of

the pastes as controlled by the reactivity of the slag.
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5.4.3 Paste Porosity

The apparent porosities obtained by methanol displacement are

given in Table 5.5. The average coefficient of variation for the °

technique was found to be 2.4 per cent.

In the early part of this experimental program, it was found
that prolonged, moist storage of the autoclaved paste specimens,
between the time of strength testing and preparation for porasity
testing resulted in additional hydration reactions. This resulted in

abnormally low densiti?s and porosities due to these hydration products

! .
filling in and also blocking pore space. (A1l of these pastes were re-

made and re-tested.) Mercury intrusion porosimetry showed these re-

bR AT

hydrated pastes to have very fine pore size distributions (almost all

less than 0.009um diameter). This has only been mentioned since it was %
thought that this might be of interest for future research, as the very %
fine pore size distributions could be indicative of high meéﬁanical %?
strengths. | ?‘

The pore size distributions for some pastes were obtained by

g S AL
SN

Pe.b oL

N

mercury intrusion porosimetry and these are plotted in Figure 5.4.

exa 2

mart s

Except for paste 138, made from the devitrified slag, and the control

Toem
gt

paste, CB, it can be seen by the steep slopes at BOR that much of the

pore space is smaller than BOR in diameter. Therefore the generally

A RN E R

lower total porosity values obtained by mercury porosimetry are explained

:&Wﬁﬁ%&?’ BN BN g

by the ability of methanol to penetrate pores with diameters smaller

Sad

0
than 30A. Adsorption techniques-would nave to be employed to obtain

bt
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pore size distributions smaller than those obtainable by mercury intrusion.

a

7
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The coavse pores of the control paste, acting as Griffeth cracks, are

o,

| venr
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TABLE 5.5
PASTE POROSITIES

PASTE APPARENT PORGSITY (PER CENT)
SERIES A B ¢
1 28.5 31.2 40.4
2 27.0 29.7 140.0
3 25.5 29.7 40.6
4 26.3 29.1 38.5
5 30.1 35.5 43.6
6 27.9 33.6 | 40.9
7 26.6 30.4 39.5
8 30..9 33.9 39.9
9 27.6 2.1 40.5
10 27.7 3.3 41.1
11 26.2 27.4 37.3
12 33.4 36.6 42l1f'
13 39.9 42.2 48.3
14 28.3 | - 31.5 38.1
15 27.4 31.8 38.2
16 . 23.3 26.3 34.0
17 27.3 29.3 36.3
18 26.9 32.0 43.9
19 28.9 33.5 39.8
C 27.4 32.4 38.1
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. 413MPa ‘PRESSURE
(per cent)
1 ) 2B 31.72
a8 | 78 25.35 .
&’ 138 41.73: .
¢ | 188 21.80 .
o CB 26.88

0.005

0.003
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) 11ke]§‘resbonsib1e‘for its lower. tensile strengths.

The Tow. compréssive strength of baste 13B is reflected in it§
cogrse pore size distribution. Similarities can be seen with the distr-
ibution of the control éaste CB. These curves are almost identical
at pore diametefs smaller than‘O;Olum. The three pastes containing
quéached i]ags have very similar distributions and much smaller pore
size distributions than the control paste. ‘Due to the similarity in
distributions. between pastes 2B, 7B, and 18B, it is considered likely
that .the other pastes of 60/20/20 composition with W/C equal to
0.32 would be ggevsame. . ‘

. e

5.4.4 Strength-Porosity Relationships

It is well known that porosity has a major influence on
strength (Powers aﬁd Brownyard, 1948; Beaudoin ana Feldman, 1975;
Roy and Gouda, 1975), which was:- the reasen for m1x1ng each paste at
three water/cement ratios and hence three d&fferent poros1t1es The
porosity dgta in Table 5.5 indicates that the paste porosities at a .
;jngle water/éemeﬁt ratjo va}y over a fair?y'wide rangé., The?efore‘it
was decided, jn ordér to minimize porosity effects during subseque;£
analyses to determine whether strength development is depeﬁdent on
.élag properties, to ip;eépolate the stréhgths for egch set of pastes
to a cdnstant‘porosjty value. This was accomplished by combining '
the 6orosity va]qes with the 1ogérithm of the corresponding strength
values using 1ea§t squares, lingar regresgibn analysis to obtain .
Ytrength-porosity equations, as used by Beaudoin and Feldman (1975),
of o o - |
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w
[l

= SO exp (-m'p) or re-written as,

P )
(=}
w
w
1]

Tog So.+ mep : (5.4)
= strength

x
=
- (D
-
®
-

v
i

So= the potential strength at zero porosity
(Y intercept) |

» ,
p = porosity
m = slope of the line

The three poinE:hﬂine equation coefficients relatin§ porosity to com=
. pressive strength (fc) for each paste series are g1ven in Table 5.6.
a similar fashion, the modulus of rupture (MRY strength porosity equation

+

coefficients were calculated as.given in Table 5.7.

Al

The comparison of zero-porosity strengths (fcg, MRO) for each v
set of pastes was thought to be inapp}opriate since it has been shown s
. elsewhere (Fe]dman and Beaud01n, 1974; Roy and Gouda., 1%75) that the
linedr strength~poros1ty relationship, while valid over a\w1de range of
porosities, does not hold.true for porosities approaching zerp. Also,
inaccuracies in the data used to form the equations would be ﬁhgné?ied
by the extrapolation of strehgth values to zero porosity. Theré?ore a
porosity more typicéH of the autoclaved pastes, 30 per cent, was chosen
to provide strength Eompafisons at a constant porosity. These va]uesn
were obtained using the equations described and are also shown in

h

Tables 5.6 (fcqy) and 5.7 (MRg9) -

| EHREINBETRET L A PR AT g AW A R LT L UK gy AR e
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AND INTERPOLATED STRENGTH AT 30 PER CENT PORUSITY
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TABLE 5.6

M

g

PASTE fc0 h m* R fcyg
SERIES (MPa) (MPa)
! 195.2 |-0.01488 | -0.999 69.8
2 200.8 |-0.01324 | -0.992 | 0.5

3 111.2 | -0.00806 | -0.998 63.7

4 167.7 |-0.01246 | -0.994 | 79.4

5 165.6 | -0.01060 | -0.957 79.6

6 206.3 |-0.01323 | -0.985 82.7

7 132.0 |-0.00888 | -0.9999 | 71.5

8 109.§ -0.00924 | -0.927 57.8

9 262.4  |-0.01521 | -0.999 | 88.3

10 236.7 {-0.01565 | -0.992 80.3
11 28.8 |-0.014%0 | -0.951 81.7
12 310.1 | -0.02049 | -0.986 75.3
13 184.0 | -0.02237 | -0.9999 | 39.2
14 364.5 | -0.01966 | -0.997 93.7
15 225.1. |-0.01434 | -0.998 83.6
16. 184.5 |-0.01560 | -0.999 62.8
17 238.9 [-0.01628 | -0.964 | 77.6
18 211.8 | -0.01138 | -0.994 96.5
19 263.1 |-0.01710 | -0.999 | 80.8

c 414.0 |-0.02631 | -0.989 67.2

* using logarithms. to the base 10

I
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TABLE 5.7

MODULUS OF RUPTURE - POROSITY EQUATION COEFFICIENTS
AND INTERPOLATED STRENGTH AT 30 PER CENT POROSITY

PASTE MR, m* R MR
. SERIES (MPa) (MPa)
1 24.9 | -.01122 | -0.949 | 1L.5
2 3.9 | -.01566 | -0.994 11.8
3 7.6 | -.00504 | -0.951 | 12.4
4 43.4 | -.01247 | -0.93 | 18.3
5 .| 25.0 [-.01034 | -0.997 12.2
6 23.5 | -.00900 | -0.984 12.6
7 24.7 | -.01023 | -0.992 2.2
8 21.5 | -.00952 | -0.879 | 11.2
9 37.2 | -.01354 | -0.991 14.6
10 9.1 | -.01474 | -0.973 14.1
11 55.3 | -.01734-| -0.947 | 16.7
12 %6.2 | -.02198 | -0.960 | 12.3 !
13 38.0 | -.00200 | -0.996 9.5
14 3.0 | -.01381 | -0.982 13.5
15 62.0 | -.01991 | -0.959 15.7
16 55.1 | -.01894 | -0.996 14.9
17 29.6 | -.01284 | -0.872 12.2
18- e J . - . -
ey | 0.1 | -.00820 | -0.949 | 13.6
~ : .
c 7.5 | -.01129 | -0.998" | 3.4

* using 1qgér1‘thms to- the base‘ 10
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5.4.5 Non-Evéporab]e Water Content B
fﬁe non-evaporable water content determinations are given as per
cents of the ignited pastes in Table 5.8. Several pastes were checked
for CO, contents but the values obtained were found to be approximately
the same as the CO2 contents'expected fér the anhydrous binder materials.
Corfections for the CO2 contents of the binder materials were already
included in the calculation of Wn using Equation 4.5.
Also given in Tabje 5.8 are the non-evaporable water contents
of the pastes (expressed as fractions) divided by their water/cement

ratios (Wn/Wo*). This ratio was used by Powers and Brownyard (1948)

as a preliminary attempt to relate paste properties to strength as

‘éiven by Equation 5.5.

|

1948) or Mills' (1966) adaptation oF

fc = A(Wn/Wo) + B (5.5)
The rationale for using this relationship was that strength had
been observed to increase with both Wn and the inverse of Wo. In the

hydration of calcium silicates, Wn values are a reliable index of the

C-S-H cohtént; As shown in Section 5.5.4, W C) is a determininé
factor governing the paste porosities. Tﬁe Wn/Wo parameter is a conven-
ient method of evaluating the physical préperties of
lacks the rational basis.of'Powers' ‘ > .(Powérs and‘B}ownyard,
C parameter. The ratio Wn/Wo
hasithe merit of convenience whgn used as a basis for comparison ofi!
performance Qﬁ? even the gel/space ratio concépt has limitations at low

porosities (Rdy and Gouda, 1975). : :

' “* Wo was. the term adopted by Powers and Brownyard(1948) for the.-
water/cement ratio corrected for the effects of pleeding. In this work,
Wo was approximated by W/C.
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o

TABLE 5.8

. NON-EVAPORABLE WATER CONTENTS OF PASTES

PASTE ~Wn Wn/Wo
SERIES (per f\ent of iggite’d weigh{t;.) ) ( (Nn/C)é(w/C)‘ ) .
1 5.25 5.90 6.50 | .188 .184 .163
2 7.31 6.8 9.48 | .261 213237
3 5.04 6.15 7.16 | .180 192179
4 6.19 6.5 8.15 | .221 . 206 .204
5 | 856  9.20 8.76 | .306 288 .219
6. | ' 5.63  6.13 7.14 | .201 192 179
7 7.78  8.59 8. 39 .278 - .268 .210
8 4.88 5.40 ~ 6.27- | .174 170 157
9 6.13 7.06 7.00 | .219 221 177
10 " 6.15 7.07 7.85 |-.278 .221 .196
1] 7. 8.14 8.87 | .257 254 222
12 3.21 3.78 3.78 | .115 118 095
.13 1,91 2.57 2.35 | .068 .080 059
4 | 660 6.81 861 | .29 213 - 215
15 6.70 7.24 7.88 | .239 226 197
16 7.25 8.11 9.35 | .259 253 . .234.
17 | 785 8.60° . 9.33 | .280 269 .233
18 |7 785 7.9 8.94 | .270 249 224
19, 6.31 6.74 779 | .225 .2 .195
c 10.23 . 1141 11.82 " | -.365 w7 296
o | 9.53 10083 L1z |30 . 3% 278

* corrected for CH contents

as given in Section 5.\?.7-‘

/

-~
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[

Limitations to the use of this relationship are that a positive
" value of the coefficieﬁt B in Equation 5.5 implies either a finite
strength for Wn/Wo equal to zero (i.e. no hydration) and a negative value
for B implies negative'strength below a certain value of Wn/Wo. For

these reasons, Powers and Brownyard (1948{, who had found.a negative
value for B, later abandoned this approach.

However, inspi;e of these ]imitatioqs, it was thought.that it
would be of interest to evaluate the equation coefficients for the péstes
in this work for comparison to those of Powers and Bfownyard since théy
had concluded from tests of a sfng]e autociaved portland cement-quartz
paste that this relationship must change progreésive]y as the cﬁring
temperature wés raised. The Wn/Wo values obta1ned for the pastes in
this study were p]otted with compress1ve strength in Figure 5. 5 With
the exception of the cggtro1~ﬁaétes C which were found to contain CH
(Section 5.4.7), and the pastes contaiﬁing slag 12 (which are 1ape]1ed)
there appeared to be a linear relationship. Therefore, with'the
véxception of paste Seriés 19 and those previously méntioned, the remaining
51 values were used to develop thé 1inear“regression coefficients for
Equation 5.5. The s]ope A, was found to be 290.4 (significant to
0.001) while the value of the 1ntercept B, was not s1gn1f1cant1y
different than zero (B=7.7). The corre]atxon coeff1c1ent was 0.776 with
the standar& error of estimate equal to 12.3. v

This compares with values of the coeff1c1ents A = 235.8 and

B= -24 8 found by Powers and Brownyard (converted to MPa un1ts %or
\ ’ @ . AY

3 .
\ -

-



SR befeatiiee o PR < 0 S T )

e o T A DI I T e

Van

. 100
80

{

: 60
COMPRESSIVE \
STRENGTH (fc)

(Mﬁié)
20
0

170

SYMBOL | PASTE SERIES

0 A: W/C = 0.28
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Jn the regression) ,



171

pastes cd§;;<;t about 22°C. TLe‘s]ope of Equation 5.5 found in this
study Qas similar to that of Powers and Brownyard. The effect of auto-
clave curing, together with the effect of the binder composition,

was the,deveﬁopment of similar strengths at much lower Wn/Wo values
than those of portland cement cured at ambient temperatures. This

was not unexpected since the relatively well crystallized hydrates
formed in autocla!g curing, such as 11.32 tobermorite, contain much
1es§ structural (non-evaporable) water than the C-5-H formed

at ambient temperatures.

' \b-.—‘f
5.4.6 Unreacted Slag

The quantity of unreacted slag'which could nofégg\
directly, as described in Section 5.3.1; was est%mated~by difference.
The results are given in‘Table 5.14 and the discussion is include
in Section 5.4.10.

The crystalline fractions of the slag wﬁich were considered
non-reactive could be observed ty their peaks in XRD traces of the
pagtes. As further evidence of the inactivity of crystalline slag,
the intensity, of the 211 spacing of the crystalline melilite w;s
measured on XRD traces of the series 13 pasteﬁ and compared to the

‘ v/
intensities expected for the proportion of slag in the pastes. The
1]

results are given in Table 5.9.
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| TABLE.5.9
UNREACTED CRYSTALLINE MELILITE CONTENTS
PASTE TOTAL SLAG CRYSTALLINE CRYSTALLINE MELILITE
IN PASTE* MELILITE EXPECTED** DETECTED BY QXRD
(per cent) (per cent) (per cent)
13A 58.9 50.3 49.0
138 58.5 f‘ 50.0 49.1
13C 58.6 50.0 50.6

2 )
The differences between the observed and calculated (assuming

no reaction) quantities of crystalline melilite in the pastes were
certainly within the error of the technique and it was concluded that
crystalline melilite was inactive for the autogféve curing regime

adopted and that'hydration was only due to the portland cement and quartz

fractions.

5.4.7 Unreacted -Portland Cement and Calcium Hydroxide

Only very small quanfities of unreacted alite could be observed
in the XRD traces, making it difficult in many cases to distinguish
the small peaks from the background. The results are given in Table
5.10 a]ong with the fraction of bort1and cement reacted. This was
calculated by taking the difference between the original portland
cement content in the pa;té binder (correctedlfog;ype non«évaporab]e\\

water content of the paste) and the unreacted'quantity expressed as
; \

a fraction of the original portland cement content.

*Corrected for the ﬁon-evapdrable water contents of the paste.
**From Table 3.4, Slag 13 contained 85.4 per cent crystalline
melilite. - ' .

4
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TABLE 5.10

UNREACTED PORTLAND CEMENT CONTENT OF PASTES

PASTE UNREACTED PORTLAND CEMENT | FRACTION OF PORTLAND CEMENT
(PER CENT) REACTED

SERIES B A B c
1 4.7 1.4 0.9 753 - .926 .952
2 6.4 3.0 2.7 .657 .840 852
3 * 5.0 3.1 6.3 737 835 .662
4 6.2 3.1 3.0 671 .835 .838
5 * 4.3 3.7 4.5 .765 .795 .748
6 5.5 5.2 5.1 710 724 727

7 4.3 5.2 4.4 .768 .718 .762 ;

8* | 5.5 3.9 5.3 | 712 794 718

9 3.4 2.8 3.4 .820 850 818
10 * 6.0 5.6 2.9 677 .700 .844
11 * 5.0 2.9 4.1 732 .843 , 5ﬁ'.777
12 % 3.7 3.3 2.6 .809 .829w .865

13 4.7 8.2 4.8 761 .580 754 °

14 * 4.8 3.0 2.7 744 840 .853
15 * 5.8 7.4 3.7 | .691 ',,603 800
16 4.7 7.2 1.8 & 748 611 792
17 3.5 3.3 5.0 | .8l 821 727
18 %] 3.4 4.7 © 2.9 .817 746 842
19 5.0 - a1 4.2 .787 -.781 774
C 20.0 15.4 24.7 | .685 775 .605

* Indicates pastes
determined us1ng the 2. 602

&,I”f

'
'

XW

here the unreacted portland cement was
34.45 26) calibration fquation 5.1

§e
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It can be observed that in almost all cases at least 70 per cent
of the pért1and cement had reacted. Comparison of values for pastes
series 9 and 19 indicates a s]ight]y‘lower degree of reaction for the
Type 50 portland cement than for the normal portland cement. However,
this may not be significant since the portland cement cé]ibration
equations were based on intensities of the normal portland cement.
Calcium hydroxide (Cqﬁ\uas only detected in the-control pastes and the
quantities determiﬁgd were 2.9, 2.4 and 2.9 per cent for pastes CA,

CB and CC respectively.

5.4.8 Unreacted Silica Flour

The silica flour quantities determined using the methods
described in Section 5.3.4 are given in Table 5.11. The fraction of
reacted silica flour is also given and was deter&?ﬁZﬁ by the same
method as used~to calculate the fraction of reacted portland cement
in Section 5.4.7. JIt can be observed that in all the pastes containing
slag the majority of the silica flour remained unreacted. This is
contrasted with the control pastes, Series C, where abprOXimate]y 60 per
cent of the original 30 per cent content of si]ica,f]our~did react to
form hydration products. : -’

The reaéted fraction of silica flour in pastes containing thei
devitrified slag wds much higher than with the vitreous $lags. Therefore,
it appears'that the presenée of vitreous slag retarded the reaction of-
quartz. This is probably due to the reactive amorbh&us S]ag competing
with quartz for ther;alcium hydroxide liberated by the portland cement.
This agrees with the findings of Kondo and co-workers (1975).
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TABLE 5.11

UNREACTED SItICK FLOUR CONTENT OF PASTES

PASTE UNREACTED SILICA FLOUR FRACTION OF SILICA FLOUR

SERIES (PER GENT) ¢ REACgEP €
1 14.9%  14.3* 13.9¢ | .26 \ 243 259

2 14.8 15.2% 14.1 206  “lss .228

3 14.8%  13.6* 14.1% | 222 277 243

4 13.6 14.2 13.7% | .278 243 259

5 15.3*  15.2* 15.2* | 161 160 .150

6 14.6%  13.2 13.9% | .229 @300 .255

7 15.6+  15.0v  14.7 158 186 .203

15,5 13.9 14.2 187 267 245

9 15.2%  14.6* 14.8 | -.192 216 208

10 13.1 14.5 14.5% | .305 224 218

11 | 162 143 13,6% | ".125 221 282

12 15.2* 13.8 14.6 .217 .284 .242

'13 10.6%  10.5 11.3 460 462 422

14 13.6*  13.5 14.0 275 219 240

15 14.0 14,7 12.7 253 211 315

16 13.7 14.5% 13.2 265 . .216 .278
7 3.3 1.8 1.9% | .283 359 .185

18 4.0+ 14.4% 16,1 | .250 255 .232

19 14.8 14.3* 14.5 213 235 .219

C 9.1 10.8 - 10.2 ' .666 .599 .620

* Indicates values ob,ta‘lnedj- by extraction
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5.4.9 C-S-H Contents

The quantities of C-S-H using the average values determined by
the 3.078 (Equation 4.9) and 2.97R (Equation 4.10) calibration curves
are given in fab]e 5.12. The average difference in C-S-H contents
determined by each of t;e two calibration equations was 1.1 per cent
for the 60 pastes. Also given is @pe degree of crystallinity (Yr)
for the 0.32 water/céﬁent ratio (se;}es B) pastes as determined by the
empirically derived expression developed by Hara and Midgley (1980)
which was giben in Equation 4.12. The quantities of C-S-H corrected
\ for the influence of crystallinity, are given in Table 5.13. The
\assumption was made éhat the crystallinity ofs the C-S-H did not vary
with the water cement ratio.

Corresponding to the trend found for non-evaporable water contents,
the aﬁbunt of C-S-H increased with 1ncreasingﬁwater/cewent ratios in
most cases. The amount of C-S-H determined For the set of control
pastes was lower than all pastes containing slag. The discrepancy
between this and their high non-evaporable contents is due to the
presence of calcium hydroxidé found in the control pastes. The sufp-
risingly high C-S-H contents of the Number 13 set of pastes (made with
the devitrified slag), are attributed to a higher deéree of reaction
between the portland cement and silica flour cémponents alone, when
the slag was not reactive. This was shown by the low, unreacted silica
contents for these pastés, given previously in Table 5.11, and by the
uniquely high crystallinity index (Yr = 45.2 per cent) for these
hydrates. Pas£e Series 19, which contained the Tvpe 50 portland cement,
had lower C-S-H contents than Series 9, Thig may responsible for the lower

strengths of Series 19.
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N
TABLE 5.12

UNCORRECTED C-S-H CONTENTS AND CRYSTALLINITY INDEX

PASTE AVERAGED C-S-H CONTENTS CRYSTALLINITY
FROM EQUATIONS 4.9 AND 4.10 INDEX-Yr
(per cent) (per cent
SERIES A B B

1 6.2 6.4 10. 8.9

2 8.6 9.3 12. 15.7

3 5.3 8.5 13. 27.5 ;

4 8.7 11.4 14. 11.0 i

5 6.2 8.8 10. 20.2 ?
| 6 11.0 13.8 17. 12.8 |
| 7 7.1 9.3 9. 18.4 g

8 9.7 9.3 13. 15.5

9 10.1 10.0 14. 16.6 |

10 12.3 19.9 22, 13.1

11 8.7 10.4 15, 11.8

12 12.5 12.7 14. 23.5

13 11.5 12.9 14. 45.2

14 9.2 12.6 14, 7.7

15 7.6 10.0 12. 19.7

16 12.3 10.6 14, 10.9

17 12.5 8.3 8. 10.1

18 6.6 8.4 8. 17.4

19 7.2 8.4 10. 26.5

C 4.7 5.4 8. 11.1
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TABLE 5.13

Ea

C-S-H CONTENTS OF PASTES, COR§%CTED\FOR CRYSTALLINITY

PASTE CSHc (Weight per cent)
SERIES | A B c
1 16.1 16.6 28.1
2 22.4 24.2 32.5
3 13.0 20.8 33.8
4 22.6 29.6 %.7 |
5 16.1 22.8 26.0
6 28.6 35.9 4.3
18.5 24.2 25.0
8 25.2 24,2 4.1
9 26.3 26.0 38.2 1
10 32.0 51.7 58.8 !
11 22.6 27.0 39.8
12 31.6 32.1 7.2
13 24,1 27.0 0.4
14 23.9 32.8 37.2
15 19.8 26.0 31.7
16 32.0 27.6 36.7
17 32.5 21.6 21.3
18 17.2 21.8 23.1
19 17.8 20.7 26.2
c | 1z2.2* 14.0% 21.1*

*Not including amorphous C-S-H '
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Feldman and Beaudoin (1976) concluded that at high porosities,
the bonding, and consequently the strength, of well-crystallized
material was poor in comparison to poorly-crystallized m&teria] of the
same porosity. If Pastes 13A and Zp are cbmpaéed, Paste 13A had the
same porosity, 60 per cent less strength and its. C-S-H was 2.9 times
as crystalline as Paste 2A. The higher degree of crystallization of
the C-S-H found in the Number 13 pastes could also be explained by the
Tower molar C/S ratio of the reactive components, portland cement
and quartz. (Chan and Mitsﬁda, 1978). The C/S ratio would be about
0.57 compared with 0.86 for the total slag portland cement- silica
content of the other pastes.

The crystallinity indices (Yr) for the other pastes, including
the controls, are much-lower, between 7.7 and 23.5 per cent. Par;]y
due to the high crystallinity value for the pastes containing devitr-
ified slag there is strong inverse realtionship between the glass con-
tent of the stag used (by QXRD) and Yr, as shown by Equation 5.6.

Yr = 45,5 - 0.3655 (Glass - GLX) . (5.6)

(R= 0.872, S.E. = +4.4)

The amorphous C-S-H contents of the control pastes, estimated
by difference, were 55.9, 57.4 and 41.1 per cent for pastes CA, CB and

CC respectively.
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5.4.10 Summation of Phase Quantities ‘ -

The quantities determined for the C-S-H, unreacted portland
cement and unreacted silica flour contents of each pasfé were summed,
and the differenceé from one hundred per cent were calculated. These
differences, given in Table 5.14, were mainly attributable to the un-
reacted slag contents of the pastes which could not be determined.
However, from the maximum unreacted slag content values (assuming no
reaction), which are also given in Table 5.14, it was observed that
’?or 27 of the 57 pastes, unreacted slag could not aécount for the
differences. While this may be due to cumulated errors from the det-
ermination§ of the other phase quantities, it is more likely due to
undetected amorphous C-S-H. The maximum difference unaccounted for was
11.0 per cent, which showed that even a relatively small quantity of
amorphous C-S-H could be responsible for these differences.

Amorphous C-S-H was detected qualitatively in the control pastes
by the amorphous hump in their XRD patterns and this was assumed to
account for the large differences as discussed in Section 4.4.6.2.
Amorphous humps were also noted in the XRD patterns of paste series 13,
Which must have been due to the presence of amorphous C-S-H since
Slag 13 was devitrified.

In conclusion, ﬁﬁe estimation of the quantity of unreacted slag
by difference, after otﬁer phase quantities were calculated, was not

satisfactory, likely due to the presence of amorphous C-S-H.
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TABLE 5.14

UNDETERMINED PASTE CONTENTS AND MAXIMUM
POSSIBLE UNREACTED SLAG CONTENT

PASTE | DIFFERENCE FROM QUANTIFIED SLAG CONTENT ASSUMING NONE
PHASES (Weight per centY REACTED* (Weight per cent)
SERIES A B c A B c
1 64.3 67.7 57.1 57.0  56.7  56.3
2 56. 4 57.6 50.7 55.9 56.2  54.8
3 67.2 62.5 16.0 57.1  56.5  56.0
4 57.5 53.1 47.4 56.5  56.3  55.5
.5 64.5 58. 3 54.3 55.3  54.2  55.2
6 51.3 45.7 34.7 56.8  56.5  56.0
7 61.6 55.6 55,9 55.7  55.3" 55.4
8 53.8 58.0 46.4 57.2 56.9 ‘*ssfgb
9 55,1 56.6 43.6 56.5  56.0  56.0
10 48.9 38.2 29.8 55.7  56.0  55.6
11 56.2 5.8 42.5 56.0  55.5  55.1
12 49.5 50.8 45.6 58.1  57.8° 57.8
13 60.6 55.5 .  53.5 58.9  58.5  58.6
14 57.7 50.7 46.1 56.2  56.2  55.2
15 60.4 51.9 51.9 56.2  56.0  55.6
16 49 .6 50.7 46.3 5.9  55.5  54.9
17 50.7 63.3 58.8 5.6  55.2  54.9
18 65.4 59.1 59.9 55.8  55.5  55.1
19 62.4 60.9 55.1 56.4  56.2  55.7
c 55.8 52.4 1.1 0 0 0
*Calculation = 60 per cent slag in bindgr / (1 + Wn/C)

£
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»

5.4.11 Scanning Electron Microscopy R

A limited SEM study of the autoclaved pastes was conducted.‘

Paste 1 B was examined and a massive, dense hydrate structure
with no distiﬁguishing features was generally observed as shown around
the unreacted sericite particle 1\ Figure 5.6. The sericite was iden-
tified using EDXRA which showed no calcium content but substantial
aluminum, potassium and silica contents as indicated. Figure 5.7 of
the same paste sample shows the same massive C-S-H background but
with an acicular hydraté contéining mainly c¢atcium-and aluminum. The
_appearance in similar to ettringite (é3A 3CS © H31) but any sulphur
peak was obscured by the gold peak (from sample preparation) in the
EDXRA analysis. ‘

Paste 186'was also examined as shown in Figures 5.8 to 5.10.
A1l three micrographs show unreacted grains of 62M52 suréounded
by_hydra?e shells containing Ca0, MgO and Si0p. The’hydrates might be
of the form C-M-S-H or separated into C-S-H and M-S-H as reported by
Kriiger (1976). The hydrates, as is typical in the high vacuum re-
quired for SEM operation, have been dessicated and have pulled away
from the unreacted grdins. In Figure 5.10, which is a magnified
section of Figure 5.9, small white'partic]es of possibly Hydration
products can be observed in surface pits on the unhydrated grain. The

micrographs show that the CZMS glass has reacted and estimation by

2
area measurement indicates that about 0.35 to 0.40 of the grains have
reacted. While this measurement is very crude, it is at least an indic-

ation of the amount of slag reaction.

D
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EDXRA ELEMENTAL COUNT RATIOS
SYMBOL]  ELEMENT .
L ca - Si Al K

a -~ 1.00 0.62 0.52
A —- 1.00 0357 0.45
~ o |1.68 1.00 ~--  --
\ ™
\\\\_ FICURE 5.6: UNREACTED SERICITE PARTICLE -EMBEDDED :
. IN A NASSIVE C-S-H STRUCTURE
- A , >
L
RS '
e

EDXRA ELEMENTAL COUNT RATIOQS

SYMBOL ELEMENT
Ca Si Al S

o & 3.82 -- 1.00 ?

Ettringitel4.46 -- 1.00 0.59

A 11.09 1.0 > 92

FIGURE 5.7: ACICULAR HYDRATES ON TOP OF MASSIVE
C-S-H STRUCTURE




EDXRA ELEMENTAL COUNT RATIOS
SYMBOL ELEMENT
Ca. Si Mg

a 1.11 1.00 0.09
4~. 10.43 1.00 0.33

o 0.35 1.00 0.30

FIGURE 5.8: UNREACTED MELILITE
PARTICLE SURROUNDED BY HYDRATE SHELL

EDXRA ELEMENTAL COUNT RATIOS
SYMBOL ELEMENT
Ca Si Mg

s 1.00 1.00 0.11
A 0.32 1.00 0.28

FIGURE 5.9: UNREACTED MELILITE
PARTICLE SURROUNDED BY HYDRATE SHELL

FIGURE 5.10: MAGNIFIED SECTION OF
FIGURE 5.9
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5.5 REGRESSION ANALYSIS OF SLAG VARIABLES WITH HYDRAULICITY
5.5.1 General : <
While hydraulic potential can be measured by sevefa] paramgters,
strength development is the parameter of most interest to engineers
and is used in this work in most instances. Hydration parameters,.such
as the‘quantity pf’C—S—H found, the fraction- of binder materials reacted,
orlthe non-evaporable water contents could alternately be used to
evaluate the hydraulic Potential of slags.
The multiple 1ipear regression analyses of slag parameters
with hydraulic potential indices were performéd on the CDC6400 computer
using the Statistical Package for the Social Sciences (SPSS). As well
as providing the regressio; coeffiéients and correlation coefficients
for each regression, the level of significance of each coefficient
(F significance test) and the standard error of estimate for the equation
were calculated. The .05 or 5 per cent tevel of significance, a
commonly used limit, was used to accept or reject variables in the )
regression analyses.

o

/,5:5.2 Slag Glass Content
Linear Féb}ession analy$es showed slag glass content to be a
significant factor contributing to strength development. The correl-
ation coefficients obtained for several methods of glass content
determination are given in Table 5.15. As can be observed, the glass

contents determined by GLX, GAH, GMAC and GMAC + M all have approxim-

ately the same degree of correlation to strengths. The correlation
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TABLE 5.15

CORRELATION COEFFICIENTS OF GLASS CONTENTS WITH STRENGTH

GLASS COMPRESSIVE STRENGTH LEVEL (18 SLAGS)
CONTENT
METHOD fcA fcB feC fegg
GLX 0.681 0.723 0.760 0.533
GAH 0.677 0.715 0.765 0.506
GMAC 0.665 0.713 0.759 0.503 |
GMAC + M 0.625 0.668 0.742 0.438% |
GLASS MODULUS OF RUPTURE (17 SLAGS -NO VALUE FOR PASTE 18)
| CONTENT ;
i METHOD MRA { MRB MRC MR 30 |
| 6LX 0.663 0.670 0.776 0.547
GAH 0.754 0.714 0.779 0.608
GMAC 0.662 0.728 0.779 0.570
. GMAC + M 0.613 0.658 0.749 0.434 |
| 14 SLAGS - PASTES NUMBER 1, 12, 15 AND 18 REMOVED TO ELIMINATE
‘ EFFECTS OF EXTREME VALUES OF FINENESS OF GRINDING
|
GLASS COMPRESSIVE STRENGTH
CONTENT
METHOD fech fcB feC feqy
GLX 0.702 0.750 0.805 0.549
GAH 0.661 0.702 0.757 0.510 ;
GMAC 0.656 0.711 0.766 0.491 |
GMAC + M 0.632 0.685 0.775 0.452%
J

* Only significant at the 0.10 level.

- o
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coefficients for the GSA, &PV and GUV-N glass content values, determined
in Chapter 3, are not~giz§2§§ﬁﬁ€€/there were no significant correlations
with strength. Thereforé, only the glass content methods which had
significant correlatﬁons with the QXRD standard method (GLX) were re-
lated to strength déVe]opment.

The best correlations were found for compressive strengths
of pastes with W/C equal to 0.40 (fcC) while the poorest correlation
was found for the strengths interpolatéd to a constant porosity of
30 per cent (fc30).

The correlations between glass Eontents and modulus of
rupture strengths were not as good, partially due to the larger
coefficient of variations for these tests as mentioned in Section 5.4.1.

As also shown in Table 5.15, the removal of pastes containing
slags having Blajne finenésses outside of the range 401 + 9 m2/kg
(Slags Number }, 12, 15 and 18), had no significant effect on the
correlation of glass contents with strengths, except for a slight
improvement using GLX values.

It should be noted that in all regression analyses Qf glass
contents with strengths, the devitrified slag, Number 13, had a large
effect on the correlation coefficients, owing to the relatively narrow
range of glass contents for most of the other seventeen slags. However,had
more slags with re]ativé]y Tow glass contents been available for study,

the trends observed would almost cer;ain]y have been the same.
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5.5.3 Glass Content and Chemical Composition'

Many standard specifications for s]ébs specify minimum values
of chem%ca] oxide %odu]i as methods of quality control and several
other composition moduli have been developed as indices of slag
reactivity. Se&%ral of these moduli were given in Sectipﬁ~§?§{3.
For example, West Germany's DIN1164 :1967 standard aﬁ?’Canada‘s
CSA-A363 M77 preliminary standard both contdin the composyyional
requirement given previously oy Equation 2.5. J >

M6 = (C+M+A) /S > 1.0 (2.6)

Therefore as a preliminary analysis, slags with similar (C + M
+ A) / S oxide ratios were evaluated to'see if the strength-glass contént
relationships discussed in Section 5.5.2 would be improved. It was
found as shown in Table 3.2 that nine slags, Numbers 1,2,9,10,11,13,
14,15 and 17, had oxide ratios of 1.605 & @J}3S. Using only these N
slags, the correlation coefficients of the compressive strength-gléss
content relationships were much better than those given in Table 5.15.
In Table 5.16, the regression coefficients are given for equations
of the form:

fc (MPa) = A(Glass Content) + B +(5.7)

The best correlation coefficients were obtained using the -
McMaster individual particle analysis glass values, GMAC. Thg _
improved correlations between strength and glass content for slags
with a constant value of this chemical oxide modulus indicated that

chemical composition was also an influencing factor. As a second step

in the analyses, the published composition moduli given preQious]y
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TABLE 5.16
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REGRESSION COEFFICIENTS FOR EQUATION 5.7 FROM REGRESSION

OF NINE SLAGS WITH CONSTANT (C+M+A)/S OXIDE RATIOS

PASTE EQUATION COEFFICIENTS
STRENGTH - )
EVALUATED A B R SE
(a) Glass Content by GLX:
fcA 0.848 21.4* 0.912 10.4
fcB 0.727 18.4% ©0.922 8.3
fcC 0.566 13.4* 0.918 6.7
fegg 0.530. 38.5 0.861 8.5
(b) Glass Content by GMAC:
fcA - 0.891 22.9 0.970 6.2
fcB 0.762 19.9 0.978 4.5
fcC | 0.582 15.3 0.955 5.0
fc30 0.579 3?.9 . 0.953 5.1
(c) Glass Content by GAH: )
fcA 13.34 21.3 0.951 7.9
- fcB 11.16 19.6 0.938 7.5
feC 8.90 13.3 0.957 4.9
fc30 8.11 39.4 0.874 8.2

* Only significant at the .10 level
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in Equations 2.1 to 2.12 (ml to M12) were evaluated with respect to
relationships with compressive strength. Individually none of these
moduli or groups of oxides showed any significant correlation with
strength, even when éhe devitrified slag, Number 13, was removed from
the regression analyses. Most of the moduli were developed assuming
complete vitrification but in industrially quenched slags, complete
vitrification 1skse1dom achieved as exemplified by the results given

in Table 3.3. Therefore, -in agreement with Kriiger (1976), it was
concluded that the glass content must be taken into account when
assessing the hydraulic potential of industrial slags using compositional
moduli,
\ The moduli based solely on chemical composition, Ml to M12,
were then evaluated together with slag glass contents in mg1tip1e
regression analyses with compressive strengths. The McMaster individ-
ual particle analysis (GMAé) glass values were used since better
correlation coefficients were obtained then with the other methods,

as shown in Table 5.15. Of the twelve moduli, only M3 and M5 were
found to contribute significantly to the correlation with strengths.
The correlation coefficients are given in Table 5.17. The correlation
coefficient for Modulus M13,which included glass content and M5, is

also given as wel] as for GMAC alone.
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TABLE 5.17
CORRELATION COEFFICIENTS FOR MODULI AND GLASS CONTENT

0.713}0.759
l

VARIABLES ; STRENGTH LEVEL

. fcA fcB 1 fcC feqg
ghaC, M3 E 0.852 | 0.914 T0.891 10.834
GMAC, NS 0.784| 0.858 0.875 | 0.750
M13(GMAC included) | 0.785 | 0.842 0.864 | 0.778
GMAC 0.665 0.503

[t was interesting to note that the modulus M6 was not significant in

this analysis even though the glass content-strength relation was

shown previously to be improved by maintaining a constant value o%\

this modulus.

Combining the product of GMAC and M5 values together with

GMAC values yielded equations similar to the modulus M12 developed

by Parker and Nurse and the coeffigients are given in Table 5.18 for

an equation of the form:

fc (MPa) = A(GMAC)- (M5 -B) + C (5.8)
TABLE 5.18
COEFFICIENTS FOR EQUATION 5.8
STRENGTH A B c R | sE
LEVEL | |
fcA oz 0.911 26.0 0.804 é 12.2
fcB 1.9 0.91 % 22.9 0.863 ; 8.6
fcC - % 1.32 0.57 | 175 ¢ 0.872 % 6.3
fcyg 2.06 1.02 42.4 . 0.778 [ 9.2 |
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While the regression coefficients in Table 5.18 were slightly better
than the coefficients given Table 5.17 for M13 and GMAC with M5 in
most cases, the best correlation coefficients were for GMAC combined
with modulus M3 ( (C + M) / (S + A) ).

As the next step in the analysis, it was decided to leave the
published compositional moduli and evaluate the effect of individual
oxide contents of the slags (Table 3.2) in combination with glass
contents oq‘strength development.  From these multiple regression
analyses, the best correlations found for all strength levels, with
coefficients which were significant to at least the 5 per cent (or 0.05)
level, were for the glass, Mg0 and Ca0 contents as shown in TaB]e
5.19 for equations of the form:

fc (MPa) = A(Glass Content) + B(Mg0) + C(Ca0) + D (5.9)
In individual cases for a particular glass content method or strength
level, the inclusion of some minor components such as Ko0, Mn, Fe and
S significantly improved the correlation coefficients. However,
since these compgnents were not significant in all cases, they are not
included in the results.

Of the glass content determinations evaluated in Equation 5.9,
the best correlations with compressive strengths at each water/cement
ratio were for the McMaster-GMAC glass values and the calculated
strengths usiqg the GMAC values are plotted against actual strengths
in Figures 5.11 and 5.14. The correlation with constant porosity
strength values was not as good as wiph the strength values at each

W/C. The correlations with the modulus of rupture values are not given
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TABLE 5.19
REGRESSION EQUATION COEFFICIENTS FOR EQUATION 5.9
(FOR PASTE SERIES 1 TO 18)

GLASS EQUATION COEFFICIENTS !
CONTENT ;
METHOD A B C D R SE E

i (a) Compressive Strengths at W/C = 0.28 (fcA) !
! GLX 0.491 6.656 5.381 -239.6 0.885 9. ;
GAH 7.067  6.173  4.787  -216.5  0.895 9.5
GMAC 0.504 6.811 6.655 -290.3 0.907 9. E
GMACFM| 0.648 6.521 7.240 -328.6 0.877 10.
(b) Compressive Strengths at W/C = 0.32 (fcB)
GLX 0.447 5.226 4.885 -210.6 0.909 7.
GAH 6.290 5.519 4.375 -190.4 0.912 7.
GMAC 0.467 5.345 6.049 -257.3 0.940 6.
GMAC+M 0.610 5.048 6.605 -293.9 0.911 7.
(c) Compressive Strengths at W/C = 0.40 (fcC)

GLX 0.371 3.203 2.661 -112.4 0.878 6.

GAH 5.348 3.422 2.211*  -94.9* - 0.893 6.

GMAC 0.381 3.320 3.624 -150.7 ) 0.909 5.

GMAC+M 0.526 3.002 4.116 -183.8 0.898 5.

(d) Compressive Strengths at Constant Poyosity (fc30)

GLX 0.245 4.874 5.333 -212.4 0.837 8.

GAH 3.186 5.083 5.312 -202.8 0.826 8.

"GMAC ‘ 0.266 4.910 6.178 -238.7 0.858 7.

GMACHM 0.320 4.814 6.456 -256.4 0.831 8.

*Only significant to the 0.74 level
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since the correlations were not as good and in many cases the equation
coefficients were not significant. While the inclusion of most of the
published slag composition moduli with glass contents in the regression
analyses did not significantly improve the correlations with strength,
and none of the remaining moduli provided as good as correlations given
by the Ca0 and Mg0 oxide contents, it should be noted that none of these
moduli were developed for evaluating autoclave hydraulicity. Since the
high temperature used in autoclaving is a powerful activator in itself,
enabling the reaction of quartz, it can not be automatically assumed
that the effects of changes in slag composition would have similar
effects on hydraulicity to those reported for ambient temperature
curing.

However, from the fact that neither oxide contents nor compos-
jtional moduli were significantly related to strength development
without glass content values being included, it was conclgdeg that
slag chemical composition was only of secondary influence TH comparison

to the degree of vitrification achieved.
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5.5.4 Blaine Fineness

Regression analysis with all 18 slags did not show fineness to
be significantly related to strength, with correlation coefficients
only ranging from 0.21 to 0.36. In multiple regression analysis with
glass and chemical contents, the Blaine fineness wés not a significant
parameter. .

Therefore, the effect of variable slag fineness was checked
indirectly by removing the pastes made with slags Number 1, 12,15 and
18 from the regression analyses used in developing Equation 5.9. The
fourteen slags used in the preparation of the remaining pastes had’
relatively constant Blaine finenesses of 402 = 9 mz/kg. The regression
coefficients are given in Table 5.20. From comparison of Tabieﬁ 5.19
and 5,20, it can be observed that keeping the fineness of the slags
constant slightly improved the correlation coefficients in each case,
especially when GLX values were used as the measure of glass content.

Siags 9, 12 and 15, originally from the same sample and ground
to different finenesses 6@01, 285 and 493 mz/kg respectively) were
analysed for strength-fineness relationships but due to the fact that
there were only three slags in the regression, the equation coefficients

’were not significant at the 0.05 level even though strong correlation
coefficients were obtained (R values ranged from 0.68 to 0.94 for the
indiyidual strength values).From comparison of compressive strength
results for paste series 9 and 15 in Table 5.2, it can be observed

that there is little benefit derived firom grinding to Blaine finenesses

greater than 400 mz/kg. This was a]sd found to be the case with comm-

ercially produced slag cemént used in concrete cured at ambient
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TABLE 5.20

>

REGRESSTON EQUATION COEFFICIENTS FOR EbUATION 5.9 FOR SLAGS
OF THE SAME BLAINE FINENESS (SLAGS 1,12,15 and 18, removed)

GLASS EQUATION COEFFICIENTS
CONTENT .
METHOD A B C D R SE
(a) Compressive Strengths at W/C = 0.28 (fcA)
GLX 0.491 8.010 6.027 -277.3 0.917 9.2
GAH  |6.543  7.961 5.364  -245.9 0.895  10.3
GMAC 0.498 8.443 7.684 -346.0 0.929 8.5
GMAC+M | 0.644 8.006 8.036 -373.3 0.901 10.0
(b) Compressive strengths at W/C = 0.32 (fcB)
GLX 0.448 5.787 5.021 -220.7 0.920 7.4
GAH 6.083 5.713 4,387 -191.2 0.899 8.3
GMAC 0.462 6.162 6.544 -284.2 0.942 6.4
GMAC+M | 0.616 5.712 6.897 -311.6 0.919% 7.5
(c) Compressive Strengths at W/C = 0.40 (fcC)
GLX 0.372 3.913 . 2.899 -128.0 . 0.930 5.2
GAH 4.979 3.870 2.390**  -104.1** 0.899 6.2
GMAC 0.373 4.251 4.149 -179.7 0.942 4.8
GMAC+M | 0.523 3.818 4.476 -205.0 0.941 4.8
(d) Compressive Strengths at Constant Porosity (fc30)x
GLX 0.255 5.299 5.882 -231.3 0.834 8.9
GAH | 3.260%  5.310 5.573  -216.1 0.813 9.4
GMAC 0.275 5.484 6.765 -268.7 0.855 8.3
GMAC+M | 0. 352 5.2561 6.954 -283.2 0.835 8.9

*;Only significant at .071 level

** Only significant at .107 level
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temperatures (Warren, 1977). Hawthorn and co-workers (1980) also
found that for pastes containing 80 per cent ‘slag, increasing the slag
fineness from 350 to 600 mz/kg only improved strength development at
eérly ages. On the other hand, the more coarsely ground slag, Number
12, did result in higher porosities and lower strengths at each water/
cement ratio. The average reduction in strength compared to slag 9
was 32 per cent, which was approximatg]y equivalent to the 29 per cent
" reduction in fineness.

Therefore, in the industrial application study using partialily
ground slag which was mentioned in Sectign 4.5, the reactivity of the
minus 75um particles (slag 12) would have resulted in a similar reduction
in strength compared to the commercially available, 400 m2/kg fineness
slag cement. However the economicfsavings obtained using the partially

ground slag process would have more than compensated for this,

5.5.5 Mineralogical Composition .

The composition of slag glass, with respect to its position along
the melilite solid solution series, was found by Akatsu and co-workers
(1978) to have a pronounced effect on strength development at ambient
cyring temperatures. The meli]i£e composition is obviously influenced by
the chemical composition, but Regourd and co-workers (1980), while not
finding chemical moduli of much value, concluded that the reactivity
of slag was influenced by its g]a%s content, the composition of the

melilite solid solution (based on heasuremeuts of the melilite lattice

parameters of the devitrified slags) and the amount of crystalline

e

o'(’;;;s
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merwinite.

In this work, simple observation of the low strengths developed
using the low magnesia (hence low C2M52) slag Number 8 and the high
strengths of the high magnesia, high CZMS2 slag Number 18, indicated
that the melilite composition of the glass might be an important
parame ter.

Therefore, it was decided to evaluate the slag glass, equalibrium
melilite composition, and crystalline merwinite contents with respect
to strength development. The crystalline merwinite content of each
slag was expregsed as a rat1o to the crystalline melilite content.
(Xmerw/Xmel). This ratio was also used by Budnikov and Gorskov (1964)
to alter the reactivity of slags. The compositions of the melilites
in the devitrified slags (all eighteen devitrified slags were composed
of at least 90 per cent melilite) were calculated using the meEhod of
Ervin and Osborn (1949). This method consisted of measurement of the
d-spacings for ten selected melilite peaks which were found to vary
linearly with the composition of the melilite. An estimate of the
percentage of akermanite was then determined for each spacing and the
results averaged (designated Aker): The akerminite content of the
melilites were found to range from 25 per ceﬁt for slag Number 8 to 75
per cent for slag Number 18. (The akermanite content of siag 18,
estimated by its chemical composition, was 96 per cent. Therefore,
the values obtained by the Ervin and Osborn method may be somewhat low.)

The regression coefficients for these variables are given in
Table 5.21 for equations of the form,

fc (MPa) =-A(glass) + B(Aker) + C(Xmerw/Xmel) + D (5.10)
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TABLE 5.21

STRENGTH EQUATION COEFFICIENTS
LEVEL
LEVEL A B C D R SE
(a) For GLX glass contents: )
fcA 0.595 0.82 5.04 -13.5* 0.825 12.0
fcB 0.528 0.62 4.17 - 5.9% 0.845 9.5
fcC 0.419 0.33 2.82%* 2.4% 0.836 7.3
fc30 0.320 0.62 4.01 14.3* 0.738 10.1
(b) For GMAC glass contents:
fcA 0.610 0.80 7.05 -13.5% 0.857 10.9
fcB 0.547 0.60 5.97 - 6.4*% 0.886 8.2
fcC 0.438 0.32 4.25 1.7* 0.889 6.1
fcap 0.328 0.62 5.10 | 14.3* 0.758 9.8
(c) For GMAC + M glass contents:
fchA 0.783 0.78 7.17 -34.7* 0.825 12.0
fcB 0.700 0.58 6.07 -25.3% 0.850 9.3
fcC 0.588 0.30 4, 37%* -15.7* 0.879 6.3
feqg 0.391 0.61 5.11 - 54.% 0.715 10.5
(d) For GAH glass contents:
ATl The coefficiernts were not significant at the 0.05 level

"*The D (fc-intercept) coefficients were not significantly

different than zero.

**Significant at the 0.10 level
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While the coefficients were significant, except for D, the correlation
coefficients wére not as good as those developed using Equation.5.9
(glass, Mg0 and Ca0 contentéhas variables). The posiéive values of the
A, B and C coefficient values indicate that increasing glass contents,
akermanite contents (in the melilite solid solution) and ratios of
crystalline merwinite to me]i]ite are beneficial to strength develop-~
ment. Increased akermanite contents are indicative of higher Mg0
contents, and the presence of merwinite is indicative of incréased

Ca0 contents (C3M52 compared to CoMS,), so the results aré in ?greemént

with those given by the coefficients for Equation 5.9. .
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&
5.5.6 Discussion

0of all Fhe analyses of slag properties with strength, the
glass contents gombined with Ca0 and Mg0 contents of the slags provided
the best correlations (Equation 5.9). However, as .can be seen by tﬁe
scatter of predicted strengths with actual strengths in Figures 5.11 to
5.14, this relationship would not likely be accurate enough to use for
predictive purposes, especially when comparing well vitrified slags.

It appears then that, while evaluation of the physical and
chemical properties of slags cénlprovide a guide to hydraulicity, the
authority of physical strength testing remains unchallenged. Also the
rejection of a well vitrified slag because of chemical composition would
be unwise. The present work suggests that the use of chemical oxide
ratios a; indices of performance is unreliable and it appears that the
only real purpose of the minimum values of chemical compositionhgatﬁos
incorporated into some standard specifications if to eliminate slags

of unusual composition.
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5.6 CONCLUSIONS

In this chapter, eighteen siags with variable glass contentfg
chemical composition and fineness properties were autoclaved in pastes
of 60/20/20 composition. The effects of these slag variables on
strength development and hydration properties were studied.

Pastes containing each slag were mixed at three water/cement
ﬁatios to obtain a range of porosities in the autoclaved prisms. The
strengths of pastes at a constant porosity of 30 per cent could then
be calculated using linear log strength-porosity equations developed
for each slag. While this was done in an attempt to eliminate porosity
effects in subsequent analyses of slag parameters with strength, the
correlations were found to be lower than for strengths of pastes mixed
at a fixed water/cement ratio.

The compressive strengths developed using fifteen different
vitrified slags were higher than those of the portland cement-quartz
control pastes. The lower strengths 1n'the other two vitrified slags
were attributed to a much lower fineness of grinding (S]aa 12),, and
to a different miﬁera]ogica] and chemical composition (Slag 8).
Therefore, it appeﬁrs that, as long as Canadian slags are.hyoundyﬁa
cement finenesses and are at least partially vitri%ied, the é?rength
of portland cement-quartz pastes can“be equalled or exceeded.

The pastes composed largely of slag were less brittle, with
flexural to compressive strength ratios'approximate]y three times i

higher than those of the portland cement-quartz control pastes.

Since the solid densities of the pastes were found to decrease
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with increasing slag glass contents and the hydrated compounds were
less dense than the anhydrous slag, it was concluded that the paste
densities were mainly influented by the reactivity of the slag.

The pore size distributions of pastes containing vitrified
slags were much finer than those of the portland cement-silica flour
control pastes. This indicated a much finer structure of the calcium
s1licate hydrates contained in the slag pastes than those in the
contro1'pastes. This was thought to be largely responsible for the
higher flexural and compressive strengths attained.

The pastes containing the devitrified slag exhibited very
coarse pore size distributions with almost no pore volume intruded at
fine pore dirameters. The lack of reactivity of the devitrified slag
was also indicated by high paste densities, low non-evaporable water
contents and very low strengths.

The coefficients found for the strength- Wn/Wo relationship
were compared to published values for portland cement cured at ambient
temperatures. [t was found that, for a fixed water/cement ratio, the
autoclaved pastes in this study achieved equivalent strengths at much
lower non-evaporable water contents. This is likely due to the tower
water contents in the composition of autoclaved calcium silicate
hydrates.

By XRD, the crystalline melilite in the devitrified slag was
observed to be non-reactive for the autoclave curing regime adopted.
Unfortunately, no satisfactory method was found to determine the

content of reacted and/or unreacted vitreous slag. From the literature,
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this is a major problem in studies of slag. Approximately three
quarters of the portland cement in the pastes had reacted but in
pastes containing vitrified slags, only about one quarter of the
silica flour had reacted. The silica flour in the pastes containing
the devitrified slag had reacted to a much higher degree, as it did
in the portland cement-silica flour control pastes. It appears then
that the presence of reactive vitreous siag retards the reaction of
quartz through competition for the calcium hydroxide liberated by
the portland cement component.

Poorly crystalline C-S-H of the tobermorite group was found to
be the principal hydration product in all pastes containing vitrified
slag. The crystallinity index of the C-S-H was found to be inversely
proportional to the glass content of the s1ag: Also, amorphous C-S-H
was deteéted qualitatively in the control pastes and in pastes con-
taining the devitrified slag. In the other pastes, the presence of
amorphous C-S-H was masked on XRD traces by the halo of unreacted
amorphous slag.

Regression analyses showed that slag glass content had the
largest effect on strength development. The QXRD methods of glass
content determination, GLX and GAH, as well as the McMaster individual
particle analysis, GMAC, were found to have approximately equivalent
correlations with strength. The GMAC + M glass values were also related
to strength development but the glass values determined using other

methods (GSA, GUV and GUV-N) were not. The glass content of the slags
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was also found to be related to the crystallinity of the C-S-H found

in the pastes. While relative strengths of pastes could not be accurate-
1y predicted by glass content alone, extremely low glass contents were
indicative of non-reactive slags.

The relationship between glass content and sf}ength develop-
ment was impro;ed when the chemical composition of the sliag remained
relatively constant (more specifically at a constant value of the oxide
modulus (C+M+A) /S). However, twelve commonly used hydraulic indices,
based on chemical composition, were evaluated and only three showed
any significant correlation with strength, and only when combined with
a measure of the glass content. Except for the elimination of slags
with unusual compositions, the incorporation of minimum values of
oxide ratios in standard specifications apﬁgar to be of Tittle value,
and the rejection of a well vitrified slag on the basis of normal varia-
tions in chemical composjtion would be unwise.

The best improvements to the glass content-strength relationships
resulted from the addition of the MgO and Ca0 contents of the slags,
with correlation coefficients as high as 0.94. From regression analyses
of strength with mineralogical parameters, the influence of the Mg0
parameter appeared to be related to the akermanite content of the melilite
solid solution (based on examination of the slags when devitrified).

Also for the range of slags studied, the Ca0 parameter appeared to be
related to their crystalline merwinite fractions.

While hydraulic indices, such as the one developed in this work,
!
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using the slag glass, Mg0 and CaQ contents, can be of some use in the
prediction of slag reactivity, ?hey lack the conviction for engineering
decision making. Since the correlations of the hydraulic indices with
strength are primarily influenced by glass content, chemical composition
appears to be of only secondary importance. Therefore, for the evalu-
ation of well vitrified slags, the authority of physical strength

testing remains unchallenged.



6. CONCLUSIONS

Uegailea findings were presented in the conclusions of Chapters
3, 4, and 5. In this section the major findings are summarized and
recommendations given.

While an amorphous structure is known to be fundamental to the
reactivity of slag, there appeared to be no standard method used for
the determination of the degree of vitrification. The most reliable
method of estimating the degree of vitrification is the QXRD method,
developed using synthetic mineral calibration standards, and it was
adopted as the standard by which all other methods were judged. By
comparison with five other techniques, it was found that one cemmercially
used technique could not even distinguish between devitrified and amor-
phous slags and another was sensitive to minor oxide components of the
slag. Therefore, it appears that the adoption of a suitable technique
is critical to the evaluation of glass contents in slag.

Because of the disadvantage, that recourse must be made to
expense and somewhat involved XRD analyses, an alternative optical
technique was developed. This method, designated the McMaster Individ -
ual Particle Analysis (GMAC), proved to be comparable in accuracy to
the QXRD standard and is thought to be simpler and more reliable than
any previously used technique. This method has recently been adopted,
with minor modifications by a Canadian cement producer.

The autoclave reactivity of mortars and pastes in the ternary

binder system of slag-portland cement-silica flour (ground quartz) was

209
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studied. It was found that up to 80 per cent slag could be included
in mortar cube binders without suffering any degradation in compressive
strengths in comparison to conventional portland cement-silica flour
binders. Optimum strenéths were found at 60 to 75 per cent slag contents.
In pastes, high strengths were obtained with slag contents as high as
60 per cent. Silica flour, which enhances the performance of portland
cement at autoclave temperatures, was found to have a similar beneficial
effect on slag and slag-portland cement blends. The beneficial effect
of silica flour was associated with the formation of tobérmorite-]ike
C-S-H instead of =C,SH, for both portland cement and slag-portland
cement blends. Pastes not containing silica flour in which both «CoSH
and poorly crystalline C-S-H were found also exhibited relatively high
compressive strengths.

In pa;tes not containing portland cement,-the slag was found
to be activated by silica flour, with very high compressive strengths
found at one combination where relatively well crystallized tober-
morite was formed. As well, all of the nononrtland cement binders
exhibited high splitting tension to compressive strength ratios. The
reactivity of slag-silica flour binders was considered to be unusual
and further work in this area is warranted to elucidate the reaction
mechanism§ involved.

In a related industrial study, it was found that pelletized
slag, even when only coarsely ground, could successfully replace up

to 67 per cent of the conventional portland cement-silica flour binders

in the production of autoclaved concrete block at considerable economic

L
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benefit.

One of the reasons for the high mechanical strengths developed
in pastes containing 60 per cent slag / 20 per cent portland cement/

20 per cent silica flour, was found to be the very fine pore size
distributions developed when reactive vitreous slags were used.
Therefore the poorly crystalline C-S-H found must have much finer
structure than the mainly amorphous C-S-H found in portland cement-
silica flour pastes.

The physical and chemical properties of slag, which have been
generally found to influence its reactivity for curing at ambient temp-
eratures, were also found to affect its reactivity foF‘autoc1ave
curing at 185°C: It was found that the degree of vitrification has the
most significant 1nf1uencé on the autoclave reactivity of slag. However,
for well vitrified slags, the relationship between glass content and
strength is not as clear, with glass contents approaching 100 per cent

\
not necessarily indicating higher strength development.

4

0f the glass content determination methods evaluated, only the
ones which gave values relating to the QXRD standard values showed any
correlation with strength. The suitability of the previously mentioned
McMaster optical procedure, for assessing slag quality, was confirmed
by these results.

In autoclaved pastes made from 60 per cent slag/20 per cent
portland cement/20 per cent silica flour, it was found that pe]]e}ized

slags with glass contents as low as 54 per cent (QXRD method) could
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develop compressive strengths equivalent to those of the portland cement-
silica flour control pastes. Therefore it appears that such low slag
glass contents do not preclude their use for cementitious purposes.

Slag chemical composition was found to have less influence on
its reactivity. Most of the published chemical oxide moduli were not
significantly related to strength development even when combined with
a measure of the glass content. Therefore the common use of such moduli
to evaluate slag hydraulicity appears to be of questionable value,
at least 1n terms of autoclave reactivity. The most significant chemical
parameters affecting strength development were the Ca0 and Mg0
contents. For the range of Canadian slag compositions, it appears
that all are suitable for use in autoclave applications.

There appeared to be little benefit derived from grinding slag
finer than 400 mz/kg (Blaine) but grinding to a coarser value (285 mz/kg)
had a detrimental effect on strength.

In summary, while requiring some activation, sliag contents
as high as 80 per cent can be used in autoclaved binders, with
strengths and hydrated phases similar to conventional portland cement-
quartz binders. The main parameter influencing slag reactivity is
its degree of vitrification, but partially vitrified slags can be used
successfully. A new method for determning the degree of vitrification
has been found to give reliable results and is thought to be conven-
ient for commercial use. However, for evaluating slag hydraulicity, it
is suggested that only physical strength testing has\the authority

1t g

for engineering decision making.
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The following topics could be usefully studied in connection

with expanding the use of slag cements in Canada:

a)

Cement Manufacture

1. The pre-reduction of pelletized slag, 1n hammer mills

or high speed intensive mixers (similar to the machine des-
cribed in Section 4.5) before 1ntroduction to ball mlis,

may well require less total energy than the existing ball

mi 11 methods. This aspeci requires further investigation

in order to optimize grinding procedures.

2. The introduction of a certain percentage of undried pell-
etized slag directly to the ball mills would reduce drying . °

energy costs as well as reducing mill temperatures. Invests *

*
“
bl »

1gation would be required to determine the amounts which

(Q
could be added under different operating conditions with-
out leaving harmful residual moisture contents 1n the ground

product.

Product Manufacturing

1. Further work is required to optimize concrete mix
designs and curing regimes for autoclgve products incorp-
orating pelletized slag cemeént.

2. The influence of using other energy efficient by-
products, such as cement kiln dust, in conjunction with

slag cement in autoclaved products should be further invest-

igated. The durability of products made with such materials

wwould have to be studied with regard to possible corrosion
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resulting from high chloride contents.

3. The beneficial effects of carbon dioxide curing should
be studied, principally to increase the initial rate of
hardening.

4. The investigation of non-corrosive admixtures and
gypsum addition levels should be studied to improve initial
strength development at high slag contents without sacrificing
durability.

5. The corrosion protection offered by concrete mixes

with high slag content, while apparently adequate for
rexnforced concrete, should be studied with regard to 1ts

use 1n prestressed concrete.

The following areas of research are also suggested in the study
of autoclaved slags:
1. The autoclaved slag-silica flour binders require further
study both to elucidate the mechanism of activation involved
o and to further study the mechanical properties developed.
2. A technique needs to be developed to accurately estimate

the unreacted slag contents remaining in autoclaved pastes.
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APPENDIX A
MANUFACTURE OF SYNTHETIC AKERMANITE GLASS

Reagent grade CaCO3, MgCO3 and silica gel were used to
prepare this mineral of composition C2MS2 (Melting point = 1454°¢C) .
Correcting for 1gnition losses, the powders were weighed according to
their molar proportions 1n akermanite and dry mixed i1n a small
alumina ball mill. The materials were calcined at 1050°C before being
melted for 2h at 1475°C 1n an electric furnace. After slow cooling,
the akermanite crystals were ground in a tungsten carbide puck mill
and their composition verified by XRD.

The crystalline powder was then placed 1n a non-wetting {5
per cent gold) platinum crucible and re-melted 1n an electric, RF
covl wnducttron furnace. Using an optical pyrometer to monitor the .
temperature, the crucidle and contents were removed at 15OOOC and
immedrately quenched 1nto cold water. This process was repeated
unt1] 150g of material was obtained. The final product was ground to
a powder 1n a tungsten carbide puck mill, Using QYRD, the akermainite
was found to contain 10.8 per cent crystalline material along with
the glass. Chemical analysis by XRF showed 1.22 per cent alumina
content. Since akermanite 1s an end member of the melilite solrd
solution series akermanite (CZMSZ) - gehlinite (CZAS). the alumina
symply shifted the composition of the glass {and crystal} aicong the
solid solution series. From the chemical analysis, the composition
was determined to contain 96 per cent akermanite apd 4 per cent

gehlinite in the solid solution.
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APPENDIX 8
INDIRECT GLASS CONTENT DETERMINATION BY
QUANTITATIVE X-RAY DIFFRACTION
Backgsound

Each c¢rystalline element an; compound can be characterized
by 1ts unique set of x-ray diffracted crystal d-spacing reflections.
Knowing the radiation wavelength and the diffraction angle, these
crystal d-spacings can be calculated using the Bragg equation.
Amorphous (glassy) materials, on the other hand, lack long range
structural order and as a result, do not exhibit distinct reflec-
tions. 0m an X-ray diffraction chart a broad halo or hump, spaced
jround the nearest neighbour atomic distance, 1ndicates the presence
of an amorphous structure.

Intensitres of peaks for a single mineral 1n a multi-compo-
nent mixture on a diffractometer trace are related directly to ts
concentration 1n the mixture. The technique of adding a known amount
of an internal standard mineral in order to calibrate intensities of
unknown minerals has been widely used since the theory was detailed
by Klug and Alexander (1954).

S1ag Minerals

The major mineral present in air cooled and devitrified
blast furnace slags is the melilite solid solution series between
akermanite (CZMSZ) and gehlenite (C2AS). In vitrified slags, there-

fore, the glassy structure has a composition of mostly melilite. In

this study, merwinite (C3MS ), diopside (CMS,) and monticellite (CMS)

27 4
were also detected, although merwinite was never present 1n the

devitrified slags.
vitrified slag 229

»
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Typical traces of pelletized slags’ showed the broad amor-

phous hump between about 25 and 36°/26(Cukeradiation) with perhaps
the most intense peak of one or two of the crystalline minerals
present.
Intensity Calibration

Estimation of the amount of glass present was made indirect-
ly. The 1ntensitie§ of the crystalline components were meagured, the
amounts estimated from calibration curves, and then the amount of
glass was obtained by difference.

One hundred parts by weight of each slag sample (the minus

45;m  fraction) was interground with 10 parts calcium fluoride (CaF.)

2
internal standard with acetone 1n an agate mértar. As mentioned
previously, the presence of an internal’ standard not only allows
calibration of the d-spacings of fhe peaks but also their intensitres
by expressing them as 1intensity ratios relative to the characteristic
peak of the internal standard.

While 'a mineral's concentration 1s 1n theory proportional to
the integrated intensity of its reflections, peak heights were used
1n calculations, since they were much more easily cbtained, and 1t
was found that the method was not improved using integrated inten-
stties. The peak height of the strongest p;ak for each mineral was

measured and expressed as a ratio relative to the peak height of the

3.152 reflection of CaF2 (II/ICaFZ)' .

Initially the large range of 6° to 70%/2¢ (Cuk=) was scanned
at 1O,as/m1nute to identify the minerals present. Then the 249 to
370/25 range, containing the hump, Can peak, and most i1ntense slag

mineral peaks, was scanned 3 to 5 times to average the intensity

J

a3
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' [
ratios obtained.

To calibrate the intensity ratios, 100 per cent akermanite ™=\
and 50 per cent akermanite/50 per cent gehlenite solid so]utidh
series minerals were synthesized from reagent grade chemicals by
melting at 1600°CK cooling, then igniting at 10;Z;ék55ynt§€€¥c
standards for merwinite, diopside and monticellite were obtained from
the Building Re§earcﬁj$tati6:; England. The intensity calibration
ratios developed for the standard peaks are given»w Table %.1.

N, -
The' synthetic melilite mixture containing 50 per cent %

- '

.akermanite was chosen as the intensity standard for the slags since

it was found: by the XRD method of Ervin and Osborn (1949) that the
slags, with the exception of Number 18} contained between 30 and 60

per cent akermanite in their melilite solid solutions.
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TABLE B.1
.CALIBRATION STANDARDS FOR SLAG MINERALS

Mineral | Miller Indices d Spacing Diffraction [ Istandard
. Angle I
hk 1 R o/28 (cuke) | ©F2
AN
CaF, 111 3.153 28.30 1 1.00
CoMs, 211 2.87 31.17 9.17
(50:50 Solid
CoAS 211 2.85 31.39 Solution)
C4MS, 411 2.672 |  133.54 5.46
cMS 131 2.676 33.50 | 3.14%
| oms, 221 2.992_~  29.88 - 5.41.
cC 10- 4 3.035 29.43 15.613

*This intensity ratio was calculated indirectly using an «Al1,0
internal standard due to overlap of the 3.19R (002) peak of
CMS with the 3.158 peak of CaF,. The intensity ratio relative
to «<Al O3 was converted to Caf, as shown, since the propor-
tion gf CMS found in the slags was low and the low intensity
3.19A CMS peak did not interfere.

O DAPIA I



APPENDIX C
GLASS CONTENT DETERMINATION BY MEASUREMENT
OF THE XRD AMORPHOUS HUMP AREA (GAH)
As detailed in Appendix A, the presence of glass can only be
‘ﬁdetected directly by XRD by a hump in the base line. For slags this
hump occurs between approximately 25° and 36%/28 (CuKx) as shown in
Figure C.1. Drawing a line'through the background intensity on either
side of the hump and lines around the hump outline, the area of the
hump has been approximated by,
AH = hyw /2 + (hy + h2/2) Wy + NowWa/2 (C.1)
The CaF2 internal standard peak is superimposed on the shoulder of
the hump. Using the peak- width at half height, the area of the
standard is
As = how, o (C.2)
The hump area ratio is then calculated by
GAH = AH/As | (C.3)
It was found by repetitions that the GAH values can be quite variable
due to small changes in hs. Therefore at least three repetitions
should be made.’

Note: In Figure C.1, the 201 and 211 peaks of crystalline melilite

can be seen superimposed on the amorphous hump.

\ .
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CaFp (111)
3.158 , 28.3%/2¢

|
T
Melilite (211) \
l W

Melilite he

(201)

Increasing Diffraction Intensity ~

w2

Background Base Line

= T T

36 35 34 33 32 31 30 29 28 27 26

« Diffraction Angle (9/2q)
CuKx Radiation (A=1.5418R)

N

FIGURE C.1: SAMPLE XRD TRACE OF A MAINLY AMORPHOUS SLAG SHOWING
DIMENSIONS FOR CALCULATION OF GAH.
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APPENDIX D
DETERMINATION OF GLASS CONTENT BY
"THE McMASfER METHOD" *

Microscope

While an Olympus Trinocular Model ECE TR-1 microscope has
been used, any microscope with the general polarizing features
indicated below will be suitable. This microscope is equipped with a
Model LSE high power interchangeable illuminator with transformer,
eyepiece of PQOIOX (polarizing), and objectives of 4X, 10X, 40X
and 100X. This allows magnifications of 40X, 100X, 400X and 1000X
which is more than adequate for glass content determinations (400X 1s
the magnification used in this technique). the lower polarizing
element is carefully adjusted to insure that cross-polarization can
be achieved, and the eyepiece can be adjusted quickly from plane to
cross-polarized light.
Preparation of Slag Samples:
1. For Unground Slag Samples:

Representative samples are mixed and quartered down to about
15 to 20 grams, and the whole of this amount is then ground to pass a

63um sieve with as much as possible retained on a 45um sieve.

k

*Originally developed in the Construction Materials Laborat-
ory, Department of Civil Engineering, McMaster University by Dr. J.J.
Emery and Mr. R.P. Cotsworth (National Slag Limited, Hamilton) in
consultation with Dr. P.S. Nicholson (Ceramic Engineering) in 1972.
This general method of amorphous glass content determination followed
that used by McCrone and Delly (1973) and was described by Emery, Kim and
Cotsworth (1976). A modified method was circulated by R.D. Hooton
(Dated Dec. 1977) and this final method, was further modified by
R.D. Hooton using the method of Parker and Nurse (1949) to distin-
guish milky, opaque particles.

235
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A ceramic mortar and pestle is used to pulverize the slag
sample. Care must be taken not overgrind the slag which causes much of
the material to pass through the 45um sieve. This is most easily accom-
plished by grinding for a short time, sieving, then regrinding the plus
63um sieve Mmaterial and sieving again. This process can be repeated
until all of the sample passes through the 63um sieve. If desired, the
material retained on the 45um sieve can be washed and dried to remove
any surface dust.

2. For Ground Cementitious Hydraulic Slag Samples:

i) To obtain a sample of cementitious hydraulic slag, suitable
for this procedure, a representative sample of approximately 100g is
dry sieved through the 63um and 45um sieves. Only a small portion of
the slag will be retained on the 45um sieve since slag cement is norm-
ally ground to 400 mz/kg Blaine fineness, with less than 20 pef cent
retained plus 45um. Unfortunately, using optical methods , particles
1éss than 45um diameter are not easily observed, so the-assumption must
be made that the glass content of the plus 45um material is similar to
that of the minus 45um material. It was found by QXRD that this is
a reasonable assumption. The plus 63um material is discarded since it
contains tramp iron and agglomerated slag particles from grinding.

b) The material retained on the 45um sieve is then wet sieved
to remove small adhering particles . The sieve and the remaining minus
63um, plus 45um material is then dried at 110°C.Very little slag would
be dissolved or hydrated during the short time of washing, and wet sieving

leaves uniform, dust-free particles making optical examination much easier.
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c) Tramp irop in cementitious hydraulic slag (less than 1
per cent) has been found to be contained almost exclusively in the
+63um and +45um fractions and therefore is not representative of
the whole sample, and should be removed. When dry, the +45um
partic]es\xre placed on a piece of wax paper and a magnet is used
below the pifer to separate the iron particles.

Preparation §f Slide Specimens
A very small amount of the sieved slag is then sprinkled

on a microscope slide. A drop of Ethylene Glycol (HOCH,CH;0H) (or

272
camphorated 0il) is applied to the centre portion of the sprinkled
sample. A cover plate is then placed on top of the‘samp1e. The
Ethylene Glycol then spreads below the cover plate by capillary
attraction. After this occurs, the cover plate is sheared gently
to form a uniform, single layer of particles, and care must be
taken to avoid air bubbles forming. Prepared slides should be label-
ted and handled carefully. The prepared slides should be examined
within a few hours to avoid evaporation of the fluid. Slides have
also been successfully mounted using clear fibreglass type resins.
Examination of Specimens

The prepared specimen slide is mounted on the stage of
the microscope, which has fine vernier horizontal movement controls.
This mountéd specimen is then examined under plane and cross-polar-
ized light a 400X magnification. The determination of glass content

of the sample is based on the average of 2 or 3 counts of 50 indi-

vidual particles each (depending on variability of material).
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Only the particles which "touch" t?e cross-hair are counted
as the sample in traversed. The horizonal vernier is used until
the edge of the slide is reached, then the vertical vernier is
moved slightly, and the slide is horizontally traversed in the
reverse direction (see Figure D.1). This is continued until 100 or
150 particles have been eva]uatedl
Evaluation of Individual Particles
In general, amorphous (glass) particles do not transmit
cross-polarized 1ight, while most crystalline materials do, and
tend to glow due to birefringence. However, the identification
of glassy and crystalline materials is not that simple, and the
types of particles likely to be encountered are listed.
1. Clear (in plane light), no birefringence, may or
may not contain bubbles, often can see evidence of
concoidal fractures along edges - count as glass.
(Note: Minor oxides can stain the glass particle
but they are generally transparent.)
2. Opaque (in plane light), glows slightly white or
mi]k& but no definite birefringent colours, these
"milky" particles may be due to micro-crystalline
material or due to hydrated surfaces - count as milky.
3. Bright, coloured birefringence - count as crystal
(Note: Strain birefringence can occur in glass.
These particles appear clear and "glassy" under plane
light but show definite birefringence, often along

one side. This may be due to differential cooling

.



FIGURE D.1:

PATH OF TYPICAL TRAVERSE ACROSS SLIDE
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start

&

edge of mounting fluid

glass slide

TABLE D.1

. S
\\\\\\_ﬂ_glass cover plate

’

SAMPLE TALLY SHEET SHOWING EXAMPLE DESIGNATIONS

N A B C £
Glass (G) [MIlky (M)] G M G M G M G M
1 100 - ~— 100 per cent glass particle
2 50 50 ~— 50 per cent glass, 50 per cent milky -
4 particle
3 70 - =—70 per cent glass, 30 per cent crys-
’ tal particle
4 - 50 —=—50 per cent milky, 50 per cent crys-
tal particle
5 100 -
6 100 - ;
7 100 -
8 100 - |
9 100 - |
10 20 40 |
Sum 740 140 {
Average 74 14 i
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oy

from the melt or due to impact stresses during grinding
- count as crystal since identification is difficult and
only a small fraction %s involved.)

4. Iron particles do not show normal birefringence but, appear
black and opaque in plane light and may giow dull red in
cross-polarized light - do ﬁsgxcount these particles at all.
(As mentioned previously, about 1 per cent tramp iron seems
to predominate in the coarser sieve sizes and is not repre-
sentative of the total slag sample.)

Examples of these particle types can be seen in Figure D.2.

Each particle is estimated to the nearest 0 per cént for each of glass,
milky or crystalline material. A sampie tally sheet is shown for a 50
particle count in Table D.1. For convenignce, the crystal portions are
not 1isted since they can be calculated (100 per cent - per cent glass

- per cent milky). Therefore, for the 10 particles listed in Table D.1,
there is 74 per cent glass, 14 per cent milky material and 100 - 74 -

14 = 12 per cent crystal.

Usually the percentage of glass is tallied after each 50 part-
icle interval, so the variability between 50 particle groups can be
checked. More 50 particle groups are evaluated if the variation in
glass is large, and these values are averaged.

Recent Developments

The St.Marys Cement Company, Bowmanville has recently adopted

this procedure, but with some modifications (Jenvay and Pugh, 1980).

1. Dry sieving is eliminated and a small amount (10g) of the
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Approximate
Scale:

| q_rﬁwmjoum

FIGURE D.2: PHOTOMICROGRAPHS OF SLAG GRAINS UNDER TRANSMITTED
(a) PLANE LIGHT, (b) CROSS POLARIZED LIGHT, AND
(c) PLANE LIGHT WITH A GYPSUM FILTER INSERTED
(See text for explanation of particle types)

3
>3
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sample is wet sieved in small 75um stainless steel sieves
with methanol, which saves time.

© 2. A Nikon polarizing microscope with a sliding gypsum plate
was used at 500 times magnification. The gypsum plate is
used in addgfion to the plane and cross - polarized light.
With the gypsum plate inseried, the background and glgss
particles are bright pink, while the crystalline material
appears blue or yellow as shown in Figure D.2(c)( I[f the
sample is rotated, the blue and yellow areas eventually ex-
tinguish, then alternate colours on further rotation). The
miiky particles also appear blue and yeliow but can be div-
1ded 1nto two groups, depending on whether the colours ex-
tinguish upon rotation. Most of the milky particles do
show extinction and are counted as crystalline. A small
number do not extinguish and it is thought by the writer
that these may represent hydrated surfaces, and might be °
counted as glass. However, due to the small amount of this
material, the 1mpact on the total glass count 1S not great.

The advantages of these modifications appear to be less operator
eye strain, due to the pink coloured field, and easier identification of

previously questionable particles.
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APPENDIX E
GLASS COUNT DETERMINATION BY “"THE SOUTH AFRICAN PROCEDURE"*

Sample Preparation
o A representative sample of the granulated slag clinker 1s dried
and ground, with material passing the 63um and retained on the 45um
sieve, kept for the test.
Slide Preparation

Place one or two drops of oil of camphor (campharated oil)
on a clean slide, and 1ntroduce to this sufficient graded ground slag
so that when dispersed in the oil and viewed under the microscope app-
roximately 70 individual particles can be counted per quadrant of the
cross hairs. i N
Micrascope

The micrposcope shall have the following minimum requirements:

Magnification : 100-120

Coarse and fine focusing .

Adjustable cross hairs in the eyepiece

Transmitted light

Orange filter (0G2)

Crossed Nicols polarization
Method of Count

The prepared slide is viewed under the microscope through the
transmitted light modified by the orange filter. The crossed Nicols
1s not in use at this time. A quadrant total particle count is taken,
assumed to be representative of the total viewing area and multiplied

by four.

The crossed Nicals is inserted and a total vigw count is taken

* For glass content methods developed elsewhere, the style
but not the technical content was modified by the writer.

243 N
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of all orange translucent particles, care being taken to count indiv-
idual separate orange translucent particles and allowances made for :
particles that are partially translucent and opaque. The orange
translucent particles are assumed to be crystalline, the opaque
particles glass.
Determination of Percentage

Glass count (per cent) = 100 (total particles-crystalline (k.l)

orange translucent particles)
Total Particles

The counting procedure should be repeated, on four or five other areas
of the slide, to obtain a more representative count.

(]

~



APPENDIX F
GLASS CONTENT DETERMINATION BY THE AUTOMATED U.V. REFLECTANCE METHOD
This method of assessing slag glass is currently used by
Dravo Lime Company at its Pittsburgh Laboratory (Foster,1978, 1979,
1980) .

' An Aminco-Bowman Spectrophotofluormeter was adapted to examine
solid, powder samples by reflectance (so]utiohs are normally used when
measuring U.V. transmission). The U.V. values represent the percentage
of emission at 590 namo mé%ér% compared to a standard sample arbitrarily

f

assigned a value of 100 per cent glass (some samples, 'therefore, can
have values greater than 100 per cent). The largest number ever ass-

igned to a slag was 165 per cent (Foster, 1980).

245



o APPEND;X_Q.“</

GLASS CONTENT DETERMINATION BY THE PARKER AND NURSE OPTICAL METHOD .

A representative 5 gram sltag sampie is ground until it all
passes a 150um sieve. Of this mateéia], the amount passing a 90um
sieve and retained on a 53um sieve is used for the test. A small amount
is placed on a microscope slide in bromoform and examined by trans-
mitted light at 200 times magnification, using an eye-piece with a
graticule. The total number of grains in the field is counted and
a1solthe number of these which are substantially opaque. The percen-
tage of opaque particles 1s‘§a1cu1ated and-subtracted from 100 to

obtain the percentage glass (Parker and Nurse, 1949).
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APPENDIX H
GLASS CONTENT DETERMINATION USED BY THE FRODINGHAM CEMENT CO.LTD.(1979)

A representative sample of the granulate to be tested is ob-
tained, or if possible, a number of random samples are checked and an
average figure for these samples is produced.

The samplie is mixed and quartered down to about 10 to 15g. .
The whole of this amount is ground through a 300um sieve. Then the
sample is sieved through a 90um and 53um sieve.

Using the material retained on the 53um sieve, a small amount
is sprinkled on a microscope slide (the operator will become acquainted
with the amount required through experience), but it should be suff-
icient to produce a layer one particle thick on the slide covering
about 100mme. A microscope slide cover is placed on top and a drop of
Bromoform is placed at the edge of the slide cover and normally spreads
throughout the layer by capillary attraction.

The slide is viewed under a microscope at 200 times magnifi-
catiog, the eye-piece having a squgred graticudée. The number of black
pieces (i.e. allowing no 1ight through) are counted and the area covered
by the black pieces is estimated. Since the graiicule is composed of
100 squares, then the estimated area covered by the black particles,
subtracted from 100, is the per cent of glass or “"Glass Count". This
counting is repeated using 3 separdte positions on the slide. An aver-
age of these three counts is taken as £ﬁe "Glass Count" expressed to the
nearest 0.5 per"cent. When the "Glass Count" of ground blast furnacg
slag samples is measured, preparation begins by passing the sample

through the 90um and 53um sieves:'* o7



APPENDIX I
GLASS CONTENT DETERMINATION BY "THE RHEINHAUSEN OPTICAL METHOD"

In the Research Institute for Blast Furnace Slags, Rheinhausen,
the glass content and the content of crystalline portions in granulated
slags are determined as follows: the specimen reduced to a particle
size of 40um to 60um is bedded into a plastic material and a polished
section is made. The latter is etched with 1 per cent alcoholic HNO3
and HG-vapour, and subsequently the amount of vitreous and crystalline
components (the latter possibly separatéd according to minerals) are
counted by means of an integration ocu1ar.. When the vitreous content
of granulated slags in blast furnace slag cements is checked, a cement
dispersion specimen (grain size 30um to 4duh) is bedded into Canada
balsam. With the aid of the polarizers the proportion of purely vit-

reous grains, of grains differing in respect of their crystal content

and of entirely crystalline grains are then determined. (Schroder,1969)
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APPENDIX J

MODIFIED METHOD* FOR DETERMINING FREE SILICA IN AUTOCLAVED CEMENT PASTES

1.

The paste samples, previously ground to minus 150um, are dried

at 110°C and weighed (to 0.0001g).

The samples are then transferred into, pre-weighed pyrex centrifuge
tubes (about 25mm diameter by 130mm long, 50ml capacity). About
30m1 of 2N HC1 is added to each tube and the 4ubes are placed in a
distilled water bath (distilled to prevent salts from evaporating
on outside of tubes and affecting weights) and heated to 60°C plus
for 15 minutes. The solutions are stirred occasionally with a glass
rod and a drop of solution placed on indicator paper to ensure its
acidity.

The tubes are removed from the bath, weight balanced with dist%11ed
water and centrifuged for 2 or 3 minutes or until the solutions
have cleared.

The acid is decanted as much as possible without disturbiqg the
solid residue in the bottom.

The tubes are then filled (n30ml) with distilled water, centrifuged
again and decanted (to remove any dissolved Ca(OH)Z, preventing the
precipitation of CaC0y after the NapCOq is added).

The tubes are then filled with a 5 per cent Na,C0O, solution (to
neutralize the acid), stirreé (pH checked to be sure basic), placed
in the water bath and boiled for 20 minutes.

The tubes are then balanced and balanced and centrifuged until clear

*(about 10 minutes).

*Based on the method of1Kondo et "al (1975).
249
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8. The liquid is decanted and the residue "washed" with distilled water
and centrifuged. This washing’ﬁs repeated until the liquid has a
pH=7.0 (3 washings are usuaf]y sufficient).

9. The tubes are (with residue and remainder of the decanted, neutra-
lized 1iquid) stood up in a beaker and dried at 110°C. The beaker
is removed from the oven and cooled in a dessicator. The tubes are
thén weighed. '

Calculations

Wt. of residue (5102)

wt(tube + residue) - tube wt.

Free Si0, (per cent) = wt of residue « 100 (J.1)

original sample at

14

Note

The residues from several autoclaved s]ag-portfand cement-
silica flour paste§ were analysed by XRD and found to only contain quartz
and the minor amount of sericite mica which was contained in the silica

flour material.

{~ =3



APPENDIX K
TOBERMORITE SYNTHESIS '

A relatively crystalline 11.3R tobermorite with C/S molar=0.80
was synthesized using commercial silica flour (quartz) (ground finer
to 1000 m2/kg Blaine) and fresh reagent grade calcium hydroxide. A
slurry of the pre-mixed powders was made in a 1 litre stainless steel
beaker using freshly boiled, distilled water. The water/solids ratio
was about 2. The beaker was loosely covered and autoclaved 72h at 1859C.
The contents were dried at 110°C and stored in a dessicator to avoid
carbonation.

XRD analysis showed well crystallized 11.3R tobermorite but
also xonotlite with a small amount of unreacted quartz and sericite mica
(an impurity in the silica flour). The amount of sericite plus quartz
was found to be 2.9 per cent by the extraction hethod described in
Appendix J. By XRD of the extraction residue, it was estimated that
it contained 2.4 per cent quartz and 0.5 per cent sericite. Assuming
a cogftant chemical composition of CSSGHS for tobermorite and CGSGH
for xonotlite, and measuring the loss on ignition, the tobermorite

content of the synthetic mixture was estimated to be 69.0 per cent.
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