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FOREWORD

The papers in this book were presented at a Symposium
held at the Cement and Concrete Association, Wexham
Springs, between the 6th and 9th of September 1976.

This meeting followed similar Symposia held in Denmark,
1974 and Iceland, 1975. The organising committee of the
London Symposium were most fortunate in being able to
welcome leading experts from many parts of the World to
this meeting. In the space of a single year a surprising
wealth of new information and ideas has become available
providing the tangible evidence of flourishing research

in this field of study and the substance of this present
volume. The papers have not been assembled in thé precise
order of original presentation but have been grouped into
six sections reflecting the various aspects of the subject
studied. The boundaries of the sections should be grada-
tional since some of the papers might equally appear under
several headings. However, it is hoped that the groupings
chosen will provide some guidance to the reader and. that the
papers themselves will stimulate the interest and. further
researches necessary for the full understanding of the
effect of alkalies on the properties of concretes.

A. B. Poole
Queen” Mary College-
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Dr. Sharp, Ladies and Gentlemen,
My dear Friends,

It is a great pleasure to introduce and to chair the first session of the

Third International Meeting on the Effects of Alkalies on
the Properties of Concrete at C&CA, Fulmer Grange.

Each of the two preceeding meetings, Koge 1974 (1), and Reykjavik 1975 (2), have been
special in their character and arrangements. This one will be second to none in its own right and
ways.

The preparatory work is so promising of success that failure is only to be expected if those
attending are passive or do not present qualified contributions. And this is not to be feared.

Once upon a time 2 famous Danish storyteller wrote a fairy-tale called
The Ugly Duckling.
It lived under great stress in a hostile environmeht, superficially condemned by the community
for possessing inferior beauty and virtues. By a lucky opportunity the Duckling’s underlying qua-
lifications were revealed and became acknowledged.

I do not think that the broadening of the scope of this third meeting relative to the two
preceeding ones will in itself cause the reputation of alkalies in concrete to change from an »Ugly-
Duckling» ignorance and fear-conditiornied condemnation like bad and evil constitients of cement,
to a »Young Swan» recognition of their true nature and usefulness in cement and concrete techno-
logy. Solidly established misconcepts and opinions do not ‘change that easily.

When a few of us initiated this series of meetings some years ago, we felt that more ex-
change of newer knowledge between those actively engaged in research regarding the nature of al-
kalies in cement and concrete, would be beneficial.

We also thought that an arrangement of a broader meeting like the typical formal sympo-
sia, supported by international organisations and with representative presentations involved, would
probably not become successful. We feared — or let me put this judgement upon myself — I feared
that such an arrangement might even inflict damage and reinforced misconcepts on the further pro-
gress of the research, we deal with and care for, because we did not have any sufficiently new know-
ledge on alkali-silica reaction available and were not apt for presentation so as to meet the demand
from our users of new knowledge:

The industries concerned
Engineering practice
Authorities
We did assume that the need for new knowledge was likely to increase soon due to the gene-
ral economic development and rationalisation efforts in our industries, and also in view of the in-

creasing pressure on the availability of the resources, especially in the most industrialized countries.



We did see it as a risk that this demand might soon cause practice to adjust cement and concrete
technology from fear of alkali-silica reaction without considering newer knowledge or asking for
help from new research — and that would be neither economical nor progressive in the further
development.

Since then, the perspectives for the energy and the materials’ resource demand, and also
the economy of cement and concrete manufacture and utilization, have confirmed our views re-
garding the need for more knowledge, and fortunately our meetings are at the same time reveal-
ing that a considerable growth and improved status of the research concerned have occurred.

We know much better than 3 years ago in which areas more understanding of the nature
of alkali-silica reactions is still required, and »how to go for ity.

However, concurrently, we must realize that views and opinions regarding the effects of
alkalies in general tend to become more conflicting than before.

This is due to both the steadily increasing concern about the availability and the costs
of suitable aggregates in many countries and to urbanization and industrialisation in areas with
practically unexploited and unknown aggregate resources and with low levels of technical edu-
cation, and also to the urgency for reducing expenses and energy consumption in cement manu-
facture. Influential are also the increasing public requirements for precautions against pollution

- of air, soils, and water, and the engineering drive towards improved utility of materials and de-
sign in construction practice and in housing, without exceeding reasonable safety regulations.

This is why research becomes increasingly exposed to conflicting demands for specific
assistance and service regarding alkalies in cement and concrete.

Unfortunately, the need for general, underlying scientific research in its own right — to
create more knowledge — carries less weight than in the past, both in the society and in indu-
stries, yes,even in the formalized international research cooperation.

And this again is why enthusiastic dedication is required on the part of the researchers
to make the »Ugly-Duckling» misconcept of alkalies in cement and concrete change into realistic
approaches and fruitful communication about the true nature and extent of the problems. o

That can only be achieved by establishing the relevant knowledge on alkalies all along
their pathway: as constituents of the cement materials, as influential during the cement manu-
facturing processes and the concrete making, and in the end as »bacteria» causing chemical Te-
actions in hardened concrete undér certain conditions, and thus adversely affecting the durabi-
lity of structures, houses, etc. .

Such a comprehensive and coherent disclosure of the nature and effects of alkalies is
what the programme committee for this meeting has invited the participants to commence.

The papers announced for presentation show that the importance of this approach is
appreciated. . )
Nevertheless;-we must-acknowledge that-there-are-colleagues-in-production-and-sales-de-————

partments of cement and concrete industries who think that the most advantageous situation



exists, if no one becomes aware of »alkali-problems», so that national and international concern
would remain entirely avoided. Such attitudes can only be explained by saying that research has
not yet done its job properly. — The communication to colleagues and business operators has not
yet become effective. In other words, the value of knowledge has not been sold to the users of re-
search.

Let us therefore consider what makes the cement consumers concerned about alkalies,
since they constitute the most numerous among the customers of our research, and they manage
by far most of the invested capital in the cement and concrete business sector.

A few figures may illuminate the present situation. The annual cement sales are:

InDenmark ......ccvvevnerannnns 0.1 Bill. dol.
L 7 . 4.0 - -
- theWorld............. it 35.0 - -

whereas the annual »sales» of concrete can be estimated as follows:

InDenmark ................ 0.5—0.8 Bill. dol.
- USA ..o 25—30 - -
- theWorld.............. 200—300 - -

The research on alkalies in cement and concrete has a true global interest and applicability.
Accordingly, there is a demand for this research represented by an annual sales-value of 200 — 300
Bill. dol. from cement consumption enterprises, against 35 Bill. dol. from cement manufacturing
business.

Which is then the cement consumers’ request on service from our research:

First, the cement consumers have a certain knowledge about the influence of the alkalies
on the strength development of concrete. Therefore, research is requested to offer more guidelines
for an improved utilization of this dependance. However, beyond the strength specifications based
upon which the consumer buys his cement, and pays for its properties, there is real profit to gain
from strength/alkali dependance only for a minority of cement consumers, namely those operat-
ing accurately monitored industrial cement product manufacture. In normal engineering practice
so many factors other than the alkali contents — and much easier to adjust — are decisive for the
strength development, so that the alkali contents is a useless measure as a controlling parameter
in practice, and this is even more the case in handcraft dominated concrete making.

This is also the reason why the cement consumers so easily preserve the picture of alkalies
in cement and concrete as predominantly associated with deterioration, or as it has been said:
Alkali-silica reaction is a type of concrete cancer, in which the alkalies from the cement and the
silica from reactive aggregates act as the virus.

" This 200 to 300 Bill. dol./year concern on the part of the cement consumers cannot be
disregarded by research. Neither can we serve the consumers by enabling removal of alkalies from

cement or by restricting aggregate acceptance to innocuous materials only, to secure durable ren-
tability of these investments. This is not feasible, and therefore research must also consider the
cement and aggregate producers’ problems.



There are for instance often good reasons for maintaining high alkali contents in cement
deriving from the nature of the raw materials, the economy of kiln operations and investments,
the »clean air, water and ground» policies and the increasing restrictions on the aggregate resource
utilization.

None of us here can believe that there are other ways out of these dilemmae than what
can be established through new knowledge which is sufficient to secure:

1. Reasonable engmeermg compromlses at the present stages of cement and concrete
technology, and

. 2. Future development of technologies which aims at reducing costs to be imposed on
concrete by restrictive precautions or failures caused by neglectance of precautions.

‘Liet us at-last look at the problems as viewed from the side of the authorities, upon whom
the society inflicts more or less unspecified general responsibility for:

1. Reduction of energy and materials resource consumption, and planning of the over-
all national or regional development,

2. Reduction of pollution and, alternatively, utilization of waste products, and

Economy of public engineering works — more than often as incompatible demands
on minimum initial expenses and maximum service lifetime at lowest possible main-

tenance expense levels.

It is easy to see that these different positions of immediate responsibilities may well create
all kinds of apparently conflicting views and interests, if everybody concerned is evaluating and
deciding on a cate-to-case basis, and also very different evaluations as far as planning for long-term
investments and development is concerned.

One must also be aware that the authorities as the overall political controllers do not them-
selves invest in the manufacturing crafts and industries, that the cement manufacturers are predo-
minantly locked for long periods to given manufacturing technologies, and that the cement con-
sumers who possess most of the technology flexibility generally speaking have the least capability
avaﬂable for exploitation of their development potentials.

Because of this very complex and fragmented technology/economy/responsibility back-
ground, the research (which annually comprises only microscopic efforts in relation both to ce-
ment production and cement consumption investments) has not yet been able to remove the
»Ugly-Duckling» policies which one or the other partner in the cement and concrete enterprises
still often chooses as a defensive position. i

This is why the core of dedicated exchange of background and applicable knowledge and
ideas to be presented at this meeting is so important as a nucleus for the creation of a broader pro-
gressive environment — to the benefit and economic advantage for all parties involved.

During our series of meetings the growth of a collegial sense of forming part of a multitude

———forthe promotion of valid kriowledge création is one remarkable achievement.

But more pragmatically seen: the results and the markedly increasing intensity of new mat-
ters presented in the contributions prove the benefit/cost ratio of these gatherings to be very satis-
factory.



Thus, also from a cooperative and a research rentability viewpoint I have great confidence
in the output of this third meeting.

As a conclusion I should like to thank a high officer of an organisation of true authority
— the ASTM —, namely Mr. Bryant Mather, and an American, public sponsor of interational
research cooperation — the European Research Office of the US Army Corps of Engineers — re-
presented by Mr. Hoyt Lemons, for having so strongly supported our arrangements, each in his
way.

I feel convinced that their confidence will be duly repaid in that with the added value
of the two preceeding meetings we can begin to see a way to compile and present much needed
information from our research workshops to our customers: industries, consumers, the public.
I should very much like a forthcoming meeting to deal also with these aspects of our
topics. -

With thanks to C&CA and Queen Mary College for the arrangement of facilities and pro-
gramme etc. I am pleased to open the first session of our conference.

G. M. Idom

Literature:

1) Aalborg Portland R&D Seminar on Alkali-
' Silica Reaction, Hotel Hvide Hus Koge, Denmark,
20-21 May, 1974, presented by AP-R&D

2) Symposium on Alkali-Aggregate Reaction
Preventive Measures
Reykjavik, August 1975,
Iceland i
Rannsoknastofnun Byggingaridnadarins




ALKALTES IN CEMENT & CONCRETE
H.E. VIVIAN

CSIRO Division of Building Research
Highett, Victoria, Australia

Read by Ms A.E. Moore

ABSTRACT

Varying degrees of importance have been assigned to the effects of
alkalies on a wide variety of cement and concrete characteristics.

In some areas, notably in the United States, low alkali cements have .
come to be more favourably regarded than high alkali cements, while
in other areas there is no comparable preference for low alkali
cements. Such differences, however, suggest that there is a need to
examine the behaviour of alkali in cement and concrete.

The presence of small amounts of alkalies may modify the compound
composition of clinker and affect its behaviour while alkali compounds,
which greatly exceed the solubility of other clinker compounds, may
‘affect the physical properties and hydration characteristics of

cement paste. Under appropriate exposure conditions, alkali may
contribute to diverse phenomena such as surface staining, efflores—
cence, scaling and siliceocus aggregate reaction and expansion in
concrete. Despite the detrimental effects attributed to alkali ,

the general performance properties of cement can be suitably maint-
ained provided raw material variations are anticipated and minimized
and due attention is given to burning clinker, and to the fineness and
gypsum content of cement.




Introduction

Alkalil metal compounds are minor constituents of portland cement.
They are both readily and rapidly soluble in water. They may affect the
behaviour and properties of both freshly-mixed and hardened cement paste
and concrete and may contribute to the incidence of several problems

which develop slowly in concrete.

All of the relevant characteristics of a cement are seldom identi-
fied or completely defined. The observed functions and performances of
cement paste and concrete, on which experimental conclusions are based,
may be influenced by many different interactions but are generally attri-
buted to a relatively few factors such as compound compositions computed
from chemical analyses and surface area measurements., However, other
more significant characteristics are rarély stated. Examples of these
deficiencies concern the actual compound compositions, crystallinity,
heat treatment and production conditions of clinker, fineness character-
istics such as particle size distribution, distribution skewness and
particle shape of both clinker and gypsum, and the surface condition of :
particles when mixing with water commences. All of these factors are
highly signifiéant ahd may influence water reQﬁirement,;setting time,
stiffening tendencies, strength development, shrinkage and the sen51t—

1v1ty of cement to react with admlxtures.

The present paper sets out to discuss the occurrence and behaviour
of alkalies in cement and concrete, to indicate the effects of alkalies in
cement reactions and in various phenomena which occur in freshly-mixed and
hardened cement paste and concrete, ﬁnd to comment on'progedureg that may
be used to reduce the'alkaii contént_of cement and t6 modify some of the

adverse effects produced by alkalies. in concrete.

Alkalies in Clinker

Alkali compounds in conecrete are derived principally from cement,
with aggregate and water as minor contributors, and from secondary exter-
nal sources such as ground-water and air-borne spray. The common alkali

metal ions, sodium and potassium, are present in variable but minor

~—amounts in-clinker generally Within the range 0.1 = 1.5% Na 0 + K,0.

They are generally derived from the argillaceous fraction (clay or shale)
of the raw meal or from coal ash. Other fuels may also indirectly affect
the composition of clinker. Residual fuel oil usually contains large

amounts of sulphur, while natural gas contains neither alkalies nor
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sulphur compounds. The amount of sulphate in clinker affects not only
the mode of occurrence of alkalies, but also the amounts of some of the

other clinker compounds.

Newkirk (1951,19523,£as discussed alkali-clinker systems and
described the occurrence of alkali phases and accompanying compound com-—
positional changes in clinker. Alkalies combine preferentially with
sulphate to form a solid solution of roughly constant composition, and
consisting of potassium sulphate and sodium sulphate in an approximate
3:1 molecular ratio. Alkalies, in excess of the amounts combined with
sulphate, combine with dicalcium silicate (C2S) to form the compound
K.C23S12 and with tricalcium aluminate (C3A) to form the compound NC8A3,
and may adventitiously occur in s0lid solutions with clinker compounds
or as & constituent of glass. The amount of sulphate ion derived from
raw meal and fuel therefore affects the phase compositién of the clinker.
When the amount of sulphate ion is large and when the smounts of alkali
ions are small, alkalies are present largely as sulphates. When the

sulphate ion is deficient, the compounds KC and NC8A3 together with

23812
the potassium sulphate-sodium sulphate solid solution occur in variable
amounts. With increasing amounts of alkali ioms,- the amounts of the

compounds KC and NC8A3 inerease and calcium oxide is displaced from

23512
dicaleium silicate and tricalcium aluminate. Since the amount of C2S
vhich is available to combine with the calcium oxide to form C3S is
rapidly depleted, free calcium oxide becomes an eguilibrium phase in
clinker. It is clear that changes in the chemical composition of raw
meal, of raw materials and of fuels can have marked effects on the com—
pound composition of clinker and consequently can influence cement behavi-
our. Moreover, since the clinkering reactions in kilns do not always
reach their expected equilibria.the amounts of the different compounds
forﬁed may differ markedly from those computed from the oxide analysis.
The presence of other negative ions and variations in raw meal character-
istics, in burning temperatures, in fuel combustion and in kiln operating
conditions can also affect the alkali content and compound composition of
clinker. Provided these variations are anticipated and suitable action

is adopted to counter or minimize their effects, clinker and cement pos-

““sessing satisfactory quality and properties can be produced.

Approximately 50% of the alkalies in raw meal and coal ash may be
volatilized during burning, and much of this alkali is re~deposited in the

chain section of the kiln, and in pre-heaters, dust precipitators and

11



filters. The practice of re-circulating re-claimed precipitated dust to
the kiln generally changes the raw meal composition adversely and increa-
ses the alkali content of clinker. The burning of high sulphur fuel oil
in place of coal tends to increase the sulphste content of clinker and,
depending on burning conditions, may reduce the amount of alkalies that
are volatilized and thus affect the compound composition of theAclinker.
On account of the specified limitation generally placed on the amount

of sulphate in cement, the presence of large amounts of sulphate in
clinker reduces the smount of gypsum that can be interground with 'it.
Since a large proportion {e.g. 40O-T0%) of the sulphate in clinker is not
readily soluble (Stikker, 1958%0 Anderlini & Viviani unpublished data),
cement made from it is deficient in readily soluble sulphate, its setting
time is modified and its rate of strength development and shrinkage are

adversely affected.

Potassium salts are generally more volatile than sodium salts.-
In some plants they have been extracted from precipitated kiln dust.
This extraction process is not usually economic and can be improved
only marginally by adding calcium chloride to raw meal, since the total
amounts of alkalies in raw meal are low (approximately 1-2%) and incre-
nents in the amount of volatilized potash salt are limited. The demand
for low alkali cement was first generated in some western areas of the
United States where reactive siliceous components occurred in mos£ agg--
regates. Subsequently the overall improvement noted in the quality of"
these ‘cements has ensured a continuing demand for low alkali cement and
has led to studies of the various procedures for reducing the.alkali

--content of clinker.

Alkalies also affect clinker production in several different ways.
In raw meal alkalies tend to reduce clinkering temperatures and generally
inerease the amount of liquid and the rate of clinkering. Simultaneously,
however, alkali compounds penefrate a few centimetres into the kiln
refractories and mey react with the interstitial fosterite bond and with
éhromite to form alkali chromates. On account of differences between the
coefficients of thermal expansion of basic brick and alkali compounds,

-.large accumulationé of. alkali sulphates..and. chromstes..induce stresses

which are additional to the high mechanical stresses resulting from kiln

rotation, and accentuate the spalling tendency of brickwork.

12



Alkalies in Cement

The immediate solubility of alkalies constitutes one of their most
noticeable properties. When cement is mixed with water a portion of the
total alkalies, which depends partly on the sulphate content of clinker,
dissolves rapidly. This quantity increases as the alkali-containing com-
pounds hydrate. Soluble alkali salts in contact with hydrating clinker
will inevitably be converted to alkali metal hydroxides and negative ions
such as sulphate and carbonate will form less resdily soluble calcium
sulphate and calcium carbonate. The solution therefore rapidly approaches
a transient ionic equilibrium and has a relatively large hydroxyl ion
concentration which contimies to increase with time. .The presence of
soluble alkali metal hydroxides depresses the solubility of calcium ion
and modifies the rates of hydration of clinker compounds and of the early
reactions that occur on clinker compound surfaces.- These modifications
influence the developing physical associations between large and small
c¢linker particles and the physical state of newly-formed products. - These
changes in turn affect such characteristics as sedimentation, bleeding and
stiffening, all of which may be used to describe the behaviour of cement

-paste;

Cement pastes have very high solid/water ratios and contain part—
icles of different sizes. Consequently their properties are markedly
affected by small differences in water contents. The performance of
different cements may be quite variable and any chemical variation or
measured‘physical chahge or property may be affected by a wide variety
of factors which includes the conditions of clinker manufacture, the fine-—
ness of the cement and degree of aeration of clinker before grinding and
of cement after grinding. Alkalies may interact with other factors to
modify the chemical and physical changes which occcur in paste. Steinour
(1945) %has recorded experimental data showing that the bleeding rate and
bleeding capacity of pastes. decrease as their water-soluble alkali con-
tents increase. In addition to clinker composition other factors inelud-
ing the rate of clinker cooling, grinding temperature, aeration, the addit-
ion of soluble salts and admixtures and test temperature are shows to

_.affect the bleeding characteristics. Caution therefore should be exercised

in drawing conclusions from data which represent rates of physical change
in cement paste when the prior treatment and properties of the clinker and
cement are not adequately described or controlled. While temperature

typically modifies the rates of chemical reactions, the rate of physical



change after mixing has ceased depends not only on imposéd environmental
conditions and on the quantities of clinker or clinker compound under-—
going reaction and of newly-formed products, but also on the intrinsic
properties of these latter products and their distribution in the paste.
Consequently physical changes in pastes can be significantly affected by
the occurrence of occlusion~type reactions that greatly restrict the
rates butkdo not inhibit reactions, by changes in the physical nature

of reaction products and by the conditions of temperature and water con-

tent imposed on the paste.

When cement and water are mixed together readily soluble compounds
enter solution, solid particles, which are readily wetted and affected by
various forces of attraction and repulsion, associate in arbitrarily.
sized masses, hydration and other chemical reactions commence and the
observable physical characteristics of the paste such as sedimentation,
bleeding and changes in workability become apparent. The paste very rapidly
acquires a physical framework that-will persist unless changed by the appli-
cation of external forces, and all the future autogenous changes. occur
within this framework. As hydration proceeds minor chemical reactions and
effects produced by their products are progressively obscured and oblitera-—
ted by the more widespread chemical reactions, which yield large quantities
of hydration products. Tricaleium silicate is therefore the clinker comp-—
ound which largely determines the final performance cheracteristics of
cement. Cel layers form rapidly on clinker particle surfaces and crystals
grow into the surrounding solution. Continued hydration of clinker com-—
pounds disrupts the gel layers which rapidly re-form and, although crystals
growing radially from adjacent clinker particles ténd to interact, they do

not become intergrown.

The solution in cement paste rapidly becomes supersaturated with .
respect to calcium and hydroxyl ions and approaches saturation with
respect to sulphate ions. Sincevfhe amounts of alkalies in cement are
relatively small, the sodium and potassium ion concentrations do not
reach saturation. : Lawrence (1966)%*has discussed the composition of solu-

tions in a number of cement pastes, and Fig. 1 records in a general way

the changes which may occur in the soluble ion concentrations over the. ... .. ..

early hydration period (approximately 16-24 h).-

As the hydration time increases the alkali and hydroxyl ion
concentrations increase while sulphate and calcium ion concentrations

decrease. It should be noted that cements generally contain more sulphate

14
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Fig. 1.  Changes which occur in the composition of the solution
phase in contact with hydrating cement.
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ion than is needed to saturate the solution, especially at low water/
cement ratios while excessively large amounts of both calcium and
hydroxyl ions are continually being produced by the C3S hydrolysis
reactions. Although an increased water/cement ratio increases the
amount of soluble sulphate, its concentration does not increase and in
fact it decreases with time due to reaction with hydrated aluminate.
There is slso some evidence (Anderlini and Vivian, unpublished data},
which suggests that occlusion-type surface reactions especially in low
water/cement ratio pastes, briween C3A hydrate and gypsum may prevent
much of the potentially soluble gypsum from dissolving rapidly.

Although the calcium ion concentration decreases with time and as the
alkali ion concentrations increase, it remains above the saturétion
level. The hydroxyl ion concentration also remainé correspondingly high.
nThe presence of very sﬁall amounts of silicate and aluminate in solution
probably indicates the adventitious occurrence of colloidal particles or

micelles.

An increasing hydroxyl ion-concentration promotes C3A hydration
and tends to retard the hydration of silicates. Simultaneously an
increase in sulphate ion concentration reduces the solution bH, retards
C3A hydration and promotes siligate hydration. The amounﬁ of bydratibn
which produces the early physical changes in paste is relatively minor.
The effects of alkalies, either alone or in the presence of admixtures,
on the properties of hydration products and on resultant phenomena such
as strength developmént; permeability, shrinkage and durability, are h
largely unknown. Studies published by Lerch (1947)3%deseribed setting
time, heat evolution and shrinkage of a number of cements which were
‘ground to:differept finenesses and which contained different amount of
CéA, alkalies énd added gyﬁsum. In generéi éements éoﬁféiﬁing large
amounts of alkalies required large additions of gypsum to achieve adequate
set retardatién. It should be noted howeverythat many of the factors
which affect the behaviour and properties of a cement were not known or

controlled in these experiments.

Although variations in the properties of different cements are

retatively-large;-available-evidence-suggests-that-variations-caused by

alkalies are minimal compared with those caused by modifications in the
major clinker compounds, by the degree of aeration, involving moisture

and carbon dioxide, of clinker and cement, by fineness of grinding and
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by workability (water/cement ratio) differences. The fact that cement
pastes and concretes made from both high and low alkali cements develop
comparable characteristics suggests that alkalies do not cause major del-
eterious changes in the normal hydration and strength-gaining processes

or in the nature of the hydration products.

.

Alkalies in Hardened Cement Paste and Concrete

Alkalies in hardened cement paste and concrete may influence rein-
forcement corrosion, the development of surface stains and efflorescence
deposits, the incidence of surface scaling and "popouts", and the react-
ion with sbnormal expansion of aggregates. The nature of the negative ion
associated with positive alkali metal ion has a significant effect on the
properties of the product and its action on the hardened mass. In addit-
ion the presence of potentially reactive materials and exposuré to suit-
able environmental conditions or envirommental cycling are necessary for

some destructive actions to proceed.

Solutions of alkali metal hydroxides and calcium hydroxide, which
have high pH's, passivate reinforcing steel surfaces and inhibit corrosion.
Areas of the steel surface which are not completely coated with cement
paste may undergo corrosion, especially if negative ions such as sulphate,
chloride or carbonate are present to reduce the solution pH and to produce
“.a. conducting solution through which stray electric currents may discharge
to earth. Moreover, too little cover over reinforcement or poorly .compacted
-concrete allows the ‘ingress of air, rapid carbonation of solutions, hydrated
cement compounds and clinker particlesurfaces and corrosion of reinforcement

and disruption of concrete.

A1]1 types of concretes and concrete products as well as other
porous solids can be affected by surface efflorescence deposits, staining
and mould growth. Soluble alkali metal salts as well as calcium hydroxide
and calcium salts may be deposited as white, crystalline, efflorescence
-deposits on concrete surfaces as the solution evaporates during periods of
drying. These deposits, which vary from opaque coatings, which adhere
tenaciously to the solid surface, to -loose, fluffy masses, cause surface

blotchiness, colour fading and genersl disfigurement of architectural

surface finishes and features. On account of their insolubility in water,
strongly adherent calcium carbonate coatings are difficult to remove. The
loose coatings, which may sometimes be blown away, are usually readily

soluble alkall salts which are re-dissolved by water, re-absorbed and
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later re—deposited when drying conditions recﬁr. In addition the presence
in aggregate of oxidizable compounds such as pyrite and marcasite, and
organic matter which becomes soluble in alkali solution, promote the
irregular staining of concrete surfaces with brown deposits. Apart from

an occasional surface "pop-out" pyrite and marcasite are not usually present
in sufficiently large amounts to cause undue physical damaée to concrete.
The staining deposits are also gesthetically undesirable rather than phys-—

ically damaging.

When concrete is exposed to a sequence of drying and wetting cyc-
les, in soluble salts tend to concentrate near the concrete surfaces. If
present in sufficiently large amounts these salts may cause surface scaling,
& phenomenon produced by shallow micro-pop-outs. When concrete is exposed
‘to dry-wet. cyeling conditions, salts such as sodium sulphate are not only
concentrated near the surface but also undergo a change from an anhydrous
to & hydrsted state., This change in the state of hydration of the salt is
highly significant since unhydrated salts or salts which, although hydrated,
are not readily crystallized, do not cause scaling. Removal of the surface
layers of cement paste or mortar exposes the coarse aggregate which event-—
ually becomes loosened, and produces a general roughening of the surface
of the concrete. It should be noted that this scaling process is not con-
fined to concrete; it occurs generally in permeable materials such as nat-
ural stone, sand-lime bricks and blocks and in certain earthenware ceramic
products. Scaling causes more damage than efflorescence because it adv-
ersely affects the operating surfaces of structures and slowly reduces the

section of structural units.

Alkalies in hardened concrete were shown to react slowly with sili-
ceous aggregates which contain opal (Stanton 1940)8 or which contain acid
and intermediate volcanic glasses (Blanks and Meissner 1941)2. This
reaction, which was discussed recemtly (Vivian, 1975)12, produces quan-
tities of an alkali hydroxide-silica complex which can absorb water and
swell. The swelling complex exerts a disruptive force on the mortar surro-‘
unding the reacting aggregate particles. As cracks are formed and propa—
gated through the concrete a significant overall expansion occurs. Since

the concrete becomes extensively cracked its mechanical strength is mark-

edly reduced and the space created by the cracks permits the ready entry
of water or other salt solutions which may accelerate the disintegration

of concrete exposed to adverse environmental conditions. It -is impossi-
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ble to control this reaction in large concrete masses which can undergo
sufficient deterioration to cause the abandonment of the structure before
it has completed its expected economic life. The testing of construction—
al materials before use and the prediction of the occurrence of this prob-

lem in concrete has now become widely accepted and practiced.

A somewhat similar but less widespread problem concerning the.
expausion of certain dolomitic aggregates in Canada and the United States
has been reported by Swenson (1957)!1, Hadley (1961)3 and others. Some
dolomites have been shown to be capable of reacting with alkalies and
causing concrete expansion. This reacting system possesses some unusual
features which have not yet been fully explained and the precise source of
the disruptive forces has not been clearly demonstrated. Nevertheless this
reaction suggests that the presence of relatively large amounts of alkalies
in cement and their reaction with a susceptible dolomitic aggregate can
cause large concrete expansions. To obliviate damage from this source
tests have been devised to permit the prediction of aggregate behaviour

in-concrete.’

Economic Effects of Alkalies in Cement and Concrete

For much of the concrete that is produced the alkalibcontents
(generally <1%w/w of cement and consequently <0.2% w/w of concrete) are
so small that they have no significant adverse effects on desired prbp-l
erties. 'Moreover, unless 6ther significant factors are present, in gener-—
al constructional concrete, alkalies do not cause any adverse material
modifications. Alkalies do not produce any significant changes in qbncr—
ete that is kept completely and continuously wet is also relatively
unaffécted by alkalies. Exposed concrete, which is subjected to inter-
mittent‘wettiﬁg and drying or subjected to water pressures on one face,
may develop the typical wet-dry cycling effects which, if other essential
factors are present, can include general deterioration, surface staining,
effloreécénce and scaling. The fact stands out quite‘cleariy that, in
evaluating the ‘economic impact of any potential problem in concrete,
environmental exposure conditions must be considered along with various

material and structural factors.

>'06nsideration of the economic effects of alkalies involves the
cost of prior investigations of sites ard materials. It also involves
the maintenance of operation of the structure and the cost.of repairing

damage such as staining caused by efflorescence and mould growth on
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architectural concrete finishes and surface scaling. Greater costs can be
caused by the need to reconstruct s defective structure before its esti-
mated econamic life has elapsed., Since cement is manufactured and is
usually the major source of alkalies in concrete, economic considerstions
tend to become involved with procedures for removing alkalies from clinker.
MAkalies derived from ground-water or general working operations may some-
times cause problems which can only be prevented by good construction

practices and surface protection.

In certain localities where all available aggregates are consid-
ered to be potentially reactive, a maximum alkali content has been speci-
fied for cement. Stantdh (1949)8 initially proposed as a maximum limit
0.5% total alkalies expressed as %Nay0 + 0.658%K20, and subsequently
increased this maximum to 0.6%. This latter figure has been generally
adopted as the limiting quantity which separates high from low alksli
cements., It is quite possible that this arbitrary limit may still be too
high because over long periods of time alkalies may concentrate in a rela-
tively few areas and cause such damaging effects as surface efflorescence,

scaling and aggregate expansion.

Since the cost of removing alkalies from clinker is high, it is
essential where possible to choose raw materials that have low alkali
contents. If such materials are not available, removal of a portion of
the alkalies during clinker manufacture is more economic than their com—
plete removal. The alkali contents ofrmany low alksll cements are there-
for just below the maximum limit. It will be seen that changes which are
intended to reduce alkali contents may induce additional problems which
reduce production rates and increase maintensnce costs. Although volatili-
zgtion of an increased amount of alkalies from raw meal by high burning
temperatures may assist in producing a high quality clinker, it also
increases fuel and kiln lining costs and may reduce output. Additions of
compounds such as calcium chloride to raw meals or to fuel to increase
the amount of volatilized alkalies are generally ineffective, increase
costs and may induce additional corrosion and clogging problems in exhaust
systems. Although dumping precipitated kiln dust‘in contrast the return-

_.ing dust to the kiln, assists.in.reducing the alkali content.of clinker,

this practice wastes valuable material, reduces kiln output and therefore
directly increases production costs. This practice also increases handling
problems and accentuates the need for either storage or dumping space so

that a pollution problem is not created.
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Abrasion and corrosion of metal in plant units may be severe.
The presence of calcium chloride dusts and moisture in flues, stacks and
hoppers where temperatures fall sufficiently low for moisture to condense
mey accelerate metal corrosion. On the other hand the rate of steel losses
from grinding media and liner plates in ball mills is up to 10 times great-
er in wet than in dry grinding mills. This difference is due to corrosion
vhich can be significantly reduced by increasing the pH of the slurry
(Anderlini and Vivian, 1961)%. Although such an increase in pH would
increase the alkali content of clinker slightly and modify the flow chara-
cteristics of the slurry, it could be an econimically viable addition in

some plants.

The production of blended fly ash-portland cement mixtures can also
affect alkali contents, If the alkali content of the fly ash is low, the
oversall alkali content of the blended cement can be effectively reduced.
This reduction in alkali content has been regarded as one of the advanta-
ges of blending a pozzolan with portland cement to reduce the extent of
alkalivaggregate reaction. However some fly ashes from coal-fired boilers
contain large amounts (>5%) of alkalies and consequently in blended ceme-

nts could significantly increase the alkali content of concrete.

The permesbility of concrete and concrete products affects the
incidence of efflorescence and scaling. Reduced\permeability improves
the general quality and performance of conerete significantly. It has long
been recognised that the processes of glazing ceramic ware -and of polish-
ing natural stone seal the product surfaces and either eliminate or signi-
ficantly reduce the movement of solutions under cycling environmental con-
ditions. A reduced permeability in low priced concrete and concrete prod-
ucts which can be achieved without the use of costly material or product-
ion treatments would reduce the movement of solutions. Consequently any
procedure that enables high density cement pastes to be produced without
the need for large compacting pressures could be a suiteble alternative
to reducing the alkali content of cement. A reduction in paste permeabili-
ty may be achieved by grinding cement more effectively and modifying its
mean particle shape so that adequate workability is developed at a reduced

water content.

Concluding remarks

1. Alkslies are present in varying emounts in all cements and con-

cretes. They do not affect the performance of cement adversely
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..and compared with other msjor components, their effects on many

of the properties of concrete are small.

Alkalies may cause some surface blemishes in concrete such as:i-
(a) staining, )
(b) efflorescence, and

“{c)] scaling.

Alkalies may cause more complex and damaging effects in concrete
such as:
‘(a) reaction with siliceous aggregates, and

(b) reaction with dolomitic aggregates.

~ Alkalies produce strongly alkaline solutions which have the bene-
ficial effect of inhibiting reinforcement corrosion and minimizing

steel media and liner plate corrosion in wet grinding mills.

. -Wet—dry cycling exposure conditions are necessary to produce
severe efflorescence and scaling problems. Exposure to continu-
ously wet or dry cornditions does not cause marked efflorescence

or scaling.

The ‘presence of soms alkali in cement and concrete must be accept-

ed since it is neither technically nor economically feasible to

remove-alkalies completely. Some reduction in the amount of

alkalies in cement can be achieved by:

(a) Choice of low-alkali raw materials. )

(b) Increased volatilization of alkalies by high burning tempera-

- tures. This procedure also increases fuel costs and may

reduce kiln lining life and kiln output. -

(c) . Additions such as calecium chloride to raw meal to inerease
the volatilization of alkalies. This may also increase

corrosion and dust collection problems.

. (d) Non-recirculation of precipitated.kiln dust which may be

dumped or used as .a lime top-dressing for pastures.

Improvement in the performance of concrete may be achieved by:
(a) The use of low alkali (<0.6%) cements.

(b} The-use-of-blends-containing suitable-amounts of pozzolans
such as burnt clays, volcanic ashes or fly ashes.
(e¢) The substitution of non-reactive aggregates for known

resctive aggregates
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(d) The use of surface treatments or barriers to prevent alksli-

containing ground water from being absorbed by concrete.

Aggregates should be tested prior to use and those containing
deleterious components discarded. Standard tests are available
for this purpose. It should be nbted however that these tests
alone are not suitable for assessing the probable behaviour of .

the material under operating exposure conditions.

An improvement in concrete performance could be accomplished by
reducing the permeability of cement paste. By modifying the
shape of cement particles and reducing the water/cement ratio,
the rate of movement of solutions in concrete could be restricted
- sufficiently to minimise the staining, efflorescence and scaling
problems and other desirable physical properties of cement could
be Improved. . Good constructional practices would still be essent-—
ial to ensure complete compaction and tight joints and. to elimin-

-ate undue cracking.
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Mr. B.

CONTRIBUTIONS TO DISCUSSION
Mather

Firstly, T join Miss Moore in expressing regret that Mr. Vivian is
not present. Second, I applaud the emphasis given in paragraph 1 of
part 5 of the paper on environmental effects especially the statment
"Alkalies do not produce any significant changes in concrete that is
dried out and is then kept continuously dry". Third: I inquire whe-
ther there is documentation that alkalies in cement cause or encour-
age "mould growth" as noted in the second paragraph of part 5. Fin-
ally with regard to the point about high-alkali fly ashes. as noted in
the next to the last paragraph, at our laboratory we evaluated fly
ashes of various alkali contents for effectiveness in reducing
expansion of pyrex glass - high alkali cement mortar bars. High-
alkali fly ashes were less effective than low-alkali but when used in
approprigte (larger) amounts were equally effective; these higher

amounts are reasonable and economical especially in mass concrete.

Mrs. K. Mather

Ms. A.

I would question Vivian's point: "Alkalies do not produce any signif-
icant changes in concrete that is dried out and kept dry"; How does
this compare with the Hadley explanation of reaction with low alkali
cement in the semi-arid climate of Kansas and Nebraska where drying
the concrete concentrates the alkali from low alkali cement and
permits reaction to occur. Answer to queétion by B. Mather is that
the concrete in Kansas was occasionally subject to being rained on;

thus a different situation than Vivian envisioned.
E. Moore

Iﬁ Section 2, paragraph 3, H.E. Vivian suggests that high sulphur
fuels promote retention of alkalies and then that this may result in
a large proportion of clinker sulphate which is not readily soluble.
Surely alkali sulphate is highly soluble, and indeed the first line of
Section 3 says this? Pollit and Brown (Tokyo Symposium) show that it
is very unusual to have less than T0% of clinker sulphate readily

EC ]
solLubie,
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Mr. P.J. Jackson

1) On Page 11 the claim is made that recirculation of reclaimed
precipitation dust generally changes the raw meal composition advers-—
ely. This contribution has been involved with this reaction for a
decade now, and provided it is correctly carried out has found no

such adverse effects.

2) OnPage 12 it is noted that quality is said to improve with -low
alkali cements. This contribution is not clear what is meant by
this. Certainly as far as strength and many other properties are
concerned high alkali cements can be as good as or better than some
low alkali cements. This matter is dependent on so many other

considerations that a generalisation such as this is not warranted.

Mr. J. Figg

A possible explanation concerning Mr. Mather's query is that mould
growth will be inhibited in high alkali environments and this may be

the effect referred to in H.E. Vivian's paper.

The Thames Barrage Site

25



‘2, ALKALIES IN CEMENT AND CEMENT MANUFACTURE
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ALKALI COMPOUND FORMATION OF
COMMERCIAL PORTLAND CEMENT CLINKERS

John Mander
Martin Marietta Cement
Cement Technical Center
1450 ‘South Rolling Road
Baltimore, Maryland 21227

ABSTRACT

The effect of kiln atmosphere in the burning zone on the
formation of alkali compounds was studied. It was con-
cluded that the double salt K3NS, was produced under re-
duced kiln conditions while C3KS; tended to be formed
under oxidizing conditions.
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The data I wish to present to this conference was based
upon x~ray diffraction studies of alkali sulfate compound form-
ations of some commercial clinkers. The effect of reduced
clinkers have been the subject of various investigations in the
past (1,2), and also much has been published on the alkali
sulfate compounds (3,4) in cement. .clinkers. :This study seems to
indicate that the atmosphere in -the burning zone can have as much
influence on the alkali sulfate compound formation as does the
chemical composition. These conclusions are tentative and could
be modified as additiohél informatiqn i§ §b£ained from the ionic
concentration of the liquid phase studies ‘currently underway.
The effect of these alkali compounds on early hydration is also
being investigated.

This. study was. prompted by two. relatively recent events which

occurred in the cement industry Of ‘the United States.
1. The sudden fuel shortage made it necessary for plants
which had previously burned natural gas and/or oil to

switch to less expensive coal containing higher sulfur.

2. Increasing field complaints because of variable water
demand, variable setting times, and incompatability
with some admixtures were registered.

I will report on only six of over one hundred commercial
clinker composites which were analyzed. The clinkers discussed
in this paper were produced in commercial kilns to which various
amounts of dust were returned. The criteria for selection were
based on two factors:

1. The amount of alkalies and sulfates in the clinker.

2. The estimated oxygen deficiency in the burning zone
during the production of these clinkers.

The chemical analyses of these clinkers (Table 1) exhibit
a general range of alkalies and sulfur which could be expected

during various production periods. Naturally, when the clinker
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alkali and sulfur reach the upper control lifmits, adjustments
to kiln parameters dre made to lower them to accéptable limits.

The primary method of alkali sulfate compound detetrimination
was by x-ray diffraction studies of the maleic acid residues(5).
Figure 1 shows the XRD scans of these clinkers and the Cu 2-theta
location of the compounds. Atdmic absorption analysis_of the
maleic acid filtrate is also tabulated‘(Table 2). This analysis
reélates the chemical composition of the alite-belite phases plud
the free lime content. Except for Clinker *"D" one, finds that
the chemical compoéition of the silicate phases remains rather
constant, and the greateét differences between these clinkerslé%e
found in the diffraction studies of the maleic acid residue.
Table 3 relates the. ‘salient dlfferences of the- compound produéts
and an estimation of the burnlng ‘zone atmosphere.

It becomes apparent that the compound formations afe con-
tingent upon not only the amount of alkali and sulfur bué dlso
upon the burning atmosphere. cClinker “"A", which has‘fhé lowest
alkali sulfur content of this series, "appears. to have formed
only two alkali.compounds: arcanite (KS) and the alkd#li sub-
stituted C3A BN,K)C8A3JV.' One could assume that KS isg formed
until the sulfur is exhausted then the remaining alkali is con-~
sumed in the formation of (N,K)CgA3. The alkali preferénce for
sulfur appears to be subétantiated by clihkerv"B“”and "¢" which
differ from "A" only by increasing amounts of alkali and sulfur.
In the "B" and "C" clinkers there is the formation of calcium
langbeinite (KC»53) and aphthitalite (K3NS,) in preference to
(N, K)C8A3 of Cllnker "A"; thereby leav1ng C3A as the only alumina
compound .. '

Clinker "D" represents the product of an experimental burn
which inadvertently was conducted under severe reducing con-
ditions, while Clinker "E" was.collected a few hours earlier.
Oonly-the-kiln-atmosphere-was dlfferentWW'It “is” 1nterest1ng to~
note that~K3NS4 appears'to be the only alka11>compound,present
in the severly reduced clinker while under less reduced condi-
tiohs the clinker gave strong diffraction patterns for both
KC.5,; and (N,K)CgA3. This would seem to indicate that K;NS,
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is a preferential compound when produced in a reduced kiln
atmosphere.

Clinker "F" would again seem to support the hypothesis
that kiln atmosphere can dictate minor compound formation.
This clinker was the product of another experimental burn in
which every effort was made to maintain an oxidizing flame.
The major alkali compounds of this clinker appear to be the
same as Clinker "E": (N,K)CgA3 and KCpS3;. As mentioned
earlier, these samples were selected from many that have been
analyzed: These particular clinkers were selected to illustrate
a relatively high dégree of‘purity of the alkali sulfur compounds.
We have diffraction patterns on which we have identified the pre-
sence of K _g;N1,.335:*. We have also observed peak shifts for
the above compound which indicate that a considerable range of
the solid solution series of KyN,5, (where x + y = z) compounds

may be possible constituents of portland cement clinker.

Evaluations of the maleic acid filtrate analysis of these
clinkers (Table 3) indicate that only minor portions of the
alkalies and sulfur are found in thé silicate phases. This gives
additional support to the x-ray diffraction studies which place
the'majority of these elements in alkali sulfate and/or alkali
aluminate compounds.

In summary these data would seem to suggest:

1. The preferential compound formation for alkalies
in cement clinker is in some combination with the
sulfur. When the sulfur has been depleted the
alkalies appear to form (N,K)CgA3 as the next most
preferential compound.

2. The burning zone atmosphere seems to dictate which

alkali-sulfate -compound—is—formed. —KCzS83 tendsto
be produced in an oxidized flame while the excess

*JCPDS Pattern 20~926
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" alkalies form (N,K)CgA3. K3NS, appears to be
formed during periods of reduced burning condi-
tions and any excess alkalies going into the
silicate phases.

TABLE 1
Clinkers Chemical Analysis (%)

'CLINKER ‘ A B c D E F
_ sio, : 21.60 21.20 21.30 21.34 21.25 21.80
Al;0s 5.95 . 5.80  5.85  6.21 . 6.05  4.40
Total Fe as ) . ) i . -
Fe,03 2.60 2.70 2.65  2.38  2.51  3.00
FeO ~0.05 0.15  0.05 0.93 "~ 0.15 0.0l
cao 65.80 64.50 63.30 63.52 63.42 61.92
Mgo 3.00  2.90  2.85  2.43  2.46  4.44
P,0s 0.10 0.01 ° 0.01 0.28  0.13  0.l1
Ti0, 0.25  0.20  0.25  0.26 ~ 0.26  0.20
Naz0 © 0.25  0.25 0.25 0.44  0.48 ~ 0.23
K20 0.55  0.95  1.10° 0.82 ~ 1.41 ~ 1.11
S0s 0.40  1.80 2.50  1.56  1.01  2.90
Sulfide Sulfur ‘ ' '
as S03 0 0 0 0.62  0.05 0
LOI 0.15  :0.20° 0.30 © 0.55 - 0.09 - 0.41
wt.gain
Free Ca0 . 0.40  0.40 0.80 . 1.21 . 0.80  0.30

Bogue Potgngial Compounds -,

C3S 2 : 58.88 .. 53.50 45 .59 46.83 .- 49.57 44 .28
Cz2S 17.51 20.42 26,67+ 25.85 '23.53 29.10
C3A 11.37 10.80 11.02 12.43 11.79 6.58

C4AF 1 7.91 ¢ .8,22 .. 8.06  7.24 " - 7.64 9,13
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TABLE 2

Maleic Acid Filtrate Analysis (%)
Clinker A B C D E _F
Sios 20.77 20.55 20.54 21.12 22.09 21.74
Al,03 - 0.94 1.30 1.00 0.86 0.80 1.45
Fe,03 0.52 0.62 0.72 0.53 0.58 0.59
cao 55.05 53.93 52.78 53.28 54 .42 53.95
Mgo 1.29 1.09 0.94 0.82 0.96 1.17
SO3 0.05 0.06 0.07 0.13 0.11 0.15
Na,0 0.09 0.10. 0.10 0.14 0.15 0.11
K20 0.21 0.26 0.20 o .0.33 0.21 0.16
TABLE‘3‘
Compound Intensities vs Kiln Atmosphere
Clinker A B c D E F
Alkali Sulfur Analysis
SO3 0.40 1.80 2.50 0.94 0.96 2.98
K30 0.55 0.95 1.10 0.82 1.41 1.11
Na,0 0.25 0.25 0.25 0.44 0.48 0.23
Kiln Atmosphere
Slight Extreme Slight
Reduced Reduced Reduced Reduced Reduced Oxidixed
KC2S3 o W s W s Vs
K3NS, o) M s Vs W o
KS w o} W W w W
(N,K)C8A3 M w w [¢] S Vs
C3A M S s Vs W w
O = None Detected
W = Weak Intensity
M = Medium Intens%ty
S = Strong Intensity
VS = Very StrongIntensity
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SHORT:-: REPORT - ON OPERATING -
A MODERN CEMENT WORKS

Dr. Dennis Le Sar
Operations Manager
Cape Portland Cement Company anlted

 ABSTRACT

During 1971-1974 a complete new plant was bullt at our old

De Hoek Works. Features of the new plant Include:

.~A .sophisticated system of pre-blending raw materials from the ::
quarry which permits the feeding of a thoroughly blended mate-
rial to the next stage of production.  Samples of the material
are taken by an automatic sampler and are ‘analysed by an X-ray
fluorescence spectrometer, with the results being fed directly
Into ‘aprocess control. ‘computer.: - The chemical analysis: is also
used for the next stage of the process for automatically con~
trolling the rates of feed to the raw mill. The X-ray fluo-
rescence spectrometer accurately ‘determines: the calcium, silica,
Iron, sulphur, magnesium, alumina and potassium content of the .
materials conceérned within two minutes.

The kiln ‘incorporates a l-stage preheater cyclone system and the
whole operation is controlled by extensive automation and instru-
mentation operating from a centralised control room. On the =
whole, the plant has performed well, except for a series of
chokes In the preheating system. The frequency of these has
been considerably diminished by various physical modlflcatuons
and some alteratlons to operatlng procedures. :
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The Companxi and the Works
The Cape Portland Cement Company was incorporated In 1921 with an
original share capital of R700 000. It took over the assets of the
Hermon & Picquetberg Lime Company and established its first factory

at De Hoek about six kilometers from Piketberg.

The initial manufacturing capacity was 54 000 tonnes of cement per
year and this was Increased through the following thirty years to
reach 270 000 tonnes per year. The next extenslons were at Rie-
beek West where a kiln was started in 1959 and a further extension
In 1968 brought the product!on capacity of the Company to roughly
820 000 tonnes of cement per annum. .

When . the demand for. cement further increased it was declded to
replace the old plant at De Hoek with 2 ‘new, modern plant.
COnstructlon of this plant started In late 1971 with the kiln being
commissloned in June, 197k, The final cost of the new plant was
roughly fifteen and a half million Rand and It is capable of pro-
duclng approximately 500 000 tonnes of cement per year.

The Raw Materlals’
Limestone B _ » ;
A hard, blue-grey, secondary limestone, extracted by open-cast
mining methods from a quarry adjacent to the Works. The material
is drilled and blasted and then transported to the primary jaw
crusher situated within the quarry. The crushed material (=150 mm)
is raised by a conveyor belt to the secondary crusher station
sited at the surface, next to the quarry. This station houses twin
units, each consisting of a triple-deck vibrating screen and a
.Hazemag impact breaker. The oversize material is crushed (95%-25 mm)
whilst the smaller sized fractions coming from the quarry can
either be diverted to the waste dump or combined with the crusher

‘product, which Is conveyed to a stockpile. There are two stock-
piles of low/medium grade 'run-of-quarry' limestone and one high-
grade pile.
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TABLE 1

Typical Analyses of Limestone Samples"ex Crushers

| constituentss | - Low/Medium grade High grade
Ratios % g 3 %
Si0, " 13,5 ”:,5 9,]£ 6.5 j
A1203 13,0 2,5 2,1 2,2
Fe203 1,0 0,5 0,6 0,9
Ca O 46,7 48,9 50,1 51,0
S03 0,3 0,2 0,b 0;h
Kp0 0,7 + 0,5 -0,5 0,k
Mg0 1,5 1,3 . 1,2 0,9
Nay0 0,4 0,2 0,3 0,3
3 0,007 | 0,004 ‘n.a. h.a.
L.S.F. 11,5 135,3 1762 236.7
Silica Ratio 3,4 3,5 3,5 2 :
ME - 3,0 3.1 3,6 2,4

TABLE .2

Variation of Ky0 and 503 content in Limestone Samples

Sample LSF K0 S03
No. 3 3 %
1 100,6 0,78 0,71
2 121,2 0,64 0,57
3 133,1 0,62 0,81 -
4 136,2 0,65 © 0,71
5 146,2 0,58 0,73
6 150,2 0,81 0,63
7 161,7 0,69 0,81
8 167,5 0,46 0,63
9 - 166,9 0,44 0,86
10 178,9 o4 0,83
1 208,8 0,25 0,51
12 220,2 0,25 0,51
13 262;8 0,16 0,45
4 283,0 0,26 0,52
15 286,4 0,08 0,53
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Most of the overburden on top of the limestone, and the material
surrounding it; consists of a soft yellow shéle. Prior to in-
stalling the new-plant at the Works the raw mix used to consist _
solely of limestone and shale. Much of the limestone deposit. con-
sists of 'a mixture of a slightly harder grey shale (with a compo--
sition Similaf to that of the yellow shale) and the much harder
limestone. When there is an excessive amount of shale mixed with
the limestonezit is screened out, as describéd above, to ppérade~
the quality. 7 i ‘ ‘

Yellow shale is extracted and féd through the system as and when
required, and stored in a separate stockpile. :

TABLE 3

l‘Typical Anaiyses of Sﬁéle Samples.ex Crushers

Constitﬁents: 3 % % 3
sio, | 65,5 71,5 60,2 57,0 °
[ DT PO B I IRk 16,4° 7,1

Fey03 8,7 9,2 7,5 8,0
a0 R EEE - 2,8 4,2
S03 - - 0,1 0,4
K20 S E 3¢ T B I 3,3 2,8
Mg0 - ‘ 1,1 1,0 1,6 154
Nay0 n.a. n.a. 0,4 0,7
Ci n.a. n.a. - 0,1 - 0,1

Sand and Iron Ore

About 2% of river sand: and 1,2% of iron ore (haematite) are added
to the raw mix (on average) in order to keep the silica and A/F
ratios as constant as possible.

“TABLE &

. Typical Analees of Sand and lron Ore. Samples

Material{ Si0y A‘203'Fe203 Ca0’ S03 ¢ ‘K,0 {: Mg0 Nazo Cl

SN S T I T T O

-4

Sand 97,71 1,21 0,8 0,03 - | 0,3} 0,1] 0,1}0,04
tron Ore} 17,3 | 3,9 /66,2 | 1,27 0,2 | 0,5} 0,7} 0,3} ¢r.
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THE RAW MIX CONTROL

Equipment

X-ray Spectrometer:

Make: : Siemens

Type: Muitichannel MRS-2T

X-ray tube: Ag Cr 61 with chrome anode
Elements: . Fe Mg S Ca K Al Si

Crystal: - . LiF100 AdP PET Quartz PET PET PET
Counting time: 2 min.

Tube: . KV/MA 50/hk

Press: : Hertzog Automatic Press

Communication between X-ray spectrometer and computer is established
by means of the following signals: 32 digital inputs, & digital
interrupts and 14 digital outputs from 5/7.

Computer:

Make: 1BM $/7 Model Al6
Storage: 16 K words, each consisting of 16 bits
Typewriters: 1 - 5028 operator station
2 - 1053 printers
Disks: 1 Fixed

- . 4 Removeable
Péwer failure interrupt
Automatic restart
Interval times
:Analog‘inputs 96
Digital inputs 128 (32 Process interrupt)
Digital outputs 48

Samplers: )
1. SALA sampler

" 'Situated between the secondary crushers and the preblénding
stacker, this device automatically samples (at pre-set inter-
véls) all mafeffal‘being conveyed to Ehe various stbckpiles;
it reduces the sampled material to 2 coarse powder and splits

and mixes it. When the sample is collected a button is

pressed to indicate to the computer that this has been done,
and the computer then ''reads'' the belt weigher in order to
determine the quantity (in tonnes) of material which the sam-

ple represents.

2. FLS Raw mix sampler

Situated after the raw mill,
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Plant:

1. Weserhutte Preblending Stacker and Reclaimers:
The stacker lays down the piles of crushed limestone in a
series of bOQﬂlongitudinal layers, arranged in the ‘‘windrow!
fashion (NOT chevron pattern). There are two “run-of-quarry'
limestone stockpiles, one high-grade limestone pile, and.one
shale stockpile. The reclaimers are fitted with swivelling
bucket-wheels which cut across the entire 400 layers (built-
up over several days) each 5 minutes. The theoretical
blending effect is 20 : 1 (i.e. square root of 400}, and, as
far as can be ascertained, this is borne out in practice.

2. Two storage silos:
‘One for river sand and one for iron ore.

3. Schenck weighing equipment:
Belt weighers to record rate and weight of material stock-
piled, and control speed of stacker; and reclaiming rates.
Four weigh-feeders, controlled by the computer, to proportion
and control the feed to the raw mitl, '

4, F.L. Smidth Raw Mill:
Tirax-unidan mill, rated at 110 tonnes per hour for a product
with 10% rcsidue on the 170 mesh screen.

5. Two Claudius Peters Homogenising Silos:
Each of 6000 tonnes capacity, and fitted with a "misch kammer"'.
Guaranteed to have a blending effect of 5 : 1.

Control:

1. Raw Materials Preblending:

The raw materials are fed to the prehomogonising store via a
belt weigher and an automatic sampler. The material is de-
posited on oné of four piles. An account fs kept by the
computer of the contents, in ténnes, of wet materials in each
pile. During thevfil]ing up of a pile, the average chemical

analysis is calculated

ThéfbagTs”ror these calculations is:
Samples taken out by the automatic sampler, as well as analog
and digital signals from the prehomogonising store and the

feeders of the raw mill.
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2. Raw milling:
The quality of the kiln feed is controlled by blending four,

- threz or two raw materials. The chemical requirements as re=-

gards the kiln feed are determined by setpoints for:

(1) LSF
(2) SR
(3) A/F

The quality of the kiln feed is controlled on the basis of
1averége raw mix samples taken after the Raw Mill.
The chemical requirements as regarding the raw mix arekdeter-
mined as follows: After passing the Ciaudius Peters homogeni-
sing silos, the raw mix should fulfill the required setpoints
as far as possible., The automatic sampler of the raw mill is
emptied about once every hour. The analysis of this average"
sample, and the corresponding consumption in tonnes of each
of the four raw materials, is used for up-dating the 1ime-
~ stone analysis. The knowledge of the raw materials analysis
and the deviations accumulated are used in the calculation
of the proportioning of the raw materials to be fed to ‘the

raw mill_in the next hour.

3. X-ray Analysis ahd Control:

A raw mix sample is taken every hour mi xed and_analeed.

The analytical prccedure used is:

Grind 40 gram Raw Mix + 0,5 gram Boric Acid for 4 minutes in

a Bleuler Ring Mill. 29 Grams of ground material + 1 gram

wax is then mixed for 2 minutes. A special communications
“code is then dialed indicating to the computer Ehe type of
ana]ysis, production line;'type sémble and sample no. The.sam-
plevis then fed to the press, the spectrometer started, and 4}
minutes later the results are typed out on the one 1053 printer.
New % setpoints are also automatically calculated for the &4
fee&ers and printed on the other 1053 printer. The feeders are
set to the new percentages by the computer, and a new updated

limestone analysis is calculated.

The X-ray Is serviced daily by laboratory assistants and stan-
dard samples (tablets) are analysed. |If these analyses are out
of limits (0.5 LSF, 0,1 SR and 0,1 A/F) the X-ray is recalibrated.
Once a shift a quality control sample is analysed - including
sample preparation. These analyses are used to check the accuracy

of the spectremeter and the sahp!e preparation. A number of safety
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precautions are incorporated in the computer programs to prevent
- the analysis of the wrong material as raw mix. Measurement of

retative half-width is done every month as further check on the

spectrometer.

The X~ray is at present used to analyse raw mix, kiln feed,

limestone, filter dust, clinker and cement (for gypsum control).
TABLE 5

Typical analyses of limestone and shale ex stockpiles, raw meal ex
mill, and raw mix as fed to kiln (i.e. after silos).

Constituents. Limestone Shale Raw meal Kiin ;eed
§i0, : 9,9 64,5 13,8 13,7
A1205 2,4 12,9 2,9 2,3
Fe,03 0,9 8,3 2,3 2,2
Ca0 46,5 0,01 42,9 43,1
S03 0,4 - 0,7 0,8
K0 0,6 2,9 0,8 0,8
MgO 1,3 1,1 0,9 21,0
NaZO n:.a. n.a. ’ n.a. 0,1

Water-soluble C!l n.a. n.a. ] n.a. ! 0,01
TABLE 6

Weekly Clinker Analyses for Five weeks

Week ended :] 20.6.76 | 27.6.76 | 4.7.76.} 11.7.76 | 18.7.76
sio, Co21,2 21,2 | 21,2 21,1 ) 21,2
Al50, 5,6 5,6 5,5 5,7 5,7
Fez0, 3,7 3,6 3.6 | 3,6 3,7
Ca0 65,3 65,4 65,4 65,4 65,3

s03 0,9 0,8 0.9 0,8 | 0,8
K,0 1,0 1,0 1,0 1,0 1,0

Mg0 1,7 1,8 1,8 1,8 1,7
Na,0 0,2 0,2 . ] 0,2 0,2 |- 0,3

. {-Loss on lgn. 0,3 0,3 0,3 0,3 9,3
“L.S.F. . 95,5 95,7 95,9 96,0 95,3
S.R. 2,28 2,30 2,33 2,27 2,26

A/F 1,51 1,56 1,53 | 1,58 | 1,54
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THE KILN ‘

An F.L. Smidth (Denmark) kiln, with a h-stage preheater consisting
of twin first-stage cyclones and single second-,third- and fourth-
stage cyclones. The kiln is 66 m long and has an internal diameter
(before lining) of 4,35 m. It is fitted with an F.L.S. conditio-
ning tower and electrofilter. Raw meal feed-rate is controlled by
means of a Schenck solids~-flowmeter and the kiln is coal fired, and
consumes approximately 3,43 MJ/kg clinker (820 k.cals/kg.).l Ope~
ration commenced on 20 June 1974. '

Guaranteed output rate of clinker is 1150 metric tonnes per day,
but the kiln operates cdmfortably anywhere in the range 1050 to
1350 tonnes per day. It has been operated as low as 950 and as
high as 1390 (possib]y even higher) tonnes per day, but at these

extremes constant supervision is necessary.

it was predicted by F.L.S., from the alkali/sulphate ratios of our
materials, that we could expect a Hsoft!! build-up in the riser

" ‘pipe between the kiln and the hth-stage cyclone, and that this
material would harden if it was not removed on a regular basis.
This has been the case, and the material is removed twice a shift
by poking through holes provided. {f this is noct done the pressure
drop in this area builds up visibly on the chart., In two years of
operation it has not beeh necessary to stop the kiln for a major
build-up in this area.

Build-ups of material‘(also relatively soft) have occurred at

~ various points in the cyclone pre-heatef system, and after 22 weeks
operation (twice)‘these have apparently started breaking up under
their own weight, and the lumps falling down have caused chokes

in ducts where there are restrictions, in éome‘cases resulting

in cyclones filling up with hot material. This has necessitated
stopping the kiln for a day until the cyclone was cleared.

Various modifications have been made to overcome this problem, as
described below: k

Physical Modifications:

March 1975 (during first major kiln shut-down) )

1.  Thermocouple removed from feed pipe below No. & cyclone into
kiln and resited in the cyclone itself. (This caused several
chokes by trapping lumps which would otherwise have passed
through into the kiln).
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The flexible joint in the above pipe was moved to a different
position, and poke holes were provided.

Additional poke holes were provided throughout the system.

An inspection door was provided in the top of the 4th cyclone

's0 that a ledge, where material settles, can be cleaned when

necessary.

November 1975

5.

A1l flexible joints were lagged (to prevent ‘'condensation'' of
hot material).

Feb./March 1976 (during second major shut-down)

6. Alteration to inlet of No. & cyclone - to change its shape to
the approximate ‘''natural'’ shape caused by build-ups in this
area - as recommended by F.L.S. '
May 1976 )
7. Air jets provided at the ''spiash-plate' at the entrance of the

feed pipe from N§.3 cyclone. (This splash plate had become dis-

torted and was removed on 22 Jan. 1976 as it was obviously

causing chokes. During March I'76 it was replaced with a

thicker, stronger plate, but there was still a tendency to

‘choke on start-up. Operating the airjets for about an hour

after each start-up has prevented further chokes in this area).

Operational Changes:

i.

Reduce feed-rate to kiln before any planned stops of the kiln.

Because of the long ''feed-line!*, if this is not done, on re-

v starting the kiln it is initially "flooded", and then “starved"

- during which period material (consisting mostly of dust re-
turn) gets over-heated and tends to form lumps.

STOP the kiln immediately at the first indications (givenvby
instruments) of a possible choke., The first few times in-
spections were made (without stopping) and/or instruments were
checked, by which time a minor choke had become a major choke.
Regular, careful maintenance of the cenditioning tower. Faults

in this system result in it choking, which reduces the total

amount of material going to the kiln and this results in over-
heating in the preheater.

The dust return system is emptied during stops. Otherwise
“uncontrolled" amounts of material are fed to the kiln during

the restart.
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5. The ledge on No. 4 cyclone is cleaned during any scheduled
stops (for other purposes) of about & hours or more. This was
first done on 28 November '75, and there was a large build-up.
On 26 Jan. '76 the build-up was much smaller, and on 15 June

1976 (after physical modification No. 6) there was no build-up.

The Works Manager believes that the most significant physical modi-
fications made were numbers 1 and 7, and that the most time-saving
operational change is No. 2 - there have been no major chokes since

this was introduced.
TABLE 7

Analyses of Various Materials

. Kiln | oy ier LFIlter  Dust |Riser ;Cyclone
Constituents{ feed n —{2) oo% L
I Pipe |Fins -

% T % % % % %

SiO2 -4 14,0 21,3 14,7 15,1 1 13,7 13,4

A1,04 2,8 5,7 5,2 4,5 3,8 4,0

Fey04 ‘ 1,8 3,7 2,8 2,9 1,7 2,2

Ca0 43,0 65,2 | -40,1 39,4 39,4 { - 45,8

S03 0,7 0,9 1,5 1,7 12,21 2,8

K0 0,8 1,0 el ot 2,91 16,6

Mg0 0,9 1,8 1,0 1,0 0,9 2,8

Na,0 i 0,3 0,2 n.a. n.a. n.a. 5,4

1 l 0,02 { 0,002 | 0,18 | 0,19 ; n.a. 1,0
. Loss on ign.i 34,5 0,3 n.a. ! n.a. n.a. 5,9 |

* A porous, fairly hard, greyish material removed from the riser

pipe on 11.2.75. Note the high 503 content.

#%0n 28th November 1975 the top ‘side door -on No;'h-riser?pipe was
opened for inspection. A build-up consisting of soft. material
“and hard coating in the form of fifs was found ‘In the top of the

cyclone. These fins were removed and a portion analysed, Note

the-high—altkali—content:
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TABLE 8
Summary of Cyclone Chokes

ke, oo | mive] bt leyene] climer Tweote T 10 stop prior 1o anoke | L2 boomen
! _Stop Rate firing up - and cyclone choke
“hours tonnes/day {kiln Date Time | Reason for priorstop| hours
1| 25-7-74 17,001 28,5 3 - 5 1 25-7-74{16 30 | Feed trip 0,5
2 1 18-9-7410.55! 29,5 4 - 13 | 18-9-74109 45| Feed trip 1,0
3 120-11-74117.251 12,0 |2 & 3 1296 22 {20-11-74{13 43 | Exhaust fon trip 3,5
4 130-11-74016.18] 18,5 y | 1100 23 128-11-74{11 50 | Feed trip +12
5 2-1-75/ 01.251 24,0 y 1310 28 1-1-75{17 25 | Clinker dragchain 4,5
Do : choke
6 h-l-js 23,300 1,5 4 1240 28 4-1-75(23 00 | Exhaust fan trip 0,1
7 | 11-1-75107.001 9,5 4 1200 29 | 11-1-75|01 03 | Feed trip 5,0
8 [29-1-7501.30] 10,0 | & 1100 32 !28-1-75/20 25 | Power dip 4,0
9 3-2-75/20.30 | 27,0 y 1060 33 1-2-75{22 50 | Power dip +12
10 | 5-2-7502.35] 1,75 4 960 33 | 3-2-75/20 30 | Cyclone choke 3,0
1 |10-2-7508.30] 13,0 | 4 1080 3% | 5-2-75102.35 | Previous choke +12
12| 4-3-7508.55! 11,0 | & 1010 37 | 26-2-75/02 15 | Coal scraw failure +12
13 | 17-9-75.23.30| 7,75 3 970 22 {15-9-75{14 45 | Feed trin +12
14 18-9-75?16.00 3,5 b 970 - 22 17-9-75{23 30 |Previous choke 9,0
14(a) 18-9-75/19.55| 1,25 | 4 | 970 22 |18-9-7516 00 | Previous choke 0,5
15 | 3-11-75/01.351 2,5 4 1130 | 29 |31-9-75]17 25 | Power dip +12
. i
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" TABLE 8 continued
Summary of Cyclone Chokes
{ ; s
o | et | Ton] e ycrone kT THS T ey prier o choke | 11 ot
Stop umber  Rate firing up : ‘ ~7| and cyclone choke
hours tonnes/day | kiln Date ; Time! Reason for priorstop | hours
16 | 3-11-75 06.20] 6,25 4 - 29 | 3-11-79 01.35] Previous choke 2,2
16z | 3-11-75 12.55] 11,5 3 - 29 3-11-79 06.20] Previous choke 0,25
156 1 b4=-11-751 00.34| 0,75 3 - 29 3-11-75 12.55§ Previous choke 0,1
17 [10-11-75 01,55 2,0 3 900 30| 9-11-75 14.05| Power trip 12,0
172 10-i]-7} 01.25 1,75 2 900 30° 10-11-75 01,554 Previous choke 0,5
18 | 13-12-75 05,45 2,5 i 967 34 13-12-75 04.00] Dust transport 0,75
L ! overloaded
182 | 13-12=75| 00,25 0,5 1 - 4 13-12-75/ 05.45| Cyclone choke 1,0
2]']2;75 09.42 5,0 3 980 36 18-12-75/ 17.10 | Kiln fead +12
’ control fault :
19a {21~12-75115.30 { 14,25 3 - 36 2]-)2f75 09.42 | Cyclone choke 0,75
29 {26-12-73}08.25 | 16,25 3 980 36 26-12-75{ 07.52 | Power trips 0,2
21 27-12-75107.20 0,3 3 810 36 27-12-75/06.15{ Clinker 0,2
transport trip
22 1-1-76{12.00 | 0,25 3 980 37 1=1-76{11.20 | Firing fan trip 0,3
22a 1-1-75412.53 1,0 3 980 37 1-1-76{12.13 | Cyclone choke ' 0,2
23 | 10-4-7¢]11.28 | 6,25 3 600 0 | 10-4-76] - | Kitn start up 10,5
24 1€6~4-76106.45 2,5 2 1080 15-4--76]121.45 | Power trip 2,3
25 28-4-36111.50 2,8 3 1279 28-4-76110.26 | Cooler repair 0,25
- 16-8-76| - - - 1050 18 - - - - B




CHLORIDE CYCLE

Although the chloride content of our raw materials is relatively low, a
high concentration does build up in some areas of the kiln. This is
illustrated (in round figures) in Figure 1. Chlorides, however, are not

considered to be a major problem.
TABLE 9

Chloride concentrations

Maf¢rial P Date Chloride content
Raw meal ex mill Dec. 1975 7h ppm
1 " 1] " i Jan:. 1976 69 "
1) 0o [k} Feb' 1976 R ) 67 it
Kiln feed ex silo Jan. 1976 - A
Raw water - 79 "
Clinker S . Jan. 1976 . 28 ©
; " » n 1IN k 22 1]
" Feb. " 18
o . " f 29 .
'} onditioning
Tower . ;
80 ppm
¥ sMElectro-
kiLn Feep |Fiiter
Preheater 70 ppm

* to 100 ppm

¢ 1800 ppm

Dust return to kiln

L Kiln v 800 ppm

25 ppm in clinker

FIG. 1
Approximate chioride concentrations
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CONCLUSION

Table 8 has been of assistance in developing measures to prevent

chokes, or at least to reduce their severity.

On two occasions the main trouble commenced 22 weeks after firing-
up the kiln - i.e. 22 weeks after starting with cyclones free from
build-ups. Thereafter most cyclone chokes were associated with
kiin stops (where more than 12 hours had elapsed since the previous
stop it was not considered relevant). This led (a) to physical
modification No. | - which seemed to push most of the chokes from
No. &4 cyclone up to No. 3 cyclone, and this in turn led to modi-
fication No. 7. This splash plate (to ''splash'' the feed into the
riser pipe leading to No. &) is situated at the bcttom of a long
vertical duct from cyclone No. 3. As long as the material keeps
flowing there is no trouble, but during a stop it seems to harden
up and/or become sticky, so that it no longer flows freely, and
therefore chokes up No. 3 cyclone. fperating the air jets for

about an hour after each stop seems to prevent this.

It is now 18 weeks since firing up the kiln (with clean cyclones)
for the third time -~ and we are all awaiting the 22nd week with

N

hopeful interest!
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ATKALT REDUCTION IN CEMENT KILNS

DR. J. SVENDSEN

F.L. Smidth & Co. A/S
Denmark

ABSTRACT

Comparison is made between the wet and dry processing plants for
cement menufacture. Typical alkali reduction capabilities for ..
various kiln systems are given and dry process kilns with energy
efficient prehegter Systems are seen to produce clinker with higher
alksli contents than normal for older systems wet or dry. Modern

“calecining technology has made construction of efficient bypass
systems possible which allow alkali reduction. These systems may
be used in combination with energy efficient dry .process kilns.
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Alkalies in Cement Raw Materials, Production Processes and

Alkali Reduction Systems

Introduction

Alkalies in Portland Cement have drawn attention over the last two

decades due to a combination of factors:-

. Changes in cement plant technology
. Energy Conservation

Environmental compatability

BW N =

Alkali-silica reactions in concrete

The development in cement plant technology has been a continuous
change from wet to dry process owing to the superior energy efficiency
of modern dry process kilns, Steeply increasing fuel prices over the

past couple of years has accentuated this trend.

Calls for pollution control by the modern society are being met by
installation of dust precipitators with collection efficiencies exceeding
99.5 %. As a consequence, the alkalies from cement raw materials
increasingly tend to end up in the cément, Due to their volatiliﬁy at
sintering temperature, they circulate in the procxess, particularly in
the kiln system, and may cause clogging problems in gas ducts and

cyclones.

In the same two decades it has been established that harmfull reactions
occur between cement alkalies and certain types of aggregate. Fortunately
these types of aggregate though widespread are not encountered every-

where,

Alkalies in cement do, however, offer some advantages, viz,
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1. Improved nodulization of clinker in the kiln

2. Higher earlier strength of the cement

Both are of some importance for the cement manufacturer,

Production Processes

Although the greater part ‘of new cement plants to-day are employing
the dry process, many wet plants are still in operation and will be
in production for years ahead, Typical flow-sheets are seen on fig, 1
and 2.

When a reduction of the alkali content of the cement is required, this
must generally be performed by modifying the kiln section of the plant,
That is apart from the fairly rare cases where supply of alternative

low-alkali raw materials can be obtained,

Fig. 3 shows the principal types of traditional cement kilns, The
capacity of FLS-kilns sold between 1860 and 1974, divided up according
to kiln type, is given on fig, 4. The trend has clearly been towards
the energy efficient dry process, which since 1974 constitutes more
than 90 % of our sale of kiln capacity. A continuation of this trend:
(see also fig, 5) is likely to result in a world production capacity
distribution: approaching one quarter‘wet and 3 quarters dry process

by 1985 (see fig, 6). v

However the consumer must pay attention to the existing plants, as
they supply the cement he is using to-day. In the U.S.A, some 60 %
of all kilns are of the wet type and 30 % are more than 40 years old.
The dry process plants in the U, S. A, are' dominated by long kilns
(85 %) and 20 % are 40 years old or more, This picture will change
as 90 % of the planned dry process installations will be of the cyclone

preheater type.
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Alkali Reduction in Kiln Systems

A sizeable portion of the alkalies are evaporated in the kiln owing to
their relatively high vapor pressure at the sintering temperature (see
fig, 7). Part of the alkalies is caught and recycled from the colder
parts of the kiln, preheater, filtre and raw mill - if the smoke gasses
are utilized for drying of raw materials, Repeated evaporation and
condensation results in an increasing internal cirjculation, until equi- .
librium is reached, whereby the system gives off the same quantity of
alkalies as contained in the kiln feed.

The kiln systems vary with regard to alkali trapping efficiency, depending
on the preheater and heat exchanger type (see fig. 8). In short when

conserving energy - alkalies are conserved as well,

The smoke gasses are dedusted in filires, mainly electrostatic precipitators,
The composition of dust from these installations may be fairly rich in
alkali for certain 'open' kiln systems, and the content of alkali in the

clinker may be lowered by discard of a fine fraction of the dust,

. Unfortunately this method is only effective in wet process plants, - due

to the dust composition (see fig.9). Even for the wet process it is only.

kilns operating as so-called nodule kilns, which can employ this principle
of alkali reduction, Large-diametre kilns usually operates as 'dust' kilns

yielding precipitator dust with moderate contents of KZO'

The concentration of alkali in the dust depends on whether the vapors
of alkali are condensed as individual droplets or on the surface of
solid particles. The latter is normal in dust-operated wet kilns, long

dry kilns, and particularly in cyclone preheater kilns,

Consequently, only some (smal]l capacity) wet plants can reduce the
alkali content of clinker by rejecting precipitator dust. And filter dust
disposal to-day is no easy matter due to restrictions from anti-pollution

authorities, One way to overcome this problem is to leach the dust with
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water and recycle the alkali-free slurry to the kiln, The dissolved
alkalies in the effluent from such a planf (see fig., 10) gives a strongly
alkaline reaction and may require neutralization with acid before
disposal. Also a leaching plant costs money to construct and operate,
and the leached slurry, when added to the kiln slurry, often resulis in

a higher overall water content in the kiln feed.

In the 4-stage preheater kiln a certain reduction of the alkali content

can be made by means of a so-called by-pass (see fig. 11). The by-pass
is unfortunately a capital demanding installation, and it increases the
fuel expenditure. Actually most by-pass installations are made for
chloride reduction, This is due to the limited effect on the alkali content
of the clinker (see fig, 12). Mainly K20 is reduced (see fig, 13 and 14),

The heat penalty incurred due to the alkali by-pass is quite heavy

(see fig. 15) and the producers are generally not tempted to install
such equipment unless compelled to for production reasons, viz,: serious
clogging problems arising when the clinker alkali content exceeds
approx. 2 %, Disposal of dust is again a problem with by-pass ope-

ration,

Advanced Kiln Systems

The development of calcining systems in recent years has been directed

towards 3 main objects, viz,

1. Reduction of the installation cost of kilns

compared with the 4-stage preheater system

2, Production capacities up to 10000 mtpd

on moderate diametre kilns

3. Improved by-pass efficiency combined with

an energy efficient dry process kiln
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The new kiln systems we have developed (see enclosures No. 1,” 2 and:3)
and their. application with regard to cost, capacity and alkali reduction

is shown on fig. 16,

For outputs up to approx. 4500 mipd. integral calcining kilns . (see fig.17),

with calcining in suspension at-the kiln inlet, are the most inexpensive

of all commercial rotary kiln systems. A’special scooping device at

the kiln inlet raises the degree of calcination from a maximum of :30 %

in the conventional 4-stage preheater kiln to about 50 .- 60 %. The length

of the .kiln-is conse,queﬁtly some 40% shorter than a 4-stage kiln, An efficient
by-pass -cannot be established on this kiln system, as the alkalies are
extensively condensed on. particulate surfaces before the kiln gasses-

leave the kiln,

For outputs .ranging from:.4500 - 10000 mipd the-calcining kiln with,

separate calciner and hot air pipe from the clinker cooler is the only

system that will will give a reasonable kiln diametre, This kiln system :
employs a:supply .of only 30 % of the fuel in the kiln proper, compared-
with 100 .%: .in the 4-stage kiln. Hence alkalies evaporated in the sintering
zone are concentrated in a much smaller volume of gasses, and a
by-pass will be 3 times as efficient compared with systems where all
gasses are drawn through the kiln. Or - the heat penalty will be con-
siderably less. (See fig, 18) ”

We have developed a special version of this system (see fig, 19) for
raw materials with high contents of volatile matter or for maximum
alkali reduction, In thlis system all gasses leaving the kiln are extracted
from the sysfem, whereby the biggest possible alkali drain is
established, The heat penalty is 100 - 150 kcal/kg clinker, including
the heat of evaporation of alkali compounds, which could for example
amount to 40 kcal/kg clinker, The heat loss is also dependent on the
dust lost from the by-pass, which is quite low due to the relatively low
gas velocity at the kild inlet and the high degree of calcination of the

raw meal,
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In cases where a large and variable by-pass is required, for example

0 - 100 %, the gas ducts are arranged as indicated on fig. 20 A large
kiln of this type produces ordinary Portland chnker at approx " 750 kcal/kg
and low-alkali“clinker at 850 - 900 kcal/kg clinker, with a 100 % by-pass,

Conclusion

Typical alkah reduction capab111t1es for various kiln systems are given

on fig. 21, It is clearly seen that ‘conventional dry process ‘kilns with
energy efficient preheater: systems produce clinker with higher -alkali
contents thaﬁ normal for older systems, wet or dry.f By-pass installations
may be used for alkali reduction, but are not norméi to-day due to

extra costs of 1nsta11at10n, higher fuel consumptlon and relatively low
efficiency. Modern calcining technology, however, has made construction
of highly efficient, low-energy-loss by -pass systems possible in combina-
tion with energy efficient dry process kilns.

The trend, ﬁowever, will ;undoubted-ly continue toward:s higher alkali
contents m ‘cement due to the gradual close- down of small scale factories
wet or dry, operating with inferior economy compared with large
dry process faéilities.v (See fig. 2,2).j The potential alkah, reducers, viz,
operators of small wet kilns are generally not in a position to accept
additional opergting expenses for alkali reduction unleéé fthey can be
passed on to t}ie"consumer.
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Fig, 6

CEMENT PRODUCTION FORECAST TILL 1985
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Fig. 12
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Fig. 22
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CONTRIBUTION TO DISCUSSION

Dr. G.M, Idorn

It is interesting to observe that the alkali contents in cements can
now be rather precisely assessed according to the nature of the
cement materials (the "impact" of alkalies) and the type of cement
processing equipment, Since any establishment of a cement manufact-
uring unit is a long~term investment it should therefore be possible
to identify the alkali-contents for all cements over the world, and
also to foresee any short term changes which may occur when a new
unit is decided upon, or long term changes by means of forecasting

technique modifications.

It is also interesting to observe that the cement industry equipment
maker is a long—term plamner. There are less than 10 major cement
manufacturer-equipment making firms in the World, managing less than
10 billion dollars of sales per year. There are more than 4 thousand
cement manufacturers and hundreds of thousands of cement using compan-
ies. These latter partners in the game, and especially the cement
consumers (comprising a 2-300 billion dollar amnual business over

the World) have hardly any coherent long term planning for their
technology development. It would seem to be desirabla that some body
or business agglomeration should work out a framework for forecasting
the wanted and possible technology development, also involving the
social aspects, and the resource and energy problems. Such a forecast
ought to be made available for computation with the expected develop~-
ment of cement manufacture and of cement manufacture equipment so as
to gain a more complete pattern of future possibilities to choose

among.
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3. THE EFFECT OF ALKALIES IN CEMENTS AND CONCRETES
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Influence of Alkalies on the Strength Development

of Cements

Vagn Johansen

I INTRODUCTION

The use of modern economical dry process kiln systems has
resulted in an increase of the alkali content of PC clinker.
Further a desire to use relatively cheap high-sulphur fuels
in the cement industry, which is possible without excessive
SO2 emission from the stack, will in many cases lead to a

higher SO3 content in the clinker as well.

From a manufacturing point of view it implies that the level
of alkalies and sulphur in the clinker increases, when new

kilns are put into operation.

Expériéncé has shown that the effect of this is a reduction
of the 28-day compressive strength, whereas the early strength
in most cases will increase.

As a consequence of this, many plants have observed a reduction
of the 28-~day strength of more than 10% when old wet process
kilns are being replaced by dry process suspension preheater
kilns. ‘ ’

The alkalies in the clinker exist either in solid solution in

the clinker minerals or as sulphates.

In the litera£ﬁre it is apparent that much work has been
devoted to the examination of ‘the effect of the alkalies in
solid solution on the hydration of the clinker minerals,
especially the aluminate phase. The literature dealing with

the effect of alkali sulphates is more scarce.

In the following-I-will-.show-how-the-alkali--sulphates-in

clinker, and particularly K2504, are closely correlated with
the 28-day compressive strength.
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Further, I will present results from recent experiments
(not yet completed), showing that addition of Kzso4 to a
cement has the same effect on the strength development as

the KZSO4 found in commercial clinker.

Finally, I will present some preliminary data concerning
the relation between the very early hydration and the strength
development of Portland cement.

iT DISTRIBUTION OF SULPHATE PHASES

In the following, the amount of KZSO4 always refers to the
clinker analysis.

It may be determined by direct extraction of the sulphates
with water, but it is a time-consuming and not always reliable
analysis.

We have developed a method according to which it is possible
to calculate the amount of potassium and sodium sulphate found
in the clinker. The method is based on the work of Pollitt (1)
and Brown, published in the Proceedings of the Tokyo Symposium,
1968. The best way of demonstrating it is by means of an
example.

The calculation is performed with the aid of two graphs;

Fig. 3 gives the fraction of the total alkalies to be found

in the sulphate phase as a function of SO3/total alkali;

Fig. 2 gives the relative distribution of Potassium and Sodium
in the sulphate phase as a function of the K20/NK20 in clinker.
i From the clinker analysis Kzo, Na20, SO3, the sodium

oxide is transformed to Potassium equivalents.

ii Then the ratio of SO3 to the total amounts of alkali

oxides (in Potassium equivalents) is calculated.

iii With these figures as abscissa Fig, 2 shows how much
of the total alkalies is to be found in the sulphate
phase.
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iv . The amount of Potassium oxide relative to the amount of

sodium oxide is calculated, . .

\'4 and from Fig. 2 the corresponding ratio in the sulphate .
- -phase will appear.

vi Solution of the two equations gives the K20 and Na20

(as K-equivalents) in the sulphate phase.

III ANALYSIS

On commercial clinker from 18 different plants and 33 different
kilns we have performed a multiple linear regressioﬁ‘analysis
on the compressive strength as ‘a function ' of the chemical
compositionG)The clinker was ground to 3000 Blaine with
addition of 4% of gypsum (50%'dihydtate and 50% hemihydrate).
The strength tests were performed according'te‘the ISO Standards
(RILEM). Fig. 4 shows‘the variation of the chemicel“composition.

Fig., 5 demonstrates the 28-day strength as a function of '
potassium sulphate only. When taking the C3S into consideration,
the correlatlon is better, as shown in fig. 6 Varlatlon of

the KZSO4 level bv 0. 3% gives a variation of 15 kg/cm2 for the
28-day strength corresponding quite well to the changes
experienced in practice.

The dlfference between the calculated and the measured 28 day

2 correspondlng to'

strength has a maximum value of 60 kg/cm”,
a coefficient of variation of 3%. This corresponds roughly

to the coefficient of variation of a Rilem strength test for -

-a:.-single laboratory.

~IV- . LABORATORY EXPERIMENTS

In order to single out the effect of KZSO4, a series of strength

tests were performed on a grey cement and a white cement sample

with varying addltlon of KZSO4 Flg. 7. shows ,,,,, ~the. comp051tlon o -
vthe cllnker.
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The grey cement was obtained from a plant, the white cement

was made in the laboratory from commercial white clinker.

The strength test was made on mortars according to the
Rilem Standards, only the prisms were smaller (Mini-Rilem).
By means of a conversion factor the compressive strength

may be transformed to Rilem strengths.

Fig. 8 demonstrates the compressive strength for 1, 3, 7,
and 28 days with varying additions of K,80,.

The graphs clearly illustrate the increase of the early
strengths and the decrease of the 28-day strengths.

This type bf changes in the strength development is generally
seenkwhen'the early strengths are accelerated in one way or
banother. A typical feature in these changes is that the 7-day
;strength remains almost uhchanged; which is most clearly'
demonstrated by the grey cement.

Anqthef way of iliustréting the change in strength develop-
meﬁt is to plot the ratio of the 28-day strength to the
\l-day strength versus the total K2804 content, as shown in
Fig. 8.

For the white cement the ratio seems to level out at a certain
content of K,50,, meaning that the 1- and 28-day strengths
are changed by the same factor.

In order to check the relationship between the strength and

the content of K2804 and C3S, we have converted the experimental
28-day strength from "Mini-Rilem" to Rilem, and then compared
these experimental values with the values calculated according
to the formula.

Fig. 9 shows the data, and it is seen that the agreement is

really good. THe formala predicts a decrease of 100'kg/cm7

for a 2% increase in KZSO4, which is actually found. The better
agreement is found for the grey cement. The data for the white
cement shows a larger variation around the expected values,

but not more than ~60 kg/cmz.
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From a practical point of view, the relationship between
KZSO4 and the strength is very useful, and confirms many
observations made. For instance, it is often said that "hard
burning" is required in order to obtain good strength. By
hard burning the evaporétion of the alkalies and sulphur in
the burning zone is increased, and, provided the volatile
matter can escape from the kiln system, the content of KZSO4
in the clinker is reduced, which in turn ‘gives a-higher 28-day
strength. Another observation is that addition of gypsum to
the raw mix in some cases results in an increase of the early
strength and a reduction of the late strength. This may be
explained by the higher content of KZSO4 in the clinker due
to the added sulphur.

v EARLY HYDRATION

Besides the strength determinations the samples have been
subjected to thermal analysis. Determination of ' the combined
watér shows for the 28-day samples that the strength is
increasing with an increasing amount of combined water -

as could be expected.

Examination of the pastes, of the same cenents:'as above,
hydrated for 3 minutes, shows that the amount of combined
water (which is not bound to gypsum or in calcium hydroxide)
has a negative correlation to the 28-day strengths,

Fig. 10 shows the strength plotted versus the combined water,
which corresponds to "the corrected loss on ignition" in
our previous work on prehydration of cement.

It is interesting that already after 3 minutes of hydration
we can correlate the amount of chemically combined water to
the 28-day strengths.
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CONCLUSION .

Summarizingkour work ‘it has been shown that the 28-day
strength of cemerts may adequately be described by the -
K2504 and CjS in the clinker. This relationship holds‘good

‘when the clinker is ground to 3000 Blaine and with addition

Experlments with: two different cements show that:the.effect
of adding KZSO4 to these systems gives 28-day-strengths

. which may be.:described by the.same relationship . as mentioned

VI
1.
of 4% gypsum
2.
above.
3.

‘The amount of combined water after 3 minutes of hydrétién?

of the cements mentioned correlates negaﬁively to the 28-

day strength.

This seems to indicate that-the reactions-taking place:in:

~-the very first period -of time of contact between the cement

particles and water is decisive for the strength develop-.
ment. .

Therefore, we will concentrate on these very early hydfation
processes also in relation to the physical properties of.
the cement particles and the reaction products.
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FIG, 7

GREY CLINKER WHITE CLINKER
LSF T 93 100
Mg 2,38 . 17
CsS. © . 55% 90 %
Free CaO 0, 6% 0, 6%
K 2SOy 1,0% " 0%

COMPRESSIVE STRENGTH :
28 dg 527 kg/em? 672 kg/cm?
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FIG. 9.

Syg = 420 - 50% K380, + 2, 5% CgS A

Content ..of K9SO, in clinker = 1,0 %

Content 'of C3S ~ in clinker = 55 %
S28 = 507 ! :
Data from the Plant s 527 kg/cmz

534 545
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CONTRIBUTTION TO DISCUSSION

Mr. P. Jackson

Mr. Vagn Johansen claims that strength.drop§ more than 10% at 28

days when converting from the ggg_gggﬂgzgggss_tét%ie new dry
suspension preheater kilps..-It is our experience that these drops

are far less dramatic or indeed non existent in practice for the

following three reasons:-

1) Burning conditions on the new suspension preheater kilns are

normally better and lead to higher C3

e

contents in the clinkers.

2) The relationship between % KéSOh and 28 day strength shown can be
misleading in that it is/ggusual to find cements made on old wet
process kilns with less than 0.7% K,80), - i

3) If a manufacturer has to meet é certain 28 day strength require-
ment there are, as Mr. Bryant Mather has suggested, other proced-
ures which can be used to achieve this end, and these would in
most cases be less expensive than the cost of 150 k.Cal/kg of

e s

fuel noted in Mr. Svendsen's paper.

Generally a change to a suspension preheater kiln in practice leads
to a product having a similar 28 day strength and improved 3 and 7 day
Pastuk ol o’ S

strengths. -

Thamesmead
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THE INFLUENCE OF ALKALI-SILICA REACTTVITY

ON THE DEVELOPMENT .OF TENSILE BOND STRENGTH

A. F. BAKER

Department of Geology,
Queen Mary College,
London El LNs.

ABSTRACT
“‘The results of‘ cement/aggregate tensile bond strength measurements
are ‘discussed in Terms oF the development of cement adhesion to
reactive and unreactive gggnegates, _thelr temperature dependence )
‘and the alkal:. content of cement ——

[t

The results show that both temperature and alklg‘l;les have a
marked effect on the aghesion to reactive aggregates and determine
. the stagé @t which: the-resrtionsshegin.bo.destnoy. £
ment of bond streﬂrl_g;th It 1s concluded that failure
B AR Tt
contact 1n certaln cases may be due to the developmént of a zene
of. weakness in. theé paste ,1mmed1ately adjacent to the 1nterfa"ée
ram fallure at, the interface itself. } -
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Introduction
The mechsnisms of paste strength development and the development
of aggregate/cement adhesion appear to be areas which have not been as
extensively researched as for example have the problems of hydration
chemistry. And yet in many cases the bond between aggregate and cement
paste forms the weakest link in the overall strength of a concrete and
therefore plays an important part in the final strength of finished

concrete units.

F. M. Leal! in The Chemistry of Cement and Concrete has reviewed
the main ideas on aggregate/cement bond strength and suggests that the
factors affecting bond strength are as follows:—

1. Surface Rugosity - keying to the aggregate surface.

2. Epitaxial Growth — the growth of cement hydrates aligned to
crystallite lattice directions in the aggregate.

3. The enhanced cement hydration reaction rates due to increased
crystal nucleation at the interface.

4, Variations in water/cement ratio at the interface leading to
microscopic variations in paste strength.

5. Van der Waals forces acting across the interface.

Considering these various factors it could reasonably be supposed
that factor 1 would be important although it should be noted that Alex-
ander et al.? after numerous experiments suggested that there is little
evidence to support the view that deep pits and extensive interlocking
are required at the interface before high tensile bond strength can
develop. TFactor 2 may also be important in that palcium silicate
hydrates may well develop in alignment with silicic lattices. This is
also supported by Alexander et al.? who, in another series of experiments
found thet the modulus of rupture of the aggregate/cemenﬁ bond was
directly related to the silica content of silicic rocks used as aggregate
in his experiments. These first two, and also factors 3, 4 and 5 can play
a part in modifying overall strength but to these must be added another
factor, that of chemical reactivity of the aggregate surface. Many types
of aggregate have been reported as being reactive. Particularly important

e 30 - B S - cOb e gOTY BT - 0Pty brydimites-eristobolite—and-chalcedonic
glassy and cryptocryétalline rocks. These materials may be reactive because
their silica is crystographically disordered, as is opal, or alternatively

they may be microcrystalline or microporous with a large internal surface
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area available for reaction. Perhaps even pure crystal quartz should be
classed as reactive in that it is soluble in alkalies at higﬁ.values of " .
pH. This factor was stressed by Alexander2 who suggested that even
materials such as basalt, become reactive if finely divided and that thls
form of pozzolanic activity, occurring at the surface of siliceous )
:;llers, probably also determlnes the characteristics of bond between

“normal siliceous aggregates and portland cement paste.

Experimental Procedures

The effects of reactive siliceous aggregates on bonding can be
conveniently studied in the laboratory by examining cement and aggrégate
combinations with a scanning electron probe microanalyser. Pieces of
opal and quartz were embedded in a medium alkali portland cement (0.T71
Na20 equivalent) with a 0.25 water/cement ratio, cured at SOOC. These
specimens were then sectioned and polished in order to investigate the
movement of ions at the aggregate/cement interface after a 24 hour
storage period. Movement of ions is easily demonstrated with known
alka11—5111ca reactive aggregate materials® but has not been réported
in unreactlve materials such as quartz. The effects of alkall—s111ca
reaction with these specimené are illustrated in the series of photo—
’icrographé in figure 1. These show the distribution of Na, Si, and Ca

near ‘the opal ‘and quartz interfaces with the cement

In these photomicrographs the sensitivity’ of the instrument . has
;been varied in order to show the variations in concentratlon of each
Aelement and therefore although each photomicrograph gives a visual indi-
cation of the elemental concentration over each sample, the relationships

between the photographs can only be considered in relative terms.

Scanning electron micrographs for iron show the expected random
scatter with small local concentrations indicating the positions of
ferrite phases. In figures 1 and 2 photographs I and II show local
concentrations of sodium, which appears as a broad band in the cement
paste about 100 microns from the interface with the opal. Photographs
VII and VIII show the sodium and silica distridbutions for obal, but after
storage for 240 hours at SOOC. Photographs IIT and IV are of the silica

distribution and show an apparent infiltration of silicon into the cement
possibly as a mobile gel produced during the SOOC curing process. The
distribution of calcium is shown in photographs V and VI. These provide

some evidence to show that calcium migrates into the reactive opal
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I o ' I
Sodium distribution at a Qua;tz(I),and opal interface(II)
50C,24 Hours.

III , , v
Silicon distribution at a Quartz(III),and Opal interface(IV)
50C,24 HOurs. ‘

P:Paste ‘AtAggregate ‘I s Interface

Elemental distributions at cement/aggregate interfaces.
’ Pig 1l
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v Vi
Calcium distribution at a Quartz(V)and Opal interface(VI),
50C,24 Hours.

VII . VIIT
Sodium(VII) and Silicon(VIII) distributions across an opal

interface 50C,240 Hours.

Blemental distributions at eement/aggregate interfaces.
Fig 2

103



with & decrease in concentration in the paste adjacent to the interface.
This effect may be die to the rapid reaction of Ca(QH)e with silica to
produce cslcium silicate hydrate gels which act as barriers to further

caleium migration to the interface as has Been suggested by Lea®.

The apparent modifications to the cement &nd aggregate chemistry
during these early hydration reactions near the interface might be
expected to have an effect on the cement/aggregate tond strength. In
order to investigate possible changes in tensile bond strength a series
of experiments were devised to study the variation in bond strength with
temperature of curing, and to follow the reactive process in terms of its

effect on tensile bond strength.

25mm diameter discs of opal and quartz aggregate were mounted on
metal holders with araldite. The bonding surface of the disc was polished
and freshly prepared cement paste with its holder cast directly onto this
surface. Each specimen was moist cured for 2 hours and then stored under
water at various controlled temperatures. At appropriate intervals the
specimens were removed from storage and tested to failure totally immersed

in water in a speclal jig.

".The first serles of test results were obtalned us1ng Brazilian
rock crystal quartz and a pure low cristobolite opsl and a medium alkali
cement {0.71 ¥a O) with ‘a slightly higher KéO than Na (o] content._ These
‘results are reproduced in Figure 3. The lower 3 llnes which are for
v'opallne interfaces show that at first the bond strength 1ncreases rapldly,
»'but before 20 hours at both 50 C and 75 C the curves level out because of ;
the formation of an alkali-silica gel reactlon product st the interface.
At 30°C this effect takes 25 hours. Further increases in bond strength
at 30°C and SOOC are cancelled out by the hygroscopic nature of the gel !
itself which after 48 hours can exert enough pressure to begin forcing
the aggregate away from the cement. Strength then decreases until at
approximately 66 hours the gel becomes fluid enough to ooze out of the
specimen when bond strength begins to build up again. The subsequent
increase in strength is probably due to a localised build up of further
gel only at the more reactive sites on the interface while over the rest

of the surface of the aggregate the cement is still in good bond contact. .. . 1.

o
The results for curing at 75 C would appear to support this since no
recovery is observed indicating that the whole area of the interface is

reactive at this temperature.
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Comparison of these three sets of results with those obtained with
quartz shows that the effect of having a reactive aggregate becomes
apparent at about 15 hours. The strength curves for quartz at 30°C and
50°C differ in that the higher curing temperature gives a lower overall
strength after 15 hours. This effect may be explained by the observations
of Neville" concerning compressive strengths of concretes cured at various
temperatures. These results suggested that the rapid hydration at high
temperature tends to produce & more porous concrete with incipient flaws

which will give rise to early low tensile strengtlhs.

The results indicated in the graph figure 4 were produced using

a high alkali cement with a 1.10 Na_ O equivalent and similar K20, Na20

contents. Comparison of the resulti for opal in figures 3 and U clearly

show the effect of high alkelies in the cement, and the increased tempera-
ture effects produced with such a cement. These effects are most probably
the result of increased alkali reactivity resulting from the higher alkali

contents.
Conclusions

It is clear from these results that alkali-silica reactivity has

a major effect on cement/aggregate bonding. Kennedy and MatherS have
commented on the beneficial effect of mild alkali-silica reactions in (453

improving bond strength for cherts from Treat Island, Maine. The work
—_—
of Alexander, Wardlow and Gilbert? on the contact zone between cement

and "inert" aggregates has shown that microhardness results are lower

in the cement at the interf: elsevhere,

The results of this present investigation clearly show tensile

bond strengths for both opal and quartz to be 51mllar in the early stages
of the curing of a concrete after Wthh the strength of the reactive
aggregate bond falls. off, while that for quartz only levels off. The

s .
photomicrographs taken at an early stage in the curing of the experimental

specimens show an increase in alkalies near the interface and this

intrease according to Alexander and Davis’, McCoy and Eshenoura,fféé'

Alexander? should reduce paste strength. i%é
—

/75’7

The anomaly of an increase in streng;h.at the 1nterf§ce, comblned
e

with a reported decrease in microhardness in the adjacent paste is a
s JRS— . .
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— 4. AM. Neville, Properties of Concrete,.Pitman, 1963

difficult one to resolve. Presumably it must be a matter of degree of

operation of both processes. If reaction is very mild then the strength
Pliel- Sl S ol

increase due to reactivity may supercede the effect of increased concen~
i dvinhdianid

tration of alkalies in the paste at the interface. If however, reaction

is more pronounced, but at.a time before any gel stages are reached, the

paste failure will override any increase in bond strength at the interface.

The graphs in this paper may indicate this in that the high

alkali cement has produced a concentration of alkali in the paste such

that although surface bonding of the aggregate to the paste may be

excellent, lack of intergranular adhesion in the conmtact zone produces

‘

an early failure.
R ————

The gfaphs, figures 3 and & seem to indicate that tensile bond
strengths are temperature dependent although Alexander, Wardlow and
< e

Gilbert® suggested that bond strength may be independent of temperature

under certain conditions. In the lightuof these experiments perhaps

this. should be modified in that bond strength is independent of curing
. ——

temperature providing the aégreéate shows no_surface chemical reactivity

with cement paste.
1bh cement pas-e.
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INFLUENCE OF ALKALIES ON THE HYDRATION OF CEMENT

S. Sprung and W. Rechenberg

Forschungsinstitut der Zementindustrie
Dusseldorf

Abstract

The setting of cement is closely related to the compositon of mixing

P
sulfates of the clinker, increase the pH- value and lower the calcium

hydroxideconcentration of the solution. This fact seems to increase W
T e
the hydration Velocity of theSC A Xpartlcularly during the flPde“‘éﬁ

minutes ‘of hydration, before the dormant period stops further reactuxm
C A rich cements with a Fébk of gypsumlshow rapid setting caused by

e ST A S et g

formation of aluminate hydrates. \ ith gypsum(in excess rapid setting

by formation of large amounts of ettringite may occur. The increase

of the temperature in fresh concrefe mixes has a similar effect on
setting asrenalncrease of OH_ -concentration caused by alkalies 4?ﬁ@&h
dlluted From thggzements Rapid setting can be av Q;g ed by exact =X ?'tﬁ
balan01ng of ca101um sulfate contents by different prov1sions in

the plant and by decrea51ng the temperature of fresh concrete.
——

1. Introduction

Consistency and workability of concrete depend on its composition.
They are essentially 1nfluenced by the properties of the cement used,
the cement content and the grading of aggregate. Additives used,
tlme of mixing and temperature of fresh concrete as well as the
time during which concrete is transported from the mixing plant to
the building site and the continuous mechanical motions of the
concrete during the transit may also be of practical importance.

In order to find out whether these factors are of major influence
-on practical application of cement, extensive studies have been
——————————————————————— carried-out—at-the "Forschungsinstitut—der-Zementindustrie’-since——
a longer time. The investigations at first were mainly focused on
the effects of cement composition and manufacturing conditions on

1,2,3)

the setting of cement More recent studies are concerned with
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the effects of additives, temperature of fresh concrete and mechanical
motions on the consistency of concrete. Further objectives of research
are to examine whether the composition of the mixing water solution
may effect the setting of cement.

2. Present state of investigations

The setting behaviour of the cement influences mainly the workabi-
1ity of the concrete and for this reason certain requirements have
been standardized in the cement-producing countries. Chemical
reactions between the cement constituents and the mixing water
decisively influence the setting behaviour. The reaction products
developing thereby bridge the water-filled space between the cement
particles and by this build up a structure which gradually grows
stronger with time. This formation of a structure lowers the con}

sistency of cement paste, mortar or concrete.

In the first reactions which take place immediately after the addition
of the mixing water nearly exclusively the tricalcium aluminate of

the cement clinker and the calclum sulfate added to regulate the
settlngupartlclpate. Normally the reactlon product formed is ettringite
R
(BCaO Al2 BCaSOM 32H20), In the case. of insufficient calcium sul-
fate monosulfate (BCaO-A12O3
hydrate (MCaO'Al B-XH 0) are developed. Additionally, the alkali

sulfate content of cement clinker, the alkalles in the hydrated

-CaSOu-12H20) and tetracalcium alumiﬁate

portion of the 03A and calcium hydroxide, formed by hydratlon of
Aicium hydroxigc
‘the free Ca0 or by an initial surface reaction of the calecium sili-
cates are dissolved. The initial reactions which in most cases only
P B
last a few minutes are followed by a dormant period of 2 to 6 hours.
4:56,7) the dormant
period as well as set retardation were explained to result from the

According to the older literature on this subject

effect of gypsum. The interruption of the hydration reactions shall
be caused by an ettringite cover on the surface of the aluminates.
The reactions would start again as soon as the gypsum in solution

has been consumed.
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More recent investigationsB), however, have shown that the dormant
period is not based on the effect of gypsum. The dormant period
occurs with gypsum containing cements as well as with sulfate~free
clinkers. The examinations also showed that the setting of cement
:already starts during the dormant period. In the presence of suffi-
ciently high amounts of calcium sulfate 3 to 6 % by weight of
ettringite normally are formed from the 03A which reacted at the
beginning of the hydration within the first minutes. The ettringite
appears on the surface of the cement particles mostly in the form
of fine crystals, smaller than 1 um.Electron microscopic inVestiga—
tions éhowed that later on the ettringite grows by recrystallization
or coarsening crystallization and that the ettringite crystals
consequently begin to bridge the pore space. The recrystallization
and the formation of a structure during the dormant period leads

to the setting of the cement.

The investigations have indicated so far that the course of setting
of a cement is determined by the type and the amount of hydration
products which are formed during the first 5 minutes. Decisive for
this are the influenéing factors given in table 1.

Fig. 1: Influences on the setting of cement

1. COMPOSITION OF CEMENT ' 2. MANUFACTURING’OF CEMENT

CgA CONTENT B COOLING RATE OF CLINKER
TOTAL—ALKALI CONTENT ’ STORAGE OF CLINKER
ALKALI SULFATE CONTENT CEMENT TEMPERATURE DURING GRINDING
TOTAL SULFATE CONTENT ‘WATER INJECTION INTO MILL
CALCIUM SULFATES: CaSOu°2H2O FINENESS OF CEMENT

CaSOM-l/EHZO STORAGE

CaSOu
ADDITIVES
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Above all the amount and the reactivity of the 03A and of the various
caleium ‘sulfates 1s of importance. The reactivity is mainly induced

by ‘the cement composition and the conditions during the production

of the cement; such as for instance the‘velocity of clinker cooling,

the temperature and the relative humidity during grinding and storage
of the cement. ‘ :

The reactivity of the clinker with the mixing water also determines
the cdmpOSitibn of the solution, that is how much alkalies, calecium
hydroxide and sulfate the solution contains and which pH-value
emerges. ‘The literature gives differing data8’9) on this subject.
But these data allow no conclusions on the reason for the appearihng
differences. The composition of the solution is not only significant
10), the
and the reaction of pozzolans.

for the setting, but also for the development of strength

alkali-aggregate reactionll’ie)

3. Cements

To examine the influence of the composition of the solution on

the setting of the cement, several cements have been selected which
differed in their contents of tricalcium aluminate, alkalies and
calcium sulfate as gypsum (CaSOu-2H20) or semi-hydrate (CaSOu-
1/2H20).In figure 2 the most important properties of the used
cements are presented. Some of the cements were mixed from’plant—made
clinkers with calcium sulfates and others have been plant-made '
cements. The CBA content calculated according to Bogue ranged from
10.9 to 13.4 % by weight and the total alkali content from 0.06 -

to 1.60 % by weight Na20—equivalent. The amount of alkalies in’

the clinker bound as sulfate ranged from 6 to 100 %. The laboratory
mixed cements contained 1.5/to‘5.0 % by weight of sulfate as

gypsum or as semi-hydrate.
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Fig. 2: Composition of cements

CsA- (BOGUE) |SNA,0+0,658 Ky0 | DEGREE OF | TOTAL SULFATE | SPEC. SURFACE
SULFATISATION | 1IN CEMENT |
457 [¥-37 [y W37 | [Ev2/6] BLAINE
LABORATORY
MIXED CEMEKTS
FROY CLINKER . _
A 112 0.06 75 4 000
DM 100 13.4 0.83 00 | L5-5.0 + 100
KO 2 11.9 0.9 | 6
TECKAICAL CEMEWTS )
PZ AG/65 12,0 0.80 31 2.6 APPR,
PZ LA/68 12.8 1.60 45 3.1 3000 - 3500
PZ B/350 12.9 0.31 14 3.4
PZ $/350 10.9 CL02 Bl 2.8

4. Test results

4.1 Setting_of_ cement

The change in the consistency of the laboratory-mixed cements of
clinker MW" and "DM 100% which is related to the setting, was measured
with a penetrometer. The amount of the appearing ettringite,
syngenite and secondary gypsum was determined with a DSC-calorimeter
(B;ﬁigrgntial—Scanning'Calorimeter) after 1 hour of hydration. The

results of some of these investigations are illustrated in fig. 3
and 4. In the diagrams on the left the course of setting and on the:
right the new formed phases have been plotted versus the total
sulfate content of the cements. .

The sulfate was added to the cements as gypsum (continuous iine)_
or as semi-hydrate (dashed line).
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In fig. 3 the results from cements "AW" which were rich“igﬁ95§f
and poor in alkali are presented. Summariged the result is that .
the gypsum-containing cements set approximately after more than
Zg‘minutes. With 3 % by weight of SO3 the setting time shows a
flat maximum. During the first hydration which takes place
before the dormant period begins, a nearly constant amount of
approximately 6 % by weight of ettringite indebendent of" the
amount of added sulfate was formed. Aluminate hydrates have not
been estimated. If the cements contain %221:229{233 instead of
gypsum how it may occur in the mill with grinding temperatures
exgggding 80" °C or after a prolongeq_gilg_Eggzggg, gypsum 1is
precipiggyéd from the solution and }apid setting takes place.

Because of the formation of this secondary gypsum the quantity
St

of ettringite de ses.
]

Fig. U demonstrates the setting of cements made from elinker "DM 100"
They mainly differ from the cements "AW" in a higher C,A-content

of 13 % by weight and a medium-high total alkali content of 0.8 %
by weight Nago—equivalent. Similar to the cements "AW" the 03A

of the cements "DM 100" does not contain alkalies. Whereas The

————gements AW had a Tow total content;the alkalies of céments
—_——TTT—— T —

"DM 100" are completeiy bound as sulfate.

——

114




750 T 0
- o I 1 f [ Fig. 4: Cements
CoA =73 Gew:="% Zement mit Dityarat (Cas0y - 2 H0) '

= Oa .
S e oy === Zement mit Halbhyarat (2aS04.- Ty 4:0) made from clinker
5 65 0, ew.—;/< - ceres
S ~ Setting
T2 AN - J,_o ;
Enm H \ § % 7 and formation
§) / § o of hydrated
& 17\ 3
5 Lx phases
g ’/ A S&
-§ 0 } \‘\ ~§~S£
12 2
g , \\ E
by
X
! A
4 2 ¥ s 0

£
803—Gehalt des Zements in Bew.—%

The gypsum-containing cements "DM 100" show a sharper maximum in
the setting time at approximately 4 % by welght of SO5 Qements
poorer in sum content set more rapldly, since more aluminate
hydrate and monosulfate are formed which build up EﬁE;IHEEEEET
striucture. With a higher content of gypsum the cements change
their consistency because of a formation of more than 10 % by
weight of ettringite. "DM 100"~-cements with semi-hydrate set in

a similar way..But with high sulfate contents the excessive formation
of ettringite is accompaniéd by a precipitation of secondary
gyﬁgaa_gﬁzzg—together lead to rapid setting. Rapid setting caused
by ettrlnglte is especially favoured by such cements in which the
CBA has a still hlghedreact1v1ty because of large amounts of
alkalies in solid solution. Such a behaviour would show for example
cements of the type "WO 2" according to fig. 1.

With the exception of the alkali content the cements "AW" and

"DM 100" differ only sligﬁgzy—gﬁﬁ yet both cements set in different
ways. However, since the alkalies in the cements "DM 100" are
exclusively present as alkali sulfate, it may be expected that they
will go into solution and thereby affect their composition immediate-

ly after addition of the mixing water.
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The composition of the solution was determined after 1 h of
hydration, that is durin e dormant period of the cement. On the
left of fig. 5 the obtained alkali contents and on the right

the determined calcium oxide contents of the solution have been
plotted. The measurements led to high alkali contents of 50 to

60 mmol/l in the solution of the cements "DM 100", whereas with

the low-alkali cements "AW" virtually alkali-free solutions have
m i
been found. : ;

60 Gps 1k Hydratation (W[Z=2,0) [ [ Fig. 5: Composition
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On the other hand the solution of the low-alkali cements "AW"
contained fairly large amounts of calcium oxide, whereas the
solution of the alkgig-ricq ceméntsﬂ"DM 100" Showed a alltogether
lower CaO-content, which increased with added calscium sulfate,
Thé measurements did not show in the single case whether calcium
hydroxide or calcium sulfate were dissolved. But according to
the fact, that the pH-value of the high—alﬁali solutions was
=

hégper than that of low-alkali but Ca-rich solutions, the conclusion

may be drawn that higher OH - or alkali hydroxide contents in
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solution lead to correspondingly lower amounts of calcium dissolved
as calcium hydroxide according to the solution equilibrium of

N. Fratinil?). The remaining calcium seems therefore to be dissolved
as calcium sulfate, whose solubi—ﬁ_t'y - according to literature )

e, B T aa—
is said to be increased in solutions rich in alkali hydroxide.
jptiinbdalbbndl

Former investigations of the equilibrium in pure solutions of calcium
hydroxide and alkali hydroxide15’16’17) led to similar conclusions.
The result of recent inwvestigations in which alkali sulfates were

added to alkali and calcium hydroxide containing solutions is shown

in fig. 6.

wzs Fig. 6: Concen-
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Curve II demonstrates that according to. the mass action law the
solubility of calecium hydroxide decreases with increasing OH - ~
concentration added as NaOH or KOH. In the presence of sulfate
(curve I), however, the Ca2+—concentration of the solution
decreases slower at higher OH -concentrations. The added alkali

sulfate seems to react with the calcium hydroxide whereby alkali

hydrbx:.de besides gypsum and syngenite are formed. According to
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DSC-analysis of the solid phase the gypsum remains in solution
almost completely, apparently favoured by alkali hydroxide up to
concentrations of approximately 100 mmol/l. From this result may
be concluded that an increased calcium solubility in alkali and
sulfate containing solutions is due to an increased gypsum

solubility but not so much to a supersaturation of calcium hydroxide.

-"This result 1s of interest for the hydration of cement. In general
the sulfate is almost completely consumed after 1 d by reaction

with CBA to ettringite and in that case the pore solution of a
hardened cement paste is mainly influenced by the alkali and the
calcium hydroxide content according to the equilibrium of curve II in
fig. 6. The equilibrium between alkalies, calcium and sulfate may
therefore be of importance only in the earliest stage of hydration

in wich the cement sets. This is suggested by tests performed with

3 plant made cements. The changes in the composition of the liquid
phase were determined in relation to the time of hydration.

0 PZAé’/ﬁz!! ; Fig. 7: Influence
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The results in fig. 7 demonstrate that all solutions contained
after 2 hours of hydration large amounts of Ca0 which far exceed the
CaO/K2O—solution equilibrium. The high sulfate content found
simultaneously in the same solution leads to the conclusion that

the increased Ca2+—solubility is mainly caused by gypsum. After
subtracting the amount of Cd0 equalling the analyzed SO3 content
the measuring points almost exactly fall to the equilibrium curve.
On the other hand the Ca2+

‘hydration’  and the measuring points were the more approached to

-solubility was reduced by prolonged

the equilibrium curve as the sulfate of the solution was consumed
‘by reaction with the aluminate of the clinker. With prolonged
hydration the points furthermore shift to higher alkali contents.
That is due to the fact that with advancing hydration mainly of

the CBA still more alkallies are liberated, shifting the equilibrium
of the solution correspondingly. Finally, the diagramm shows as

13)

a result of the literature’ that the solubility of calcium

hydroxide is reduced by rising temperatures toco.

5. Conclusions

The obtained results lead to the following conclusions: Evidently

the time during which a cement sets is closely related to the

composition of the mixing water solution. This has been exemplified
by the different behaviour of 2 cements which differed only in
their content of alkali sulfate. Although both clinkers contained
the relatively inactive cubic aluminate, more

955’ however, reacted

during the first minutes in the presence of higher alkali contents
/."‘—‘_——_-_h_—'
and with higher pH-values in the solution. If there was a lack of
gypsum, mainly aluminate hydrate was formed resulting in rapid'QJ
setting. With a téo’big supply of sulfate excessively large amounts
gl . . . A

of ettringite developed also leading to rapid settlné;‘ht seems

to be that with higher amounts of ettringite already a relatively

small increase in théwcrystal size by coarseniqg.Erygggllization

is sufficient to bridge the water-filled pore space and thereby

build up a structure.
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Higher amounts of alkalies in the clinker, particularly of alkali
sulfates,which are rapidly dissolved, lower the calcium hydroxide
concentration of the solution,thereby increasing the hydration
velocity of the 03A prior to the dormant period. The possibility
of rapid setting therefore always exists, if such cements are

not perfectly balanced in their'sulfate content. Similar results
were found by'P.K.Metha;s’lg),when he investigated the properties
of high early strength cements. In that case, however, the
accelerating effect of alkalies is desirable. It has been pointed
out by W. LieberZO) too that the reaction of the CBA can be
speeded up substantially with high OH -concentrations in the mixing
water solution. These results lead to the conclusion that the
operation characteristics of additives and their application in
concrete technology could by this way more effectively be tested.

According to these investigations an increase in temperature of the
fresh concrete has much the same effect as an increase in OH -
concentration caused by alkalies.

In view of the workability of concrete it can be deduced from

the results that it is above all important to retard the hydration
of the CBA sufficiently within the first 5 minutes. This can be
done in normal cases, for instance, by well regulated cement
properties, by decreasing the temperatures of fresh concrete and

by reduced motions in transit.
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THE EFFECT OF ADMIXTURES ON ALKALTI-AGGREGATE
REACTION IN CONCRETE

S. Sprung and M. Adabian

Forschungsinstitut dér Zementindustrie
- Dusseldorf

Abetraet

With expansion measurements on concrete containing opal as alkali-
reactivefaggregate the efficiency of admixtures was tested. Several
fly ashes, traes, ground cristobalite and a Sioz—glass dust were

used as admixtures. The specific surfacec of the substances. ranged
from 2800 to 24000 cm' /g i

The tests showed that the efficiency of admixtures can only. be

Jjudged if not part of the ce t, but a part of the fine 51zed

aggregate in the concrete is replaced For this judgement the
replaced.

specific surface is. important too. Alkali expansion in concrete

e

can be prevented completely by suitable dust-fine admixtures.'

The efflclency of admixtures is due to the chemical react1v1ty

with alkalls in the pore solution and possibly. also to an -

1ncreased pore volume in the concrete. Glasses with medlum

R e

to be.more suitable- than glasses or crystalllne

Sloz-contents see
SUBStanices with |

. Gl N i
use of admixtures-is limited by requirements for the concrete

contents of Tore than. 95 % by welght The

‘quality, such as strength, watertightness and freeze/thaw
. — et r——
resistance.

1. Introduction

Former investigations have shown that the course and the extent

of the alkali-aggregate reactio i e ‘are depehden% on
the alkali reactivity, the quantity and the grain size distribution
LL reacvd juant i, grain size distrlb:

of the aggregate, the alkali content of the cement, the cement.
— 1,2,3)

——
content _and the environmental conditions The-knowledge

from these extensive tests served as a basis for working out a
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recommendation with special attention to the conditions in North
Germany. In this recommendation precautionary measures against
a deleterious alkali-aggregate reaction have been laid downu).

The precautionary measures are primarily based on an examination
of the alkali reactivity of the used aggregate. Practical experience
has shown that it is only the content of opaline sandstone and of

reactive flint which is decisive and which igz therefore determined
5)

with established testing procedures”’. As a further precautionary
measure the use of cements with low effective alkali content
(NA-cement) has been introduced. These cements are required only
for cases in which. the aggregate has a certain amount of reactive
constituents and the concrete additionally is exposed to disad-
vantageous environmental conditions. Such environmental conditions
are for instance the permanent wetfing of a construction and an

alkali supply from out31de, for 1nstance by seawater or de icing -

salts.

e

Further precautionary measures,which'have not been incorporated
in the recommendations,are the reduction in the cement content,

if possible, according to the quality of the concrete. In some
cases a befter aggregate grading can also be of benefit. Also
the addition of a more or:less large amount of natural or
agE}f}EEEQ;nggglans to the concrete is often regarded as an _
effective measure to av01d a deleterious alka11 aggregate reaction.
In order to examlne the effectivity of such pozzolans it is
necessary to dlstlngulsh whether a pazzizgjgggizmmnx or a part
of the aggregate shall_gg_ggg;aced

————
Admixtures which are thought to prevent deleterious alkali
expansion are for 1nstance flne ground 3111ca, opallne rock,

volcanlc glasseq4‘d1atomeen earth trass, ca101ned clay ‘and also

$6: 7). It is assumed that this eferEhIE_Eﬁze}Iy due to

fly ashes
the chemial reactivity of the 51llca in such admixtures with

the alkali hydroxide in the pore_ﬁolutlon. If that is true, a
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shift of the pessimum of the reactive aggregates originally present

‘Should occur. Experiments with opal as a reactive admixture showed
that it isin particular the opal quantlty substituted gn the quartz
grain sizes < 0.2 mm that can prevent alkali expansion ’9) if

S o Tre

the sum of the opal quantity original}zﬂgr§§ent and the OEE}

quanﬁz%y added is larger than the pessimum'concentration of the
reactive aggregate. f@b%eems that besides opaline rocks no other

admixfures have beeq tested in this way.

The majority of the experiments to test the effect of admixtures
followed ASTM C 441. In that case not the aggregate, but a portion
of 5.to 40 % by w 1ght of.EEE_EEEQQL_La.replaced Very often the
water-ZEEE;g’;;rlo t60 had to be i;greased in order to malntaln
the workablllty of the concrete. With such a test procedure the
found reduction in the expansion of specimens might be either the

result of a pozzolanic reaction of the admixtures or the result of
ety

a dilution of the cement quantity. According to former investigations
Tyl P Rt Lulokbidndd

3)

such a reduction of the cement content is associated with a decrease
lecrease |

in the effective alkali or OH -content in concrete. This alone would
therefore already lead to a drastic reduction in the alkali ex-
pansion.

From test results so far known it can be assumed that the various
substances recommended as admixtures apparently show different
/——'_—’
chemical reactivity. Decisive might be in which form the reactive
N e e e

proportion of the silica is present and which grain size or surface
. 7 . —— T
3

the admixture has Occasionally it is also recommended to 1mprove

the effect of natural or artificial pozzolans by flner‘_grlndlng1 )

or by remeltlng with the addition of 11me11)
eLLLon o2

The effect of various admixtures could be examined more reliable,
if they were tested under the same conditions. This means that

the cement content and thus the effective alkali co t_in the
menv_conten

concrete have to be kept unchanged. For these tests a part of the

—
by the admixtures.
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i In addition to-the chemical reactivity of the admixture the

T
physical properties of the hardened cement paste, of the gggregate

and- of the. concrete may. also influence alkali expansion. It has

',,‘-—- S~ . - .
already been stated that a deleterlous alkali-aggregate reaction

not only requires a high reactivity of thé aggregate constltuents,
. oS FoT T o
but also a low porosity 1). This in partlcular applies to opal and
—
varlous glasses which in normal case have no marked porosity.
— 3--3
Experlments on flints with densities of < 2.53 to > 2.59 g/cm”,

on the other hand, showed with an approximately equal reactivity

alkali expansion decreases as soon as the porosity rises. Similar

to the effect of the porosity of theiaggreégg;—zgaia_gg,%hat of
the capillary porosity of the hardened cement paste, leading with
increasing water-cement ratiosFSE_EEE~ES;Z;EE€_EE_E Eggggtion in
t6E_Z}55523357’?8?’EE§§~;ZZ§SB some additional tests have been
performed to learn more about the influence of the capillary

porosity.

2... Tests

In accordance with ASTM C 441 concrete specimen 2.5 x 2.5 x 28.5 cm

were produced. The concretes contained approx1mately 600 kg cement
per m3 with a constant water-cement ratio of 0.45 ) It was only

e

in a further test series that larger amounts 5f_%ater were added
to the concretes to increase the capillary_gore volume in the

hardened cement paste. The water-cement ratios were thereby

increased to 0.60. The aggregate consisted of 6 fractions with a
maximum grain size of 15 to 16 mm, As a reactfvg_éggre ate consti nt
pqﬁg_ggal in the grain size < 0.09 mm was chosen and added to the
concrete in a quantlty of 4 % by weight, based on the aggrsgﬁte

This quantity was equal to the pessimum concentration for opal

in that fraction. The specimens are stored at 40 ~C and more than

95 % relative humidity. The results obtained so far are related

to a storage time of 2 months.
o montnas. |

Up to 20 % by welght of the aggregates were replaced by the

admixtures trass, fly ash, crlstoballte and an amorphous- glassy
- — —_— ————
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_admixtures were in the range of 2.20 to 2.48 g/cm”.

silica product°(SiO2-glass dust) mainly in the size fraction -
< 0.2 mm. The concretes containing admixtures were tested with
and without opal. - )

Fig. 1: Density,.

) ) and specific
DENSITY ] SPECIFIC SURFACE
te/cm’d . ren?/e surface of.
. used additives
QUARTZ 2,65 - ’
and aggregates
OPAL N - 2,06 -
CRESTOBALITE . 2,35 3 500
$10,-GLASS 2,21 - 24 000
T —
TRASS . | 2,42 - 2,48 5 800 - 6 300
FLY ASH 2,20 = 2.4 2 800 - 3 300

The table presented in fig. 1 shows that the trass had a specific
surface according to Blaine of approximately 6000 cmz/g. The sur-
face of the fly ashes and of the cristobalite dust. ranged from

2800 to 3200 cmg/g. With approximateiy'ZMOOO cm2/g the Si0O,-glass

2

dust .showed the greatest,fiheness. The measured densities of the =

3

3. Test results

The experiments were carried out on concretes with an unchanged

cement content of approximately 600 kg per m3

.and.-with 4 % by
“\,A . .
weight of opal, based on the aggregate. The fresh concrete mixes

contained different quantities of water with a water-cement ratio

ranging from 0.80 £0 000

— e
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The capillary porosity of the hardened cement paste in relation
to the water-cement ratio was calculated by a method described
by F.W. Locher12). For this purpose a hydrationﬂgegree of the
cemﬁgE/nggﬁyg§ presumed. Taking into adggaﬁémfhe chegi?al
shrinkagg, capillary pores are formed in a concrete with a water-
cemengﬂ;;tio of ﬁgggmggén 0.36, which increase the total porosity
of the concrete. In fig. 2 £E;_expansion of the concrete specimen
was plotted versus the calculated ;;iume of the capillary pores

of the hardened paste.
It shows that with water-cement ratios exceeding 0.48 and a
capillary porosity of 15 % by volume resggétiveiy the expansion
due to alkali expaﬁgESE‘félls linearly. The decrease is approx-
imately 1 mm/m per 0.03 water-cement units. With lower water-
cement ratio respectively pore volume the influence diminishes

———

due to perhaps still uncomplgﬁgﬂgzdration of the cement and an

uncomplete compaction of the concrete specimen.
s St =

Fig. 2: Influence
of the capillar

20 = ‘
Tl pore volume of the
I~y - -
S e
gg JoT "\m\" hardened cement
S5% — paste on the ex-
£ B T~ .
.§Q o pansion of opal
§§ - containing concrete
S o .
éi% specimen.
@:} Feinbeton
. 3
o3 5 z * 808 kg/m
S Opal  : %0 Gew.—% (<0,09mm)
§ Lagerung: %0°C, >95%s RF, 2 Monare
Q ’

4 5 7 % 20 25
Kepillarporenvalumen des Zementsteins 1 %o

Further experiments have still to be carried out to investigate
the physical properties of the prisms.But already now it can be
concluded that the porosity of the hardened cement paste and of
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the concrete might help to. reduce measurably the expansion caused
by alkali aggregate reaction. The reaction product formed seems :
to be able to penetrate partly into the open pore spaces of the con-
crete and of the hardened cement paste. Therefore a comparison.of
the chemical efficiency of admixtures or a test of other influencing

factors is only possible if besides the concrete composition the
- water-cement ratio also remains

As a precaution against alkali expansion an increase in the
capillary porosity is not suitable, since it reduces the concrete

. R T
strenght and furthermore lowers the dif res to the

ions penetrating from outside .
———

The expansion of a concrete which contained besides quartz sand

and gravel 4 % by weight of opal was taken as basis for calculating
the percentage of length change in all the other concretes. After

2 months the measured expansion of that reference concrete averaged
17.5 mm/m. The expansion of-all other concretes which contained
graduated amounts of admixtures besides 4 % by weight of opal are:
presented. in fig. 3. '

Fig. 3:. Decrease

of expansion . by

700 g5 : several kinds of.
IR . Feinbeton . R K
Cristobalif Z 1608 kgfmd admixtures in-
/ wiz : 045 . .
Opal  : 4,0 Gein—"% (<0,09mm) dependent on

Lagerung: 40°C,>35 %o RF, 2 Monaie

|

their specific
. surface area
{Blaine). The

o - Flugaschen

B5x2,5 x28,5cm in%
8

Quantity of admix~-

~tures is 'based on

Detnung (Dgg) von Feinbetorprismen

~the total amount

&

B/ 5

2 & & of aggregate.
Lrsatz des Zusehlags (<0,2mm) dureh Zusatzstoffe i Gew-% 0% 288 £
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It can be seen that all admixtures which were used instead of
quartz sanddiminish the expansion of opal-containing concrete.

In concretes which with respect to workability contained 20 %

by weight of cristobalite at the most, expansion was only reduced
to approximately 30 %. It seems that in this kind of presentation
the SiO2
addition of 4 to 5 % by weight at the most was sufficient to
prevent the expansion entirely. A medium position with a reduction

~-glass dust was the most effective admixture, because an

of expansion to a range of 60 to 35 % was taken by fly ashes
(wide hatching) and trass (narrow hatching).

However, this presentation does not give any information about
the grade of reactivity of the various admixtures since there is
no uniform comparative basis. Owing to their different surface
areas the substances were added in different quantities to the
concrete. This was necessary in order to achieve a consistency
which still allowed complete compaction of the concrete. To study
the influence of quantity and surface of the admixtures together,
the specific surface of the admixtures was multiplied with the
quantity of the substance in 1 m’ concrete.

Fig. U4: Decrease

700 of nsio
Osp.in emfly expa n by
: des several kinds of
= ) Zusatzstoffs .
=% p— A 80, (Blosstaut) #4000 admixtures accor-
2 i iy . .
& 1 8igy (Cristobalit) 3500 ding to their
5 L A e 5600 o
Ew » a 600 4 . specific surface
£ ”
S Silp—Glasstaub  © 3000 .
§ y <§;§§ a 9300 area (Blaine)
® o Flugasche 3700 .
%#0 AR \\\ ® 7 2800 — and quantity
S o a \\}1 2 J700 in concrete.
I @ Trass "
) o e
320 J
.’§ Flugasche ® P~
) s N ~ |
284 )

0,5 70 75 20
Spezifische Oberfiiche des Zusatzstoffs in w5 mAIm? Beton
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In fig. 4 the percentage expansion of the concrete prisms has been
plotted versus the total specific surface of the admixture per m3
concrete. This again shows that the expansion decreases with rising
surface proportions of the admixture. But on the basis of an
equally large surface proportion of for instance 0.5-105 m2 per m3
of concrete it is found that fly ash glasses seem to be more
reactive than trass, than cristobalite and the almost pure Si02-
glass dust. On the basis of that evaluation also the differences
between the 5 fly ashes became smaller. This is apparently due

to the fact tha£ the ashes of pit-coals from the Ruhr-Carbon have
roughly the same composition and that they have been formed under
similar conditions. The influence of their different alkali content

is still to be tested.

The test results allow the conclusion that all admixtures react
chemically with the pore solution in the concrete thus binding
alkalies. At equal surface areas their efficiency is manifested
in a more or less pronounced reduction of the concrete expansion
caused by opal. But the admixtures tested are evidently more in-
active than opal. Depending on their surface, admixture contents
of up to 15 % by weight, based on the quantity of the aggregate,
are necessary to reduce the expansion to values under 20 j%.
Using opal as an admixture this would only require an addition
of a further 4 % by weight.

The alkalies bound by the admixtures apparently do not lead to a
measurable expansion. This was proved by experiments on concrete
specimen which contained. the same graduated amounts of admixtures
instead of quartz < 0.2 mm, but no opal. Although the used admix~-
tures react with alkalies, theyseem to have no measurable pessimum

) investi-

in this grain size. However, according to Australian
gations expansiors can be measured as soon as the grain size of

some of these admixtures exceed 0.2 mm.
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The effect of fine ground admixtures with such a relatively small
reactivity seems to be based on the formation of alkali silicates
which have an alltogether higher molar Si02—content'than the sili-
cates formed by reaction between alkalies and opal in pessimum .
concentration.” First experiments have already shown that«SiOZ—rich
alkali silicates swell considerably less with water than alkali-
rich silicates. That means, that according to. the chemical reacti-
vity of the used admixtures the pessimum of :the reactive opal
aggregate will be shifted.

Besides the chemical effect of admixtures also a change in the
physical properties of the concrete has to: be taken into consider-
ation. Many of the used admixtures contain a pore space of 1 .(Trass)
to nearly 20 % of volume (fly ash), which increases the pore space
of the concrete and may possibly work as a reservoir. for reaction -
products thus reducing an expansion.

4., Conclusions

The invesfigationéylead to the cqnclusion that the efficiency of
admixtures can bnly be judgedvunder constant test conditions.
For that reason not a part of the cement, but only a part of the
aggregate in the size fraction < 0.2 mm should be replaced. The
concrete composition‘Should remain unchanged.‘Besides this the
mass-related specific surface of the admixture should be taken
into consideration.

The investigations-havé shown that the expansion of opal-containing
aggregates in the concrete can be avoided by the use of suitable
admixtures. Their efficiency is mainly due to the chemical reacti-
vity, but possibly also to an increase in the total pore volume

of the concrete. The pore volume may be increased as well by ad-
mixtures as in the case of higher water-cement ratios also by

the capillary porés in the harderied cement paste.
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The reactivity of glasses with SiOz—contents of approximate;y,SO %
by weight is apparently greater than that of the tested crystalline
substances with a similarly high SiO, content or that of the glasses
29 if the real

quantity of active surface area is taken into consideration. To

2
and crystalline substances with more than 95 % of SiO

reduce alkali expansion it is therefore necessary to overtake
fineness and quantity of the admixture.into the requirements of

a concrete mix. However, requirements for the concrete qualtity,
such as strenght, watertightness and freeze/thaw resistance, limit
the use of admixtures. An increase in the water-cement ratio in
order to raise.the capillary porosity or to improve workability is
therefore nb advisable measure.
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WATER ABSORPTION AND VOLUME CHANGES OF ALKALI SILICATES IN FLINT MEASURED
‘BY THERMOGRAVIMETRY

Dieter Hirche
Zentralabteilung f. Ch%m. Analysen
Kernforschungsanlage Julich, BRD

ABSTRACT

Only the amorphous marked and micro-crystalline silica in aggregates
causes alkali-silica reaction and expasnsion in concrete. One
member . of this group is flint. Using grains of flint which had
been treated with alkali, it could be proved by mesns of thermo-
sgravimetry measurements ‘gt a temperature of 900°C that silica
with lattice defects, such as flint, absorbs water differently.
The absorption of water and the increase in volume of flint, is
only possible in the presence of hydroxyl ions. Grains of flint
stored in neutral NaCl/KCl solution did not show any increase in
absorption. Contrary to this, flint stored in 1 normal NaOH/KOH
solution showed a definite increase in the absorption of water.
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Despite the .numerous experiments with the atkali~silica
reaction in concrete, one ‘has not been able to give a fultl
expltanation for the expansion of the reactive aggregates.

In this report we aim to prove that silica with Lattice
defects does infact absorb water and increase in volume, in
the presence of alkali and hydroxyl ions. By the means of
thermogravimetry we investigated the water sorption of flint
as a representative of reactive silicas.

Bonded Water in Silicas and Flint

Depending on the nature and amount of the Lattice defects,
the silica minerals contain either more chemically bonded
water -(SiOH-groups) or molecular water. The most external

OH OH OH OH
| | \s_/
— Si—0—Si— i
| | /7 \
SINGLE GROUP DOUBLE GROUP
FIG, 1

Hydoxyl groups at Sioz—interfaces 1)

or internal interfaces of reactive silica are covered with
hydroxyl icns. More water can be added to the silanol groups
due to further adsorption. Lange (2) described previously
two sorts of molecular, adsorbed water in silicas:

1. Physically adsorbed water with slight activation-energy-and—

2. Water bonded at the SiOH-groups with a high activation
energy.
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When heating in a vacuum, first the SiOH double groups are
decomposed in the formation of reversible oxygen links and
Si0H single groups. Following this, fhere is a further de-
composition of the SiOH single groups. At 400 O¢ the silica
lattice is displaced.
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FIG., 2

Silanol groups and water layers at the quartzite
interfaces in flint (3)

With respect to flint, Micheelsen (3) presumed that the
interfaces of the quartzites, which build up the flint,
are,coVeréd by‘single Layers of SiOH-Qroups and that the
'héfghbburing guartzites are Bonded through éeveraL Layers
of water molecules. There are free S10H groups and oxygen
L1nks at the 1nterfaces of quartz1tes in the ratio. of 2:1.
OveraLL M1cheeLsen (3) found that the reLat1onsh1p between
molecuLar water and the SiOH-groups in flint was 1:3.2.

The theFmogravimetry measurements showed that the water in
the fine flint grains is much more loosely bonded (see FIG. 3).
The flint grains with the size of 0.05 - 0.07 mm release

mainly the bonded water between a temperature of 400 °¢ and

600 °c. There are more external interfaces with slighter
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FIG. 3

Thermogravimetry of water stored flint grains
with different sizes

activation energies in the fine flint grains.

Water Sorption and Expansion of alkali reactive

Silicas

Hirche, Ludwig and Wolff (4) pointed out:that the alkali=-

silica reaction depends mainly on following physico-chemical
phenomena: »

Alkali ions and calcium jons diffuse along silica‘inter—
faces. Alkali ions diffuse more rapid because of its

. + _ + - ++ -
smaller size (Ksolv.—1.75 R, Nasolv. 2.17 R, Cgsolv. 2.75
and of the stronger electrostatical interaction of ghe

calcium ions with the Lattice atoms.

)
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2. Ion_exchange of alkali_and calcium at silica interfaces
The diffused cations Na+, K+ and.Ca** exchange against
the protons of the silanol groups; Na+ and‘K+ exchange
reversibte, Ca++ exchanges irreversible. Calcium hydro-
silicates will be concentrated at external interfaces,
because of the exchange of calcium jons against alkali
jons, too. The released alkali ions are available for
further reaction at internal interfaces. There should be

a surplus of alkalti jons at internal interfaces.

3. QH=iop_action with_the silica_lattice

Normally the silica interfaces are covered with a second
Layer of HZO‘ Hydroxyl ions diffuse with the solvated
cations to the reaction site. A water molecule of the

second lLayer will be absorbed in the hydrate shéLl of

the cation. The silica interface will be free now for

the action of OH-ions. The hydroxyl ions react with the
silica lattice and the cation-silica complexes. New silanol

groups will be produced for further reaction.

With the formation of alkali hydro-silicates, at internal
interfaces the chemical potential of water near the
reaction site decreases. Water will be transported to in-
ternal interfaces until the hydro-silicate is dissocated
completely. The volume increasing of the waterless silicate
to the voluminous alkali silica gel produces an increasing
pessure in the silica grain and the surrounding hydrated
cement paste. '

The water sorption of alkali silicates in flint was studied
with thermogravimetry investigation. Most experiments were
conducted on fine and coarse flint grains which were stored

in alkaline solutions few days. In Figures 4,5 and 6 the

s—of-theflint—grains—isgiven as & function of
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Thermogravimetry of flint grains :(grain size =
1.5-2.0 mm) stored in alkaline solutions
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Thermogravimetry-of .flint grains ¢grain size =
0.75-1.0 mm) stored in alkaline solutions
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FIG. 6

Thermogravimetry of flint grains (grain size: =
0.05-0.07 mm) stored in alkaline solutions

The results from these thermogravimetry investigations may

be summarized as follows:

1.. In presence of alkalis and OH-ions in solution the water

,sorpt1on of flint grains increases (see FIG. 4). After
heating in a vacuum_ the flint looses spec1atly the bonded
water between 500 °C. and 600°C temperature. .

2. In presence of calc1um and OH-ions the water sorption of
flint increases, too (see FIG. 4). The binding energy of
water in calcium siliiates is higher. The bonded watér’
will be released between 650%c and 700°¢ temperature,

3. Storing the flint grains in an alkaliferous solution
without OH-ions (= NaCl/KCL solution), one could nbt find
any increasing water sorption.

4. Have we.calcium ions in aLkaL1ne solutions, the fL1nt grains

bsorb water, too. (see FIG. S) The we1ght Loss is
similar to the measurements on fL1nts stored in caLc1um
free NaOH/KOH‘solut?on. Because of the small surface and

of the short reaction time, the previously described ex-
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change of calcium ions against alkali ions didn't
occur (5), .

5. The binding energy of water bonded at alkali silicate
interfaces in fine flint grains is very low (see FIG. 6).
The fine flint grains lLoose its bonded water between
200°¢ and 400°% temperature specially. The formation
of the alkali hydro-silicates occured near the grain
surfaces. One time flushing of the grains washed out all
hydro~silicates.

Experimental procedure

ALl thermogravimetry investigations were made with an
‘electro balance of Cahn-Instruments. The prepared flint
grains were heated in a quartz tube under vacuum of

10—2 torrs. The heating temperature increased in steps of
2% /min. ‘

Before teétihg, the flint grains (0.05-0.07 mm, O.?S—1,0 mm
and 1.5-2.0 mm) were stored 6 days in tridistillated water
or in different alkaline solutions as follows: .
NaOH/KOH solution (pH=12.4), Ca(OH), solution (pH=12.4),

in NaOH/KOH solution, 1n NaOH/KOH solution with addition of
undissolved Ca(OH)Z, 1n NaOH/KOH/Ca(OH)2 solution and
NaCL/KCl solution {(pH=7.0).

The flint specimens were contaminated partly throUgh

calcium carbonates. Heating calcium carbonates, we méasure

the releasing of CO, from 600°¢c to 900°C approximately.

Due to the chemical analysis of the examined flint, we suggest
that the different weight losses in the temperature range

from 650°C to 900°C were caused partly through higher

CaCO3 contamination on the coarse flint grains. The maximum

CaCo, contamination_of flint _minerals could be 0.80-percent

pe nts

in weight, the CO2 contamination could be 0.35 percents in
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in weight.

References

Hockey and Pethica, Trans. Farad. Soc. 57, 2247 (1961).
Lange, Journ. Colloid. Sci. 20, 231 (1965).

Micheelsen, Dansk Geolog Forening 16, 3 (1966).

Hirche, Ludwig and Wolff, Forsch. Ber. d. Landes NRW
2303, 2 (1974).

Hirche and Wolff, Cement and Concrete Research 4, 609
(1974).

The Tower of London

147






A PROSPECTIVE MEASURE FOR THE EXTENT OF ALKALI-SILICA REACTION
Sidney Diamond and R. S. Barneyback, Jr.
School of Civil Engineering

Purdue University
WesT Lafayette, Indiana 47907 USA

ABSTRACT

Studies of alkali-silica reaction and its effects have been handi-
capped by the absence -of a method of measuring the extent of the chemical
reaction itself, as distinguished from measurement of the expansion. Ex-~
pansion’may or may not accompany reaction, depending on various factors.
The proposed method involves defermination of the alkali contents of pore
solutions expressed from mortars in a special pressuring device operated
at about 75,000 psi. After appropriate corrections, the reduction in the
alkali concentration of pore fluid from reacting mortars as compared with
pore fluid from companion mortars free of reactive silica is used to
calculate the degree of reaction that has occurred and to estimate the
amount of product formed. |llustrative data are provided for reactive

mortars made with ground opal and hydrated for periods of up to 70 days.

INTRODUCT {ON

interest in alkali-aggregate reactions in concrete is currentiy at
a high level in view of the increased likelihood of deleterious responses
stemming from increased levels of alkali contents in many cements and in-
creased usage of marginal aggrega*es.

One of the major difficulties in understanding the details of alkali-

silica reactions has been the inability of research workers to measure the

extent and rate of reaction to be expected in a given reactive combination.
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Tests of expansions with mortar bars provide appropriate measure of the
expansion due to reaction, but not of the reaction itself. It is well known
that many combinations of components will react, sometimes extensively, with-
out giving rise to immediate expansion; in some circumstances the expansion
does not take place at all. An independent measure of the extent of reaction,
separate and distinct from measurements of expansion is clearly needed.

It is the purpose of this paper to present and illustrate progress in

the development of such a measure.

BACKGROUND OF METHOD

In principle, most chemical reactions involve the combination of two
or more reactants 1o produce one or more reaction products. The extent of
reaction can be assessed by monitoring either the increasing concentration
or amount of product or products, or the decreasing concentration or amount
of one or more of the reactants.

In alkali-silica reactions the product is an alkaii-silica gel of un-
certain and variable composition located irregularly in patches within the
body of the affected mortar or concrete. It is obviously not feasible to
pick out all of these patches to determine the amount of product formed.
Of the reactants, it is similarly infeasible to monitor the decrease in
amouhT of reacting siliceous aggregate. Hydroxide ions in solution can be
readily monitored, but the presence of a vast reservoir of easily mobiliz~
abie hydroxide ions in the form of solid calcium hydroxide disseminated
throughout the hydrated cement paste complicates the use of this reactant
as an indicator of the progress of the reaction. This leaves measurement

of alkali cations, principally k' and Na™ ,as the remaining possibility.
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Fortunately, use of the alkali for concentration as an indicator of
the extent of reaction has several favorable aspects.  The alkali ions
are readily mobile throughout the affected mortar or concrete, at least
while saturated. Thus, while a uniform concentration of these ions through-~
out the mass cannot be guaranteed, it seems as this should reasonably be
the case; if this is so the alkali concentration determined from a samplie
of pore fluid ought to be reasonably representative. - Also, the alkali
ions are relatively easy to determine by standard methods, once the solution
. .has been obtained.

However, a number of features preclude the simple approach of using
the reduction of aikali ion concentration with time as a measure of the
extent of reaction. To begin with, alkali concentrations in mortars
isolated from additional water supply increase with time as water is sub-
tracted from the pore fluid by the processes of cement hydration. Secondly,
at least in some cements, some of the alkalies are considerably delayed
before reaching solution; thus later portions entering solution tend to
mask alkali ions being withdrawn from solution by the alkali-silica reaction.
Third, there is evidence that some of the alkali ions may enter solid solu-
tion within the C-5-H gel of the hydrated cement. Finally, there is the
concept that some of the alkali may be "recycied" after reaction with silica,
i.e., displaced by calcium to form a more stable calcium alkali silicate.

An approach has been evolved which seems to take care of all of these
difficulties except perhaps the last. So far, no method has suggested itself
by means of which the amount of "recycled" alkali returned to solution can
be monitored. To the extent that this phenomenon occurs, the method il-

lustrated here will underestimate the extent of alkali silica reaction re-

corded.
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The method suggested involves measuring the concentrations of the alkali
cations (Na® and K+) in the pore fluid of reacting mortars or concretes and
comparing these to corresponding measurements carried out on identical mortars
or concretes "blank" with respect to silica that -can take part in the reac-
tion. Both measurements are corrécfed for the increase in concentration due
to removal of water for cement hydration. - The difference in the adjusted
concentrations of alkalies between reacting mixtures and identically exposed
"b lanks" provides a quantitative index of the alkali consumed in the-alkali-
silica reaction. Further, an estimate of the amount of reactive silica con-
sumed can be derived if an assumption as to the stoichiometry of the' reaction
product is made.

The remainder of this paper provides a detailed illustration of the
application of this scherme to one series of specimens and of the conclusions

- that can be drawn from i+.

EXPERIMENTAL DETAILS

A series of mortars were prepared-using a moderately high-alkali ASTM
Type | cement whose composition is given in Table . "Blank™ mortars in-
corporated cement, ASTM Designation: C 109 standard Otftawa sand, and water,
-in the weight proportions 1:2:0.5. Reacfing mortars incorporated a ground
reactive opaline silica ("Beltane opal" from Sonoma County, California) in
- The proportion of {0 percent by weight of the cement, with a portion of the
sand removed so as to provide constant yield of mortar. The opal had been
ground in a ball mi'l{ to a Blaine fineness of 11,000 cmz/g.
The mortar specimens were cured in sealed containers at 20° C for

periods from /2 hour to 70 days. They were then subjected to pressures
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of approximately 75,000 psi in a special pressuring device designed to

faci litate extraction and recovery of pore fluid. Yields ranged from ca.

10 m1 at early ages to less than 2 m! for more mature specimens, the fluid
being collected in a syringe with only minimal exposure to the atmosphere.
Details of the apparatus and coliection procedure will be pubiished else-
where. The fluid recovered was immediately analyzed for alkali ions by flame
photometry using a Perkin-Elmer Modei 503 atomic absorption spectrophoto-

meter flame phofometer unit.

ALKAL! CONCENTRATION [N "BLANK"™ MORTARS

From the cement analysis of Table | it is caiculated that if all of the
alkalies were to be idissolved in the mix-water the resulting concentrations 79{
would be 0.395 N for K+ ions and 0.193 N for Na+ ions, for a combined alkali
ion concentration of 0.588 N. The concentrations of ions actually found to
be present in the pore solutions of the non-reactive "blank" mortars are
given in Table 2. The combined "raw" aikali concentration exceeds 0.58& N
after about half a day and is very much higher after extended hydration.

The effect is clearly due to withdrawal of water as it Is incorporated in
hydrating cement paste.

Unfortunately the non-evaporable water contents of the present specimens
were not measured.  In lieu of direct measurements, recourse wes had to the
"standard" non-evaporable water vs. age curve of Copeland and Kaniro (1),
and the combined water withdrawn from the pore solution was estimated for
each specimen from their wic 0.5 curve. The combined water was subtracted

from the total water to yield an estimate of the residual fluid water at

sach age. The concentrations. of alkali.ions found—at-each-stage-were then———

adjusted by muitiplying by the quotient of residual water divided by original
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water confents. This correction thus eliminates the effect of the removal

of the hydration water and yields an equivalent concentration calculated on

the basis of the original water content. The resulfs of these calculations
are also provided in Table 2.

The data provide some insight into the behavior of alkalies in hydrat-
ing cement and concrete nofsubject to alkali-aggregate reaction. After the
first half hour the K" ion concenfration corrected for hydration water re-
moval was within experémenfal error of the 0.395 N value expected if all of
the potassium is dissolved, indicating that all of the potassium in this
cement is readily hydrolyzable. The corrected Na+ ion concentration was
initially only about two-thirds of the corresponding 0.193 N value, although
it increases somewhat up to a day.  After several days there is a slight but
definite decline in the corrected K" concentration, and some irregular re-
duction in Na+. We consider that this reduction likely represents slow in-
corporation of the alkalies into the C-S-H gel; alternatively, some of it
may represent reaction with the "non-reactive" quartz sand.

The trend. indicated is “iliustrated in Fig. |, in which the "corrected"
concentrations of combined alkalies are expressed as percentages of the
total alkali content provided by the cement, and plotfed vs. time. Apparentiy
with this cement about 90 percent of the alkali present is mobilized im-
mediately; the amount in solution increases slightly between haif a day and
a day; and subsequently there is a gradual reduction to about 8G percent of the

total in about two months.

ALKAL| CONCENTRATIONS -IN REACTING MORTARS

+ + . . .
The actual K and Na__concentrations found in the sofutions expressed

from the sealed reactive morfars are given in Table 3, along with the cor-
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responding values corrected for the withdrawal of water by cement hydration.
The corrected K+ concentrations are maintained at close to the 0.395 N
value for the first half ‘day or so, and then drop steadily and progressively
to a low of 0.200 N at:70 days, reflécfing the early onset and progress of
the alkali-silica reaction. The corresponding Na+ results are less clearly

defined, but appear to show a modest decrease starting at about 4 days.

QUANTITATIVE ASSESSMENT OF EXTENT OF REACTION

The amount of alkali tied up in'alkali-silica reaction product, ‘i.e.,
the desired estimate of the extent ‘'of the reaction, is calculated from the
difference between the corrected concentrations of the alkalies between
"plank" and reacting specimens of a given age. The data are given in

' Table 4, for each of the alkali ions. The combined tally is re-expressed
as a percentage of the total alkali provided by the cement, and plotted
“against time in Fig. 2.

The results indicate that about 3 percent of the totai aikali present
has reacted aimost immediately; that about 6 percent has reacted by | day,
about 23 percent by | month, and 28 percénT by about 2 months. The inset
shows the detailed time trend for the first day. Early data can be fitted
reasonably well to linear plots on both log time and square root of fime
plots, but later data depart significahtly from the trends.

With an additiona! assumption about the stoichiometry of the reaction
product one can form some idea about the proportion of the reactive silica
that has reacted in a given time. Krogh (2) recently summarized published
data on analyses of alkali-silica reaction gels. The(K20 + NaZO /$i02)mole

ratios reported range from virtually zero to 0.40; but neglecting four

obviously aberrant analyses showing values of 0.06 and below, the average
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TABLE 2

ANALYSIS OF ALKALI ION CONCENTRATIONS IN PORE
SOLUTIONS - EXPRESSED FROM "BLANK" MORTARS

K+ lon Conc. N Na+ lon Conc. N Na++K+ Conc. Correction

Age Original "Corrected" Original "Corrected" “(Corrected) ' Factor*
1/2 Hour 0.405 0.397% 0.134 0.131 0.528 0.98

| Hour 0.405 0.389 0.135 0.130 0.519 0.96

3 Hours 0.412 0.395 0.136 0.131 - 0.526 0.96

6 Hours 0.424 0.399 0.144 0.135 0.534 0.94
14 Hours 0.474 0.427 0.163 0.147 0.574 0.90
27 Hours 0.496 0.396 0.197 0.157 - 0.553 0.80

4 Days 0.547 0.383 0.201 0.141 0.524 0.70

9 Days 0.532 0.341 0.204 0.131 0.472 0.64
15 Days 0.554 0.344 0.215 0.133 0.477 0.62
49 Days 0.594 0.356 0.242 0.145 0.501 0.60
70 Days 0.575 0.333 0.218 0.126 0.459 0.58

*Corrected for water withdrawal due to hydration 6f the cement; correction
factor for any given age is Total Water - Estimated Non-Evaporablie Water
) ‘ ) ) Total Water

TABLE 3

ANALYSIS OF ALKALI ION CONCENTRATIONS IN PORE SOLUTIONS
EXPRESSED FROM REACT {NG MORTARS

Combined

. K+ ton Conc., N Na+ lon Conc., N ) (K++Na+) Conc., N
Age Original Corrected* Original Corrected* Corrected¥
1/2 Hour 0.394 0.386 0.126 0.124 0.510

| Hour 0.392 0.376 0.123 0.118 0.494

35 Hours 0.394 0.378 0.126 0.121 0.499

6 Hours 0.407 0.383 0.135 0.127 0.510

14 Hours 0.445 0.401 0.148 0.133 0.534
27 Hours 0.454 0.363 0.190 0.152 0.515

4 Days 0.468 0.328 0.173 0.121 0.449

9 Days Q.442 0.283 0.153 0.098 0.381

I5 Days 0.447 0.277 ’ 0.197 0.122 0.399
49 Days 0.384 0.230 0.186 0.112 0.342
70 Days 0.345 0.200 0.170 0.099 0.299

*For correction factors, see Table 2.
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Time

1/2 Hour
I Hour
3 Hours
6 Hours
I4 Hours
27 Hours
4 Days
9 Days-
15 Days
49 Days
70 Days

Difference in

K" Coic., N

0.014
0.013
0.017
0.016
0.026
0.033
0.055

0.058

0.067
0.126

0.133

TABLE 4.

Difference in
_Na® Conc., N

- 0.007
-0.012

DIFFERENCE BETWEEN CORRECTED CONCENTRAT|ONS
' OF "BLANK" AND REACTING MORTARS

0.010
0.008
0.014
0.005
0.020
0.033
0.011

0.033
0.027

Total Difference

N

0.018
0.025
0.027
0.024
0.04¢
0.038
0.075
0.091

- 0.078

0.159
0.160
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TABLE 5

CALCULATIONS OF AMOUNTS OF REACTIVE SILICA

CONSUMED iN ALKALI REACTION

Calculated
Percentage
of the

*¥*Calc. No. of Moles***Corresponding Reactive Sllica

of Atkali lons No. of Moles Added
*Total lon Reacted per g of of Si0, in to Mortar
Concentration Reactive Silica Reaction that has
Time Di fference, N Added to Mortar Product Reacted
1/2 Hour 0.018 0.000090 0.00072 4.3%
I Hour 0.025 ..0.000125 - 0.00100 6.0
3 Hours 0.027 0.000135" 0.00108 6.5
6 Hours 0.024 0.000120 0.00096 5.8
14 Hours 0.040 0.000200 0.00160 9.6
27 Hours 0.038 0.000190 0.00152 9.1
4. Days 0.075 0.000375 0.00300 18.0
9 Days 0.091 0.000455 0.00364 21.9
{5 Days 0.078 " 0.000390 0.00312 18.7
49 Days 0.159 0.000795 0.00636 38.2
70 Days 0.160 0.000800 38.5

0.00640

*Difference in corrected alkali concentrations of "Blank" and "Reacting"
Mortars of the same age, from Tabie 4.

*¥Reactive silica added at the rate of 10% by weight of cement used, hence
ratio is 5 ml of water present per g of reactive silica.

**¥Assuming K + Na mole ratio is 0.125, corresponding to KZO + Na20

Si

ratio of 0.25.

mole

SiO2
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PERCENTAGE OF CEMENT ALKALIES FOUND
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Fig. 1. Combined alkali contents of "blank” mortar pore solutions expressed as

percentages of total alkalies present.
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~~CONTRIBUTION TO DISCUSSION -~

Dr. D. Hirche

A great problem is to get éoz"re‘cét information about the ion exchange
of Ca** ions aga.inét alkalies in the reaction time, We know that
this exchange occurs mainly on the outer surfaces of silica grains.
Because of the great surface area (11000 approximately) of the
tested opal we have to be careful on this pi)int.
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ELECTRON PROBE MICROANALYSES OF
REACTION ZONES AT CEMENT/OPAL INTERFACES

A. B. Poole

Department of Geology
Queen Mary College
London E1 hNS.

ABSTRACT
Small rectangular prisms of Beltane embedded in ordinary
portland cement, and cements”containing 2% and 6% NaCl were

prepared in the laboratory and stored &t To°¢ for T and 28 day
periods. Microscopic examination and eléctrdn probé fiicro= -
analyses of reactlon zones developed pear the interface show

that the reaction zone develops w1th1n the opal 1 and is a composlte

of two or three optically distinct régions. " The width of the zome
1ncreases “with time and varies with the alkali contént of the
cement, the cement containing 2% NaCl giving thé w1dest reactlon
zones. The varlatlon of sodium and Potassium as well as certaln
other elements across the reaction zone changes with time, but
their variation is also partly dependegﬁmggnﬁgswigxgg§~gf sodium

chlorlde present in the cement.
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Introduction

Since the work of Stanton! in 1940 a considerable volume of resear-
ch work has been published concerning the nature and effects of alkali-
silica reaction in concretes, and case studies have been reported from
many parts of the world. As researches have progressed the mechanism of
the reaction has become better understood, and the suggestion of pessimism
proportions for maximum expansive'reaction made by Mielenz et al? and rec-
ently clarified and elaborated by Ozol3 has become an important considera-
tion in present researches. Detailed investigations of the reaction zone
between the aggregate and cement paste such as those carried out by Thaulow
and Knudsen” have provided further information on the details of the reac-
tion processes but have in their turn raised further problems which require

explanation.

In reports of some case-study investigations it is clear that alkali-
silica reacfibity combines with other factors such as sulphate or chloride
contgmination of the aggregates to produce the deleterious §ffeqt§‘obs§ryei§7é
These observations raise the possibility that the alkali-silica reaction
may be modified by interaction with other reactions and processes taking
place in the concrete at the same time. Alkali-silica reactivity has been
reported in a number of case studies from Mediterranean and Middle Eastern
countriesS:8>7 and a further example from Das Island in the Arabian Gulf is
currently under investigation. The wide temperature and humidity fluctua-
tions in these countries appears to accelerate the deleterious processes;
and aggregates contaminated by chlorides or sulphates which are not un-

common in this region present a problem for the construction engineer.

In order to begin to investigate some of these problems in the lab-
oratory a series of samples were prepared using a reactive low cristobolite
opal set in cements to which sodium chloride had been added. After a
storage period the progress of the alkali-silica reaction was monitored

using an electron probe microanalyser.

Experimental Procedures

The specimens used in this study were prepared from 10mm by Tmm

R -rectangular-tablets-of-Beltane-Opal-which-were 2mm-thick: These tablets
were embedded in a cement paste with a water/cement ratio of 0.4. After
a curing period of 24 hours at 20°C the small specimen blocks were stored

. . . . o .
over water in pairs in sealed containers at 40 C. Specimens 1 and 2 were
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stored together and prepared using ordinary portland cement with total
alkalies 0.54%. Specimens 3 and 4 stored together had 2% by weight
analer sodium chloride added to the cement at time of manufacture.
Specimens 5 and 6 were similar to 3 and 4 but with a 6% addition of sodium
chloride. The analyses of the cement, and a partial analysis of the opal

used are given in Table 1.
TABLE 1

Analyses of cement and opal used in this study

Portland Cement Beltane Opal

. 8i0
Fegog
Mnp03
P205
Tio
Ca.O2
Mg0
S0
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o)
OO0OOCOMHFOOOMNMO

W O\ .
i
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o
[
(Y

=t
o
-
X

Na20
L.O.I.
I.R.

w
1

Specimens 1, 3 and 5 were removed from storage after 7 days,
dessicated, impregnated with araldite and prepared as petrographic thin
sections suitable for electron probe microanalysis. Specimens 2, 4 and 6
were similarly treated after a storage period of 28 days. A summary of

the specimen numbering scheme is given in Table 2 below.
TABLE 2

Test specimen numbering scheme

Type of cement used T days storage 28 days storage
0.P.C. w/c 0.k Specimen 1 Specimen 2
0.P.C. + 2% NaCl w/c 0.k Specimen 3 Specimen 4
0.P.C. + 6% NaCl w/c 0.k Specimen 5 Specimen 6
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The prepared petrographic thin sections were examined and suitable
portions of reaction zone selected for electron probe microanalysis. The
microanalyses were carried out using the non dispersive electron probe in
the Department of Mineralogy, Cambridge. This instrument is linked to a
small computer which allows spectrum stripping and correction procedure
programmes to be applied to the X-ray results. The instrument provides
complete analyses of 5 to 10 micron diameter areas which can be selected
optically. Numerous spot analyses were made along approximately linear
traverses from the cement paste through the reaction zone and into the

opal.
Results

Petrographic examination of the specimens clearly shows that the
reaction zones lie éntirely within the opal and appear to have developed
after the cement had set. The reaction rims themselves were seen to con-
sist of several zones. The cloudy irregular zone extending inwards for
2mm noted by Thaulow and Knudsenq was only clearly seen in specimen 1.
However, a consistent feature of all the specimens was the development of
a dark irregular zone at the inner part of the rim as seen under transmit-
ted light. As a result of the high storage temperatures gels developed
within the reaction rim tended to escape along cracks so that the speci-
mens stored for 28 days had patchy developments of reaction product and
void areas in the reaction rim areas nearest to the cement. Some of these
features may be seen in the photomicrographs in Figure 1. These photo-
micrographs show typical areas of reaction rim and were taken in plane
polarized transmitted light. The most obvious feature of the rims develop-
ed in the 6 specimens is their width variation. As expected the rims
increase in size with time, and in all cases they approximately double in
width under the storage conditions noted above during the 21 day interval
selected in this study. It is interesting to note the comparison ofthe
150 micron rim developed after 8 months storage at room temperature
reported by Thaulow” uéing a cement with 2.02 alkalies, and the 100 micron
rim developed after 7 days at 40°C with a 0.54 slkali cement in specimen 1.
A second feature of importance is that the specimens containing 2% of added

sodium chloride exhibit wider reaction rims than those containing 6% sodium

chloride.

The petrographic sections were coated with carbon and between 10

and 17 individual analyses were made on each sample along a traverse perp-
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Specimen 5 Specimen 6
Fig.l

Photomicrographs of the 6 specimens used for electron probe microanalysis
The width of the field of view is 2.0mm
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endicular to the interface from the cement through the reaction zone and
‘into the unaltered opal. Of these analyses'T were selected from each
specimen and are recorded in Tables 3, 4 and 5. The additional analyses
confirm that the analyses shown here are typical of the particular area in
the specimen from which they come. The porous zones and void areas in the
wider reaction rims were avoided so that analyses from the central part of
these rims reflect the composition of the so0lid reaction product materials
in those areas. The analyses tabulated show typical compositions of small
greas in the specimens as indicated in the key to analyses. The particular
spots chosen for the individual analyses appeared to be homogeneous in
transmitted and reflected light but clearly must represent the composition
of only the few mineral grains at the focus of the electron beam. As is
to be expected the greatest variation between closely spaced analyses was

observed in the cement paste areas.

The.analytical results given in Tables 3, LI and 5 have a number of
features of interest, silica typically shows a gradual increase from the
front of the reaction zone to the back and into unaltered opal, though
specimens 2 and 3 show a minimum in the central region of the rims. These
minima are also reflected in lower totals for these particular analyses
and may indicate higher water contents. With the exception of specimens
1, 5 and 6 no iron was detected as having migrated into theé rims and in
even these specimens it was only present in the outermost rim zones.
Magnesium similarly does not easily enter the reaction zone, the outermost

part of the very narrow zone in specimen 1 being the only exception.

TABLES 3, 4 and 5
Electron Probe Spot Microanalyses across cement/opal reaction zones

Key to Analyses

1. Cement paste at a distance of more than lmm from the opal
2 Cement paste adjacent (within 0.0lmm) to the reaction rim
F  Reaction rim material close to the cement interface

C Material from the central zone of the reaction rim

B  Material from the inmost part of the visible reaction rim
3 M§terial adjacent to but just beyond the visible reaction

rim e
L Material from the céﬁ%gél part of the opal prism

*
Total Iron as Fe203

*%  Yater and 002 are not determined by this method

168



Specimen 1

TABLE 3

Width of Reaction Rim 0.10 mm

% Cement Reaction Rim Opé,l
Oxide 1 2 F c B 3 L
sio2 13.84 17.07 29.99 Th.10 76.18 9k, 22 9k.99
A1,0, 1.77 2.77 3.55 0.68 0.33 0.00 0.22
Fe203* 0.60 0.45 0.97 0.00 0.00 0.00 0.00
Mg0 0.31 0.66 1.01 0.00 0.00 0.00 0.00
Cal 57.79 51.77 L7.0b L.yl 0.63 0.25 0.1k
Na/0 0.00 0.00 0.00 1.69 0.80 0.00 0.00
K0 0.00 0.00 0.00 3.55 0.81 0.k2 0.00
5 0.74 2.15 2.73 0.51 0.28 0.19 0.00
c1 0.00 0.00 0.00 0.09 0.00 0.00 0.00
Total** 75.05 Th.87 78.29 85.06 79.03 95.08 95.35
Specimen 2 Width of Reaction Rim 0.25 mm
% Cement Reaction Rim Opal
Oxide 1 2 F c B 3 L

810, 19.37 17.68 70.62 64.56 89.37 97.10 9k.35
A1,0, 2.7k 9.61 0.71 0.00 0.83 0.38 0.23
Fe203* 0.66 3.58 0.00 0.00 0.00 0.00 0.00
Mg0 0.76 1.07 0.00 0.00 0.00 0.00 0.00
Ca0 51.58 41.62 0.3k 0.11 0.1k 0.00 0.00
Na, 0 0.00 0.00 0.52 0.42 0.49 0.00 0.00
K0 0.00. ... 0.1k 0.18 0..60 0.45 0.140 0.28
s 1.02 1.87 0.00 0.00 0.00 0.00 0.00
c1 9.00 0.36 0.1k 0.15 0.00 0.00 0.00
Total** 76.13 75.93 72.51 65.84 91.28 97.88 94 .86
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TABLE b

Specimen 3 Width of Reaction Rim 0.60 mm

% Cement Reaction Rim Opal
Oxide 1 2 F c B 3 b
sio, 21.21 19.03 s1.2k 49,62  78.18  92.61 96.38
41,0, 3.39 2.97 0.30 0.21 0.%0 0.30 0.00
Fe203* 0.95 - 0.55 0.00 0.00  0.00 0.00 0.00
Mg0 0.75 0.36 0.00 0.00 0.00 0.00 0.00
Cal 46.56  47.10 3.01 0.39 0.35 0.20 0.20
Na,0 0.00 0.00 ©  2.52 1.80 1.78 1.27 0.00
K0 0.00 0.23 1.32 0.38 0.94 0.46 0.00
s 3.18 3.1 0.00 0.00 0.00 0.00 0.00
c1 1.27 0.85 0.19 0.17 0.00 0.09 0.00
Total** 77.30 Th.23 58.58 52.57  81.65 94.93 96.58
Specimen L Width of Reaction Rim 1.60 mm

% Cement Reaction Rim Opal
Oxide 1 2 F C B 3 b
510, 23.02 22.99  70.38  73.33  88.18 96.27 95.24
2,0, 2,66 L.99 0.23 0.00 0.00 .  0.k0 o.hg
Fe203* 0.4 0.66 0.00 0.00 0.00 0.00 = 0.00
MgO 0.28 0.68 0.00 0.00 0.00 0.00 0.00
Cal h2.61 43.78 5.65 0.1k 0.11 0.00 0.00
Na,0 0.00 0.46 3.52 1.72 1.75 0.92 0.38
K,0 0.09 0.00 2.30 0.93 0.82 0.36 0.16
s 3.40 4,34 0.18 0.3k 0.00 0.00 0.00
c1 0.71 1.27 0.12 0.10 0.00 0.00 0.00
Total** :

73.18 79.17 82.38 76.56 90.86

97.

95 96.26
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Specimen 5

TABLE 5

Width of Reaction Rim 0.55 mm

% Cement Reaction Rim Opal
Oxide 1 2 F c B 3 L
si0,  10.06  15.92  8.93  55.75 7248  90.91  91.99
A1,04 2.20 5.15 1.31 0.4k 1.37 0.23 0.29
Fe203* 0.35 0.46 0.18 0.00 0.00 0.00 0.00
Mg0 0.49 0.48 0.00 0.00 0.00 0.00 0.00
Cal 57.76 .39.4k 54,06 0.37 0.27 0.20 0.15
Na,0 0.46 1.2k 0.63 7.96 3.01 1.46 1.09
K0 0.00 0.32 0.10 0.68 0.92 0.33 0.13
s 2.08 3.61 1.37 0.23 0.00 0.00 0.00
c1 1.52 2.68 1.28 0.17 0.12 0.25 0.36
Total™® 7h.92 69.30  67.86  65.60  78.1T  93.38  9k.0L
Specimen 6 Width of Reaction Rim 0.90 mm

% Cement Reaction Rim Opé.i
Oxide 1 2 F C B 3 b
Sio2 9.67 13.38 ‘ 27.1k 75.90 89.34 95.97 93.56
A0,  11.56 7.69 2.11 0.21 0.66 0.00 0.23
Fe203* 3.05 2.76 0.18 0.00 0.00 0.00 0.00
Mg0 0.66 1.11 0.00 0.00 0.00 0.00 0.00
Cal h1,65 43.91 45,77 1.22 0.37 0.22 0.33
Va0 0.00 0.00 1.85 3.32 1.19 0.55 0.65
K0 0.00 0.1k 0.47 1.25 0.22 0.15 0.11
S 3.37 k.09 1.01 0.00 0.22 0.00 0.00
c1 3.84 3.04 1.73 0.12 0.00 0.17 0.14
Total** 73.80 76.12 80.26 82.02 92.00 97.06 95.02
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Calcium however does appear to be present in concentrations above that in
the opal in all reaction rims and the pattern is consistent for all speci-
mens. In the very outermost zone of the reaction rim Cal is present in
amounts comparable with the adjacent cement paste, but within a few mic-
rons of the interface the concentration drops to a few percent and in the
back part of the rim zone the concentration levels are only a little
higher than the trace amounts found in the opal. Although the detection
limit for sodium is about 0.1% (as Na20) it is interesting to note that
only semple 5 has sodium present in the cement at a distance from the
interface. Several specimens contained areas with K

2
amounts within the cement paste, though there is also some evidence to

O present in trace

suggest that Na20 and more especially K20 tend to become concentrated in
the cement pastes adjacent to the interface and this effect is best

shown by specimen 5 in these results.

The concentration of both sodium and potassium in the reaction
zZones is very obvious from the tables. The variations across and beyond
these reaction zones are illustrated in Figure 2. These diagrams show
hbw the alkalies are distributed within the reaction zonés éﬁd how the
concentration levels change with time. Specimens 1 and 2 clearly show a’
dissipation of the alkalies as the reaction rim widens, while specimens
3 and 4 show a build up of both: sodium and potassium in the rim over the
28 day period. Specimens 3 and 4 with 2% added sodium c¢hloride contrast
with 5 and 6 (6% added NaCl) in that these last two specimens show that
sodium increases to very high concentrations in the rim at first but '
reduces with time. However, the potassium in 5 and 6 does not reflect
the change in concentration shown by the sodium in the way that it does

in 3 and k.
Discussion

If the addition of ggéigg_gﬁ;gride is regarded only as a straight-
forward addition of sodium ions to the cement, then these experiments

would appear to indicate that the pessimﬂsm for alkalies in this cement

with the opal used and the storage conditions of these experiments would

lie between 0.5 and 3.7% total alkalies as oxides. However, the addition

of sodium chloride causes complex changes in the formation of the cement
i . S

N

oo

minerals. As an éiam;Ié X-ray diffraction results show that the develop-

ment of calcium hydroxide is modified by the addition of salt. Although

under the conditions used in this work calcium hydroxide formation is
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virtually complete after 7 days storage for the normal cement, calcium
— L

hydroxide is still developlng at 28 days in the cements containing sodium

S iy

chlorlde and thls retardatlon 1s ‘most marked in the speclmens containing

6% addltlonal sodlum chloride. The addition also introduces chlorine to

the cement this is at first taken up in forming C A(CaCl )H and similar
mlnerals but chlorlne 1ons are also absorbed onto the hydrates and to a
lesser extent on unhydrated pheses Up to abdut 57 so,jum chlorlde the

chlorine can be accounted for 1n thls way but at higher concentrations

free sodlum and chlorine ions may be present in pore soluti

may be detected in the dry cement paste. The presence of these ions will

also affect the concentration of other‘ions notably‘cgigium in the pore

solutions and since the alkali-silica reaction progresses as a result of
alkali ions Eeing carried to the silica at the reaction site in solution
any change in ionic concentrations will be reflected the progress of

this reaction.

The results show that maxlmum local concentratlons of sodium ions

occur close to the reaction site w1th1n the opal rea og;"quﬁ in these

speclmens and as a result of these local high concentrations some.calcium

ions-must be removed from solut:.on8

T

particular show very high concentrations of calcium at the edge of the

The analyses of epecimens 5 and 6 in

reaction zone and this insoluble calcium phase may form a physical barrier
to the further movement of alkalies towards the reaction site thus provid-
ing an explanation for the reduced reactivity of specimens containing high

alkali concentrations of this type.
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THE ROLE OF SOLVENT MIGRATION IN ALKALI-SILICATE

REACTIVITY

W. J. French

Geology Department
Queen Mary College, London

ABSTRACT

Solvent migration is considered as an alternative to diffusion for the
transport of meterial towards reactive silicate fragments.. Cement
paste is viewed as being composed of an inert phase and a mobile
phase. The former includes the cement hydrates and sulphates and the
latter consists of excess water and more soluble elements such as the
alkalies though the precise location of particular ingredients is
likely to vary from time to time in the evolution of the concrete.
Migration of the mobile phase follows the release of hygroscopic
silicon into the paste surrounding reactive aggregate fragments and
the flow of the mobile phase effects a chromatographic transfer of
ions in the direction of flow. The position of bands of high con-
centration of mobile ions depends upon the distribution coefficients
of the species between the inert and mobile phases. Alkalies are
concentrated into the mobile phase and are therefore transmitted

with the solvent front. The position of this alkali front is depend-
ent on the mass ratio of the mobile to the ihert phases; . the higher
this ratio the closer is the peak concentration of the alkalies to the

" agqueous front. The height of this peak is direetly proportional to
the mass of dlkali in the cement system. Formulae are given that
describe the possible form of the distribution of concentration along
the length of the flow in the most simple circumstances. These formu-
lae are applied in approximstion to the aggregate—cement reaction and
it is shown that the estimated curves are of similar dimensions to
those found experimentally. The process of solvent migration may
also teke place in other deleterious reactions such as alkali-carbon-
ate reaction and reinforcement corrosion. It is suggested that

simple tests may be developed permitting the detection of the prop-
‘ensity of aggregate for creating the solvent flow. Prevention of this

. flow is germinal- to the prevention of reaction and if solvent migrat-
ion is of significance then the single most important factor in
reducing reactivity will be reduction of excess water.
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Introduction

This paper puts forward a tentative model for alkali-aggregate
reaction which may account for some of the complexities of the reaction
zones. The model leads to suggestions for tests for reactivity and should
itself be capable of test. The paper owes much to the symposium volume
from last years meeting in Iceland and also rests in part on experiments
carried out more recently by the authors colleagues A.B. Poole and A.Baker,
who have examined the chemical variations found around opal and 'non-reac—

tive'! quartz in experimental concretes.
P

A basic problem presented by both this new data and that giveﬁ for
example by Thaulow and Knudsen (1) is the complexity of elemental distribu-
tion in the reaction zones. Even in simplified experimental concretes
with regularly shaped aggregate pieces the distribution of alkalies, for
example, may be discontinuous and in some parts of the gel zones théfe may
be no alkali while nearby the concentration may be nearly two orders of
magnitude greater than that found in the paste. If is common to appeal to
some kind of diffusion process to account for this accumulstion of ions in
the vicinity of the aggregate and this is epitomised by statements made by
Vivian (2) that for alkali-silicate reactivity to occur hydroxyl and metal
ions have to diffuse to the silica surface and that the slow rate of
accumulation of reaction products is attributable to the slow rate of ion
diffusion. This diffusion process ié selective in being ablé to pick out
specific aggregate particles for reaction. Shells develop around certain
reactive fragments even where these are but a small fraction of the
aggregate. How then do the hydroxyl and metal ions choose the right

fragment? What is the drive for this diffusive process?

In general the water and alkall concentrations in the gel zones
may reach very high levels and the gels may locally become as high as 3 or
UM in alkalies. At these high spots the concentration is then several
times that found in the pore fluid of the cement (3,4) and several times
again that of the original cement. The diffusion of alkalies is thus
creating a concentration gradient up which further ions must climb.
This may perhaps suggest that the material being formed is energetically
»»»»»»»»»»»»»»»»»»»»»» more—stable-than-the-starting materials-and-that-the-gelatinous-reaetion ———-
product is analogous with a new crystalline phase appearing as the result

of reaction between less stable solids or liquids. It is obviously not
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possible to argue that diffusion is directed by a concentration gradient
for the levels achieved in the reaction zone are greater than those in the
envirorment. Nor can a temperature gradient be postulated and paradoxic-—
ally diffusion is occurring against a growing pressure. Moreover diffusion
generated by chemical potential gradients cannot provide discontinuities or
plateaux in the distributiomsof the chemical potentials and, unless there
are temperature or pressure discontinuities the concentrations cannot be
discontinuous either (5). Further, diffusion concentration profiles are
usually of gaussian or high order binomial form and in general they will
show different species migrating in different directions. The diffusion
model cannot therefore readily account for the variability in composition
of the reaction zones.  Some of this variability may of course be analy—
tical but there is sufficient evidence now available to justify the

belief that the compositional variations are real.

An alternative to the diffusion model is that of solvent migration.
This is directly analogous with chromatography in that what is required is
an inertsphase through which a solvent can migrate; a mobile phase able
to reach local equilibrium with the inert phase; and a mechanism for
causing the mobile phase to migrate through the inert. For the present
reaction the stable cement hydrates and sulphates constitute the inert
phase and the aqueous fluid of the interstices of the cement paste is the
mobile phase. This aqueous fluid then largely corresponds with the water
in excess of that required by stoichiometry for the cement hydrates and
is largely held within pores, attached loosely to the surfaces of the
solid materials or dispersed through paste gels. The composition of this
hydrous phase is likely to vary considerably throughout the development
of the concrete but will evidently hold much of the alkali content of the

paste.

Undoubtedly in alkali-silicate reaction water and alkalies migrate
to the aggregate but the cause of the migration is less readily identified.
The migration of ions to specific aggregate fragments (and not to others)
shows that it is the aggregate itself which controls or causes the motion
of ijons. The alkalies and water must of course be present but the initia—

tion and probably the rate of the reaction must be governed by specific

properties of the aggregate. Experiments with opal have shown that the
gel is produced almost wholly within the aggregate and that as well as the

water and alkalies, magnesium and calcium may also penetrate into the opal.
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It is also well known that the aggregates have relatively high solubility
in alkaline fluids compared with more stable material (6), and it could
be argued that it is this solubility that controls the reactivity. The
solubility will be influenced by many factors but for each aggregate the
" result will be that silicon atoms are released into the surrounding paste
and into pores within the aggregate. It is therefore possible that the
slow release of hygroscopic silicon atoms creates the necessary attraction
for the hydrous mobile phase of the paste. ~Other ions are then released
into the reaction zone as a consequence of this flow, and it is important
that this mechanism collects the transported ionic species into sharply
defined bands which may achieve very high concentration. The precise
form of the distribution of concentration will depend on the adsorption
isotherm of the system but it is shown below that it is possible to esti-
mate the expected forms of the zones for simple ‘'ideal' systems. In gen-
eral, the profile of these. solute-rich bands is roughly gaussian with the
flow mechanism tending to concentrate the solute into a very narrow band
whilekthe developing concentration contrast induces diffusion away from

the position of meximum concentration.

Hence the essence of the present proposal is that reactive
aggregate slowly produces by diffusion a high concentration of silicon
atoms in its enviromment. This creates an attraction for the water of
the paste and causes this pore fluid to migrate slowly towards the
aggregate. Soluble ions are carried in the flowing fluid to produce
sharply defined zones of high concentration near the aggregate fragments
or within their decay products. The formation of first silica gel and
then alkali-silicate gel continues to promote the influx of water and
hence additional alkalies. This process goes on until the gel becomes
mobile and in fact leaves the site of generation. The formation of the
alksli-silicate gel does not itself inhibit reaction because, as experi-
ments made by the author and A. Baker have shown, aggregates such as opal
are gppreciably soluble in sodium silicate gel. Movement of the gel away
from the source of silicon may then permit reverse migrations, for, the
high concentrations of alkalies and water reached in the gels may induce

solvent flow into the paste. New alkali fronts may therefore be expected

in the inert phase surrounding the moved gel.
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Qualitative Aspects of Solvent Migration in Concrete

Discussion of the application of solvent migration to concretes is
facilitated by figure 1. Before reaction commences a simple boundary sur—
face exists between the paste and the aggregate (fig. 1A). The aggregate
boundary is represented as a plane and the ?aste is considered to have the
two phases mentioned above. The inert phase includes the growing calcium
silicate hydrates and soon acquires all the sulphate and available calcium
(7). Considerable space exists between the growing hydrate phases and in
this accumulates the residual water. Much of this water is presumably
adsorbed onto the surfaces of solids and is dispersed through gels. It is
evident that the alkalies are concentrated into this phase (7) though much
of the alkali content may itself be adsorbed with the water on the surfaces
of the crystallites. For this reason it may be quite difficult to deter-
mine the position of these elements even with the electron-microprobe.

It is also likely that much of the movement of these soluble ions occurs
in this surface layer. All elements must be distributed bebween the two
phases of the paste and distribution coefficients should be definable for
each ion and for each in the presence of the others. The data available
at present does not allow these coefficients to be calculated but it is
evident that 8i, Al and Ca are overwhelmingly concentrated into the inert
phase for much of the time during which the alkali-silicate reaction takes
place. Conversely, Na, K, Li énd perhaps Mg are dominantly in the mobile
phase. The situation of Fe may vary considerably according to the pH and
the oxidation potential of the system and in relatively reducing condit-
ions it is likely that the Fe will enter the mobile phase. Inter-elemental
effects may change the equilibria of even the alkalies and calecium and it
is likely for example that high chloride concentrations may influence

cation distribution coefficients.

After a period measureable in days, months or even years, the
planar initial boundary betwéen the aggregate and paste is replaced by a
zone of reaction which includes, some of the aggregate and that part of
the paste that has contributed material to the reaction. The latter may
not be noticeably. changed except close to the aggregate, for water and

ions_that have moved into the aggregate may be made up by transfer from

the much larger reservoir of paste surrounding the reaction zone (fig. 1B).
The concentration gradients to be expected in a simple model involving

solvent migration are illustrated in fig. 1C. The direction of motion
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of the atomic and molecular species are indicated by arrows. Silica diff-
uses from the aggregate against the aqueous flow and may be expected to
show a gaussian concentration profile slightly modified by the influence
of the flowing aqueous'phase. If Si were to be released from the inert
into the fluid phase in abundance at any stage during the reaction it is
likely that a silicon-rich band would be produced farther from the aggreg-
ate surface. The movement of the silicon away from the aggregate is here
presumed to cause the aqueous flow and water will therefore show a concen-—
tration profile with a maximum within the zone of reaction. Solutes such
as Na and K are concentrated into narrow bands of gaussian form at some
position along the path through which flow has taken place. The précise
position and form of these bands depends on the relevant distribution
coefficients, the forms of the adsorption isotherms and.the total amount
of each element and uncombined water svailable. The curves given in

fig. 1C are similar to those found in experimental concretes but it is

to be expected that gel mobility, particularly in real concretes will
distort the concentration gradients considerably. A further complication
is that there is little information available concerning the rates of
flow of the aqueous fluid. It is to be expected that this must be very
slow indeed, a condition that will lead to the formation of sharp concen-
tration bands and hence very high localised concentrations. However, if
the rate of motion changes with time or the flow rate varies with direc-
tion, the form and position of the migrating fronts will be complicated

and lead to lateral discontinuities in concentration.

Quantification of Solvent Migration

If it can be assumed that the adsorption isotherm for the inert
and mobile phases of the paste is linear then relatively simple formulae
describe the form of the distribution of ions in the flowing fluid.

Thus if the distribution coefficient for component 'i' between the two
phases is Ki then
B A

K, =€ /C;

where CB and C* are the concentrations of component 'i' in the mobile and

inert phases respectively. If the mass of 'i' in the mobile and inert

e S
phases initially are m? and Vi and V" and V- _are.the.volumes of

the mobile and inert phases then
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K; = GRA)/GEA®)  ana KV = al/ad

If the ratio of the volumes of inert and mobile phases are fixed then
m?/m? is a constant which is here termed 'r'. If the mobile phase is
allowed to flow through a distance of N units of length then, the (n+l)th

unit of length will contain the fraction
(™) /(a1 (W-n) ! (1+0)) -t

of the total mass of a given mobile element (8). If this mass in the
(n+l)th unit is 'w' then

log w = log N! - log (N-n)! - log n! + n log r - N log (1+r)..2

This expression can be differentiated for constant total mass of
component 'i' and constant N and r to give the number of units of length
from the origin for which the concentration is a maximm. If this
maximum is the (R+l)th unit of length then

R = Nr/(1l+r) ' ..3

The ratio of the distance moved by the solute to the distance moved by

the solvent is then 'Rf' where,
Rf =r/(l+r) = n/N = n.h.a/v" Loh

where h is the unit of length and V© is the total volume of fluid to
have passed through an area of cross section a. The whole form of the
distribution of an element can be obtained from these expressions but the
width of the concentration band can be more simply found from the

empirical formula
N = 16n2/w2 ..5

where w is the width of the band and n the number of length units at

which maximum concentration occurs.

If the form of the adsorption isotherm is not linear the form
of the solute-rich band may be changed considerably (5). Also since the
Rf value is dependent on Ki then the position of maximum concentration
will change if Ki changes. However, from 4 it is evident that a very

considerable change in Ki is required to cause substantial difference

in the position of this maximum.
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Application to an Alkali-Silicate Reaction System

The date required to calculate the form of the solvent migration
fronts are not yet available for the concrete system. There is informa-
tion on the concentration of alkalies in the aqueous paste of the set
paste (7) but the amount of water in mobile phase is not known and hence
the distribution coefficient for the alkalies cannot be found. Hovever
if arbitary values are assumed for the ratio of masses of mobile to
inert phases and a fixed value of O.7M is assumed (10) for the concentra-—
tion of alkalies in the mobile phase and 0.1M for the whole cement system
then Ki can be found for various mass ratios mm/mi. Possible values of
'r' can then be plotted against the mass ratio if estimations are made of
the densities of the mobile and inert phases (fig. 2A). This graph shows
the way in which r approaches infinity as the mass ratio of the two phases
increases; reflecting the condition that all the alkali is then. in the
mobile phase. Values of R, are then plotted against m.m/mi in fig. 2B
which shows that mm/mi = k(Rf2 + 2Rf) where k is a constant. It‘is
evident that as the fraction of the mobile phase increases so the solute
front approaches the solvent front, and the position at which high alkali
concentration is attained in the area of reaction is dependent on the
proportion of excess water in the mix. With high.levels of excess water
the alkalies will become concentrated close to the aqueous front while
with low levels of surplus water, and hence Rf, the alkali front will be
more likely to remain in the paste and outside the area of potential gel
formation. With little or no excess water there will be no flow and the
alkalies will remain stationary. The assumptions made for the densities
of inert and mobile phases are 2 and 1 respectively but the selection of
different values for these densities will not change the form of the
curves though the constant for the curve in fig. 2B will change. - No
attempt has been made to refine these relationships further since it is
intended to illustrate only the kind of relationship that might be found

in concretes pending the aguisition of more satisfactory data.

Further illustrations of the properties of solvent migration in
concretes can be made by treating experimental data, such as the analyti-

cal data given by Thaulow and Knudsen {1}, to show the possible form of

concentration gradients to be expected. From this data the experimental
concentration-distance curves have been drawn (fig. 3A). In fig. 3B

are given the curves expected from the solvent migration model for the
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width of gel observed experimentally and the guantity of water found to be
transferred into the reaction zone. It is reasonable to assume that all
the water now in the gel has been transferred from the paste and hence,
given an estimate of the volume percentage of mobile phase in the paste,
the width of the paste zone required to provide the necessary water can
be estimated. Here, the volume fraction of the mobile phase can be
estimated at about 0.33 and the total volume fraction of water in the gel
zone is about 0.3. This means that since the gel width is about 150Hm
then the width of paste required to supply the water was about 135Hm

and the total width of the reaction zone was about 285um. The effective
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Figure 2 (left). . Illustrative .plots. of the variation of 'r' and 'RI'
with the ratio of the mass of the mobile phase to the inert.
Figure 3 (above). Comparison between experimental and calculated (B)

concentration gradients in alkali-silicate reaction.
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distance travelled by the water front is however best set by considering
the maximum in the water concentration-distance curve. This is expected
to be about midway through the gel zone. Hence the total effective
leng@h of’flow may have been sbout 210mm. With an assumed value of
m'm/ml of about 0.26, corresponding with the estimated volume percentage
of the mobile phase, the Rf value would have been about 0.7 and the
distance of the alkali concentration maximum from the effective starting
surface in the paste would be about 1l45um and from equation 5 the width
of the band would have been about 4OMm.

The exploration of approximations can be taken further by spplying
the full expression given above (equation 2) to find the concentration
levels of the .alkalies to be expected in the gel zone. The mobile fluid
will have initially about 2% weight of alkalies (as Na—equivalent); and
this will be extracted to a maximum concentration of about 2.7% Na20-
equivalent by weight in the zone of enrichment in the gel. This compares
with the experimental value of 1.8% Na,O-equivalent and is obviously of
the correct order; especially when allowance is made for the considerable
kurtosis which the experimental water concentration profile shows in
comparison with the estimated. This flattening of the water distribution
curve would also be expected to apply to the alkali distribution.

The assumptions and approximations used in this analysis are not too
unreal for the present experimental system and the resemblance between
the estimated and observed alkali concentration curves suggests that the

model may deserve further exploration in the light of further data.
Conclusions

It is concluded that since experimental observations indicate
that water migrates to the site of alkali-silicate reaction and that the
distribution of alkalies is discontinuous, then solvent migration may be
considered as a possible mechanism for the transfer of material.
Estimations based on the formulae normally taken to describe the effects
of solvent migration show sufficiently good agreement with the experi-
mental curves to suggest that the search for further data relating to
the distribution of ions between the inert and mobile phases would be

justified. It is to be expected that if the process applies to alkali=

silicate reactivity it may play a part in other processes. Alkali-

carbonate reactivity, for example, may be initiated by flow towards
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hygroscopic aggregate fragments where the active ingredient may be an
expansive clay or a highly porous but slowly permeable carbonste.

Perhsps also the transfer of material in iron reinforcement corrosion
problems, where iron is deposited on surfaces or in porous aggregate

fragments, may also involve solvent migration.

The detailed distribution of elements around alkali-silicate
fragments will depend on the shapes of the fragments. Sharp edges and
corners will show the most rapid accumulation of gel and the highest
concentration of alkalies while concave surfaces would be expected to
have narrower reaction rims. The increase in alkali in the reaction
zone would enhance the solubility of the silicate aggregate andrelease
of silicon into the reaction zone and thence the quantity of water to
migrate towards the reaction zone. A chain reaction can therefore be
established which is inhibited only by the growing pressure and the
availability of water. The total width of the reaction zone should
therefore depend on the quantity of water available and the concentration

of alkalies in that agueous phase.

The motion of the agueous phase towards the aggregate would be
expected to change the equilibria that exist between the mobile and inert
'phases. The production of a zone in the paste which is rich in alkalies,
for example, might well modify the solubility of Ca, Si, AL and Mg in
the agueous phase. The poséibility exists that while Mg, say, becomes
less soluble with the progress of reaction, Ca, Si and Al may become
more soluble. These elements may therefore become mobile and move with
the alkali front to enter the zone of reaction. It seems not impossible
therefore that the silica of the reaction zone is derived from both the
paste and the aggregate. Some of the results obtained by A.B. Poole
(personal communication) strongly suggests that -this is so and that both
Al and Ca can form bands of high cdncentration near the paste gel

interface.

If the process of solvent migration is of .importance it should
lead to the construction of tests for reactivity. A strong dye for

example that is highly soluble in the agueous phase would be expected to

el g pate-with—the--wat er—and-—should—show-up-the-movement--and-allow-the
rate of flow.to be measured. In addition it is apparent that if water
flow does control the extent to which reaction takes place then the

single most important factor in limiting potential reactivity will be
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the reduction of excess water to the lowest possible levels. Failing
that, it may be possible to prevent migration by the use of additives.
Either a highly soluble additive may be used that passivates the aggregate
surface or a hygroscopic material may be dispersed throughout the paste.
The latter would be equivalent to the addition of a pozzolana and perhaps

a suitable additive might be dried sodium silicate.
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5. IDENTIFICATION AND. TESTING OF POTENTIALLY
REACTIVE AGGREGATES
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THE IDENTIFICATION OF OPAIL AND CHALCEDONY IN ROCKS
AND METHODS OF ESTIMATING THE QUANTITIES PRESENT

H G Midgley
Building Research Establishment

ABSTRACT
Opal and chalcedony are alkali-aggregate reactive minerals which when
present in aggregates used in concrete may give rise to disruptive
expansion. Opal and chalcedony mixtures in a form known as beekite
have been found as secondary minerals in a suite of igneous rocks
including -granites, diorites, acid volcanic rhyolites and ultra mafic
mica trapps, as a secondary mineral in a mixed suite of rocks from a
gravel and opal as secondary material in limestones.

The quantities of beekite present in concrete cores from a structure
. and from samples of the aggregate used, have been determined by micro-
scopic techniques using very large thin sections.

It has been shown that for rocks of similar porosities the expansion
of concrete can be related to the proportion of opal present; the
lower the porosity the greater the expansion, However there may be
circumstances when after an increase in expansion with increasing opal
content there may be a decrease in expansion with further increases in
opal content,
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- Introduction

The most alkali-aggregate reactive form of silica is opal; chalcedony, which
is also pure SiOz, is less reactive and leads to smaller expansion. Both of
these minerals are extremely rare in igneous rocks and are then only present

as secondary minerals.

Examples of opal and chalcedony in rocks from concrete structures which
showed signs of movement, crazing and gel 'pop-outs' characteristic of
alkali-aggregate interaction have been studied. Petrographic examination
-of -the aggregates from the concrete showed them to be a mixture of igneous
rocks in two eiamples, granites, diorites, ultra mafic hyperbyssal mica
trapps and devitrified rhyclites being'identified and of limestone in the
third, Pet;bgraphic examinations have also been made on a fourth series

of rocks which have -not been used as ‘concrete aggregates.,

“.8ince the expansion of the concrete may be related to the quantities of
the reactive minerals (1), it was necessary to estimate the quantities of
opal and chalcedony present. Petrographic microscopic techniques using

large thin sections were used for this determination,

Identification of Reactive Minerals in the Agpregate

Pieces of aggregate associated with typical surface gel (Figure 1) were
removed from a concrete core from an affected concrete structure and
subjected to petrographic examination, Opal and chalcedony mixtures in a
form known as beekite were identified. Opal occurs as an isotropic
material of low refractive index, n about 1,44, Chalcedony is often
associated with the opal, it has a low birefingence about 0.009,

refractive index nB about 1,537,

Thin sections were also prepared from pieces of the aggregate used in the
manufacture of the concrete and opal and chalcedony were identified as

being present in the following rock types: granite, diorite, microgranite,

brecciated felsite, porphyritic rhyolite and rhyolite, The opal and
chalcedony which was always clearly secondary, occurred as vermicular
growths (Figure 2), as massive material with globular opal set in clear

chalcedony (Figure 3). This form of an intimate mixture of opal and
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chalcedony has become known as beekite although the name originally

referred to a sedimentary chert from the Devonian limestones of Devon.

Quantitative Estimation of Reactive Silica Minerals

Since the expansion of concrete is related to the amount of reactive
mineral present some means of quantifying the proportion present in the

aggregate is required.

Large thin sections about 30 micrometers thick and about 210 x 100 mm or
e R T T e

150 x 80 mm were prepared from either concrete cores or from a melange of

quartered down single sized pieces of aggregate, 4 mm average diameter

(Figures 4 and 5 respectively),

These large thin sections were then searched on a low power polarizing
microscope magnification x13, for any suspect grains which were then marked.
On completion of the search the section was transferred to a normal
petrographic microscope and the marked grain examined more closely (Figure 6).
If beekite was found then the proportion present in the grain was

estimated by area measurement, For this work it is assumed that the area

is directly proportional to the volume and that since the densities of the

materials are similar the volume is proportional to the weight.

For concrete cores the paste proportion was determined as 207 so that after
the area of beekite in the thin section was determined it was adjusted to

allow for -the paste present.

For the aggregate sample examined, all diorite, the slice contained about

750 grains, average size 16 mm2.

Using-.the area proportioning technique of examining large thin sections
" the proportion of beekite in the core was determined as 0.025% and in the

aggregate sample as 0.00357.
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Relationship between Reactive Silica Content of Aggregate and Expansion

The expansion of concrete is related to the amount of alkalies present in
the cement, the quantity of reactive silica in the aggregate, the form in
which the reactive material is present, ie porosity and the quality of the
concreté. Table 1 and Figure 7 give the data on a number of mortar bars
made with basalt aggregate containing varying proportions of opal. The opal
was from a malmstone with a porosity of 41.5%. The bars were made according
to the method of Jones and Tarleton (2) and the cement was made up to

contain either 0.72 or 1,27 combined alkalies (Na20 + 0.656 KZO)'
TABLE 1

Expansion at 140 Weeks of Low Quality Mortar Bars made

with Aggregate Containing Varying Quantities of Opal

Expansion as percentage of length

Low alkali cement High alkali cement
% Opal (0.707) (1.27)
0.25 0.025 0.042
1,25 0,015 0.077
2.5 0.015 0.021
5.0 0.020 0.019

These results show that for the low alkali cement the expansion increases
with increasing opal content, but with the high alkali cement the mortar
bar expansion increases with increasing opal content up to about 1.25%

opal and then decreases as the opal content is further increased.

Jones and Tarleton (2) examined a series of mortar bars using Siliceous -
magnesium limestone (SML) and Nebraska Gravel (NG) but no attempt was made
by them to determine the quantity of opal present in the rocks. Using the

techniques of area measurement of thin sections the quantities of opal

present in these rocks has been determined and thereby the amount of opal
present., The Siliceous magnesium limestone had a porosity of 67 and an
opal content of 0.67 and the Nebraska Gravel had a porosity of 37 with an
opal content of 0.125%.
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Mortar bars were made by Jones and Tarleton using an inert basalt as a
diluent and the results of expansion at 1 year when compared with opal
content are given in Table 2., The results are plotted together in Figure 8.

TABLE 2

Expansion in Percent of Length of Poor Quality Mortar

-Bars at | Year (Cement contains 1.2 Per Cent Combined Alkalies)

Per Cent Opal : : . Expansion 7%
SML
0.03 : ’ 0.032
0.15 0.18
0.30 ' 0.42
0.60 0.78
NG
0.006 0.017
0.013 0.017
0.025 0.022
0.06 0.027

New experiments have also been carried out on granitic rocks, porosity
about 37 which were estimated to contain various quantities of beekite, '
The expansion at ! year using mortar bars made to the Jones and Tarleton

specification are given in Table 3.

TABLE 3

Expansion in Percent of Length of Poor Quality Mortar

Bars at | Year (Cement contains 1.2 Per Cent Combined Alkalies)

Per Cent Beekite Expansion 7

0.00 0.015
0.004 0.021
0.025 0.03

These have also been plotted as a combined graph in Figure 8.
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The effect of porosity of the opal bearing rocks can be seen by comparing
the results of the porous malmstone (porosity 41.5%, 0.25% opal, expansion
0.042%) -with the results from Siliceous magnesium limestone (porosity 6%,
0.37 opal, expansion 0.42%7). The highly porous malmstone had, for a
similar quantity of opal only one tenth of the expansion of the less porous
limestone. The probable explanation for this is that the sodium silicate
gel which is the expansive agent is absorbed in the pores of the -highly
porous rock and is not available for expansion. For the aggregates of

lower porosities, all the results of expansion with similar mortar bars show

a similar relationship and may be plotted on one graph, Figure 8.
Conclusions

Opal and chalcedony have been identified as secondary minerals in igneous
rocks., The quantities of these minerals may be estimated by area

measurement of thin sections of either concrete or aggregate particles.

If the rocks have similar porosities, then the expansion of mortars made
with similar cements of high alkali contents will be related to the

quantities of reactive silica present.
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Fig 1 Gel formed on surface
of concrete core stored in
100% RH for 1 month.

Fig 2 Optical micrograph of
vermicular opal and chalcedony
in diorite.

Fig 3 Optical micrograph of
globular opal in diorite.




i

Fig 4 Low power photomicrograph Pig 5 Low power photomicrograph
of thin section of concrete core of thin sections of aggregate particles
with marked suspect grains, with marked suspect grains.

Fig 6 Optical micrograph of suspect grain from cements coree.
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PETROGRAPHIC INVESTIGATION OF ALKALI-REACTIVE
SILICATE ROCKS IN SEVERAL STRUCTURES

L. Dolar-Mantuani

Toronto, Canada

ABSTRACT -

The identification of potentially reactive aggregates is a very:
responsible and one of the most difficult task of a petrographer.
To establish the alkali reactivity of silicate rocks proves to be
especially complicated becausa:of the great number of rocks which
may be reactive. Three examples of alkali reactive rocks from
deteriorated concrete structures are described. The aggregates
are: quartz, arenite, quartz wacke and argillaceous quartz wacke,
and distinctly deformed dacite. The problems in identifying the
reactive varieties of these rocks especially in bulk aggregate
samples are emphasized.
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Petrographic examination is one of the important techniques for
identifying rocks that are potentially alkali reactive when used in portland
cement concrete. The petrographic identification of alkali reactive rocks
is based on a knowledge of, or direct comparison with, rocks that are proven
to be alkali reactive. It is generally recognized that the petrographer
cannot predict that a rock will be reactive if there is no previous record
of reactivity for that particular type of rock. It is well to understand
that a petrographic examination by itself is not an absolute assurance
against the inclusion of alkali reactive material in portland cement

concrete.

The petrographic identification of alkali reactive rocks and
varieties suspected of being alkali reactive is based on examination to
determine the composition and texture of rocks and on the identification of
ﬁhe products of alkali-aggregate reactions. For the siliéebuékréactive
rocks, the reaction products are the rims and silica gel which are formed
when reactive aggregates are incorporated in concrete. The presence of
alkali - reactive aggregates in concrete can also be conflrmed by identifi-
cation of phy51cal effects associated with reactlvity, the expansion
primarily of the aggregates and subsequently of the concrete. The closing
of joints, disalignment of structural elements, misaligmment of machine
sets, cracking of the aggregates and the cement paste, pattern cracking
of the concrete surface and general disintegration of the concrete are

evidence of the expansion.

This paper is a discussion of the difficulties and uncertainties
faced by the petrographer in identifying alkali-reactive silicate rocks
or silicate rocks suspected of being alkali reactive. The purpose of
emphasizing the problems and difficulties is to encourage further work
and perhaps help to point out the direction in which further work and

answers are urgently needed.

Methods of "Routine" Petrographic Analysis

The main petrographic method for identifying alkali reactive rocks
is by careful examination of the composition and texture of the rocks and

by comparing rocks with others that are known to be alkali reactive. The

basic guidelines for petrographic examinations are given in the ASTM
Designation C295. The new proposed "Standard Recommended Practice for
Petrographic Examination of Hardemed Concrete" ASTM Designation C ( ?)

provides a method for the examination of aggregates in concrete. Many
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excellent papers by various authors such as K. and B, Mather ( e.g.1l )
and R. Mielenz (e.g.12 ) describe detailed petrographic methods ‘
applicable to concrete aggregates and concrete. Detailed petrographic
examinations of alkali reactive rocks in Canada was made by Gillott,

Swenson and Duncan ( 16, 17, 7).

Difficulties in Identification of Reactive Silicate

Aggregates in Concrete

As mentioned, the basis for petrographic identification of reactive
aggregates are concrete structures which show distress typical for alkali
reactive aggregates: dark rims on crushed aggregate particles are
frequently the first features observed, gel as the product of reactivity,
characteristic éxpansion cracks in the reactive particle extending into
the cement paste and pattern cracking on the surface of a concrete. In
addition, proof of reactivity requires that the aggregate has been used
with high alkali cement in a concrete exposed to a moist enviromment. If
these conditions were not fulfilled, an erroneous conclusion could be made
that an aggregate is not reactive. Although cracking and reactive
expansion are typical signs of reactivity, similar cracking may be caused

by other factors such as freezing and thawing.

When examining single aggregate particles, the weathering rims that
occur in natural sands and gravels may be mistaken for the secondary dark
rims that are a positive indication of alkali-aggregate reaction. If both
gravel and crushed rock have been used together in a concrete, then it is

necessary to examine the rims on crushed particles only.

The presence of silica gel is usually considered to be the best
proof that alkali-silica reactive aggregate is present in a concrete.
Difficulty in detecting and identifying silica gel may occur for various
reasons such as (a) unsatisfactory sampling of the concrete, (b) the
silica gel may be partially crystallized and complex due to repeated gel
formation, (c) it may be "contaminated" with various oxides and therefore
may not have the same appearance as the classicai‘isotropic gel, (d) it
may be coated with other products, (e) it may be leached out. In thin

sections, gel may be lost during the preparation of the thin section if . .

insufficient care has been taken to preserve it.

Incorrect sampling may cause difficulty in determining the most

reactive rock or variety in an aggregate; this applies especially for

205



multilithic aggregates. It is frequently difficult to establish which
particle originated the gelkon the surface of a crack. Secondary pro-
ducts such as calcite or ettringite or both, which may also be developed
on cracks opened and enlarged by reactive aggregates, may cover the silica
gel, Calcite may be present as a crust on the gel, as small prisms or

as minute rhombohedrons. Ettringite may be present as long fibres in-
dicating that it developed in a fairly open crack. Gel is not always
easily identifiable and many mounted sections of the secondary products
may have to be examined to make an appropriate judgement about the extent

of alkali reactivity.

Examples of Alkali Reactive Silicate Rocks in Concrete

Silicate rocks which are alkali reactive may occur in various
compositional or textural varieties or both, Precise determination of
the variety of a rock that is reactive is often difficult because it has
been proven that for most rocks, similar or petrographically equal
varieties may be either inmocuous or reactive to varying degrees. This
has been experienced with silicate rocks from the Canadian Shield ( 5 )
~and it can be assumed that it applies to varieties of sandstones and an
acid volcanic rock which were examined recently. These rocks were used
as aggregates in large concrete structures which required repeated ex-
"tensive repair. Parts of the structures showed paftern cracking varying
"in intenmsity at different locations. Distinct cracking parallel to the
edges and outer surfaces indicated deterioration due to frost action. The
concrete in each structure contained gel and additional secondary products
consisting of abundant calcite and various amounts of ettringite. The

three aggregates are described in the following detail.

Example 1

Coarse and fine aggregates consist of quartz arenite (ortho-
quartzite), very subordinate calcitic quartz wacke and some blending

sand (?).

Concrete containing these aggregates was used in a 1lift bridge, in
a hydraulic lock and in a hydro-electric generating station. Of the three

aggregates discussed in this paper, this aggregate causes the greatest

problems. Disalignment necessitates repeated repair. The concrete shows
pattern cracking, in some areas with a well developed large pattern of

wider cracks enclosing a smaller pattern with narrower cracks.
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Example 1: Quaxtz Arenite

e
=5
FIG. 1 - FIG. 2
Cracked coarse, fine aggregates Qﬁartz wacke with calcitic cement
and cement past (1.1x) . (65%x), T.S. crossed nicols

FIG. 3 FIG. 4
Quartz arenite with fine- Cracked quartz grains in arenite
grained quartz and clay inter- (65x), T.S. crossed nicols

stices (62x), T.S. crossed nicols

Figure 1 shows the coarse and fine aggregate particles in the con-
crete with cracks crossing the aggregates and extending along the

aggregate-cement paste paste interfaces into the cement paste. The

aggregate rock is whitish to greyish, less frequently slightly brownish.
A narrow rim (0.3 mm in the average), usually one or two quartz grains
deep, is developed in most particles. ' The border of the rim toward the

inside of the aggreate is gradational.' Gel occurs in cracks but is lost
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during thin section preparation.

The aggregate is a uniform quartz arenite according to the
classification by Pettijohn, Potter and Siever (14 ), with rounded to
subrounded, well sorted to moderately well sorted quartz grains. They
are mostly cemented by overgrown silica, far less frequently with
secondary calcite (FIG. 2) or clayey material. The size of the quartz

. grains varies in different particles, the most frequent size is 0.25 mm.
Rare particles contain stripes of much smaller grains (FIG. 3). The
quartz grains are usually homogeneous (see FIG. 2 and 3 taken with
crossed nicols). Few grains show slight undulatory extinction with an
‘extinction range angle (ER angle) of 13° and an undulatory extinction
angle (UE angle) of 30° ¢ 6); grains with an ER angle of 26° and an UE

_angle of 53° are exceptions. Cracking of larger quartz grains is frequent
in some areas (FIG. 4) but few are broken into smaller pieces or are

separated into small grains by the calcite cement.

In general petrographic terms, the rock is uniform as are most of the
quartz grains. Based on the composition and texture one wpuld not predict
this to be a highly expansive rock. The border lines between the original
quartz grains and the later growth indicates that lattice irregularities
may occur there. Calcite indentations into the quartz grains occur along

;-portions of the interface between the cementing calcite and many quartz

grains,

About 20 years ago, petrographic examinations were done on samplés
of crushed coarse aggregate and manufactured sand, obtained from a quarry
which supplied aggregate for a portion of the structures. Megascopic and
microscopic examinations showed that the aggregates were of the same kind
as those in the concrete examined recently. The quartz arenite consisted
mostly of fine to medium quartz grains and a few varieties contained layers
rich in coarse sand. The cement, 10 to 20 percent, was formed by secondary
overgrowth of quartz, in patches it was calcitic or consisted of clayey
material. In 25 thin sections used in the previous and recent examinatioms,
the clayey material did not amount to 5 percent of the rock by estimation.
The carbonates amounted to 1.1 percent in the fractions of manufactured

e sand-indicating-that-calcitic-cement-was-rare;—At-this-time;-the-alkali-— -

reactivity of the rock was not recognized and there was no obvious cracking
in the concrete which, at that time, was about 20 years old. This would

indicate that the quartz arenite belongs to the group of slow expanders.
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Example 2

The coarse concrete aggregate consists of crushed sandstones
‘grading to siltstone and shale or orthoquartzite.and gravel consisting
predominately of these rocks and subordinately carbonate rocks. The fine
aggregate is a natural sand of the same composition as the gravel with

monomineral grains prevailing in the finer fractioms.

Example 2: Sandstones

FIG. 5

Red argillaceous wacke and greenish quartz é
wacke both with rims and cracks (0.9§x)' Cr . 9‘

FIG. 7
Argillaceous wacke with dark
argillaceous concentrations

showing crack (65x) T.S. cross-—
ed nicols )

Quartz wacke grading to arenite
with mica scales at quartz bord-
ers (65x) T.S. crossed nicols
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The 40 year old concrete used in hydraulic locks and bridges show
extensive cracking, scaling and spalling and typical pattern cracking in
some locations. Many coarse aggregate and several particles of the coarse
sand fraction show dark rims measuring 1 to 4 mm. in width with little

variation in a given particle (FIG. 5).

Secondary products are very abundant in the outer areas of the
concrete but decrease toward the inner ends of the 3 to 8 foot long drill
cores which were examined in detail. The products consist of silica gel
and abundant deposits of relatively:compact calcite and fluffy ettringite

developed in cracks and voids.

The coarse'aggregate»consisﬁinaiuly of two varieties of sandstones,
a reddish argillaceous wacke grading‘ihto siltstones and even shales and a
somewhat less frequent greenish quarfg wacke grading into quartz arenite,
Both varieties may be developed in. the same concrete particle. The reddish
wacke is usually finer grained (0.07 mm. in one thin sectiomn), the grains
are angular to subangular, than the greenish wackes (FIG. 6 and 7). The
reddish rock also contains a more abundant matrix éonsisting of hematite
and clay minerals. It may contain narrow layers richer in the clayey
matrix or even small argillaceous lenses. Particles of the reddish dis-
tinctly argillaceous sandstone and especially the argillaceous lenses are
prone to cracking parallel to the layering (see FIG, 6). The rims and gel
deposits along the rims in the wacke show that the variety is definitely
reactive. Although no data of the exact amount of clay-grade constituents
are available, the rock seems to have some similarity to the alkali re-
g éctive subgraywacke from Alert, Elleswere Island, examined in~detAil
by Gillott and Swenson ( 8 ). The presence of gel in thié rock:seems.
howeveiltg indicate that also in this wacke quartz is involved iﬁythe
“Lreactiqn. ’ ‘

The greenish wacke consists of ahgular to subrounded unifo;m’v
‘quartz grains, much less abundant feldSpar'grains and a scarcé clayey
_matrix. The quartz grains measure about 0.20 mm. in size and'shdw ffequéﬁt
quartz overgrowth. This variety of the sandstones with some similarity to

quartz arenites is also reactive forming reaction rims with gel deposits.

Example 3

Coarse aggregate crushed distinctly deformed dacite. - Fine aggre-

gate natural sand with fragments of the crushed volcanic rock in the

210



Example 3: Distinctly Deformed Dacite

FIG. 9

Uniform cryptocrystalline
) groundmass (65x). T.S.
o éf){ crossed nicols.

FIG. 8

Segregation of cracked aggregates
‘and cement paste. Life size.
1

FIG. 11
Uniform plagioclase and strained Branching crack with gel and
quartz in fine grained ground- desiccating cracks in micro-
mss (35x) T.S. crossed nicols. . crystalline groundmass (78x)

T.S. polar. light.
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coarse "sand" fractions.

The concrete is used in a bridge which shows distinct cracking in
the piers and typical pattern cracking in the sidewalks. The coarse
aggregate particles showed narrow rims, 0.1 to 0.9 mm. in thickness
(FIG. 8). Gel and calcite deposits were abundant on cracks and in air
voids in some concrete pieces but were scarce in other pieces that were

available for examination.

The coarse particles are very heterogeneous but consist of one rock
type only which is a dacite with well developed large phenocrysts twinned
plagioclase (subordinate potash feldspars) and quartaz.

The groundmass consists of quartz, feldspar, mica and locally of
chlorite scales. The micas are aligned in some areas giving the rock a
slightly schistose appearance. The size of the constituents varies
greatly. It is most frequently microcrystalline, in small areas homo-
geneous cryptocrystalline, with an average grain size less than 0.01 mm.

(FIG. 9), in other areas it is fine crystalline.

The most characteristic feature of the rock is the distinct deform-
ation, which incréases its heterogeneity. It is least evident in the
feldspar phenocrysts which show a patchy extinction or they are broken into
several pieces. The cracks do not always follow cleavage planes. Quartz
phenocrysts show a distinct wavy extinction (FIG. 10) and cracks separating
them into smaller grains. The average ER angle is 7° and the UE angle 30°.
Shearing planes and microfolding are visible in the groundmass. Lenses
and accumulations of muscovite .scales represent what seems to be former
mafics. Aggregations of quartz coarser than the groundmass are developed
in the shadows of the feldspar and quartz phenocrysts. Some quartz may
have been introduced later as were pyrite grains which are disseminated
in some particles. Calcite occurs in rare patches. Digtinct cracks are
developed in the concrete aggregates. They follow the mica rows but also
cross the groundmass irregularly. In two thin sections gel was preserved

in the cracks, in both instances in areas of the groundmass (FIG. 11).

Unsolved Problems

Detailed examiination With the petrographic microscope and some
‘x-ray analysis left many pertinent questions unaswered. Rims were not
easily detectable under the petrographic microscope. Normal optical

methods did not show identifiable signs of reaction such as surface
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indentation on medium or coarse quartz grains. In the quartz arenite,

it could not be determined if only the small quartz grains and the portions
of quartz overgrowth were alkali reactive or if the medium and coarse
quartz grains were also reactive. It is hard not to assume the latter,.
although signs of lattice disturbance were rare and no imperfections were
evident. It was not determined whether the rare calcitic quartz wacke
varieties were reactive. Alkali reactive quartzites (quartz arenites)
involving coarsely crystalline quartz have been reported from other

areas (3, 7).

In the second example of wackes and arenite, it could not be
determined if the quartz grains or the matrix are reactive or both.
The amount of argillaceous material that must be present -in sandstones
(wackes) and siltstones to make them unreactive was not determined. - The
silty shales present in the concrete areas where gel occurred on sand-
stones showed only cracks parallel to the fissility and no development of

gel although the silt grains were apparently minute quartz grains.

The distinctly deformed and devitrified dacite presents special
problems. It is known that a devitrified groundmass of acid volcanics is
alkali reactive. Cracks in the cryptocrystalline (grain size less than
0.01 mm (13)) and microcrystalline groundmass are filled with gel. Somé
cracks occur within mica~rich lenses but traverse the mica lineation in
areas with fewer micas. This rock is secondarily altered but judging from
the presence of cracks and gel the alteration has not significantly
diminished the reaction, if it has influenced it at all. The extent to’

which this would apply to other rocks is not known.

Some of these questions might be answered by modern scanning
electron methods which provide micrographs (16,8 ) and by x-ray element
distribution photographs (19. The former is more and more widely used in

investigations of alkali reactive aggregates.

Examination of Rock Specimens and

Bulk Aggregate Samples

It is much easier to- determine the reactive silicate rocks in

butcrop or a quarry. It is even more difficult to determine the reactivity
- of bulk aggregate samples from multilithic pits. An exceptionally large

number of particles would have to be examined in thin sections or mounted
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powder sections to establish reactivity if only about 2 percent of the rocks
were reactive. Some rocks cause deterioration of concrete at this con-

centration,

Far too little experience is yet available to identify in bulk
aggregate samples reactive granitic rocks, charnokites and granite
gneisses (19,9 ) a few of which are described as being alkali reactive
although strained quartz may give some indication (18,6 ). It would be
unjustifiable to classify all granitic rocks and granitic gneisses as sus-
pected of being alkali reactive on the basis of the few reported alkali
reactive examples when the same rocks have been widely used in concrete
without causing distress. The examples from India indicate that the con-
crete was exposed to higher temperatures than are normal in moderate

climates.

It has to be repeated that without examination of concrete
structures containing similar aggregate and/or adequate laboratory tests
petrographic examinations cannot establish whether an aggregate without a
service record is potentially alkali reactive. Concrete structures made
with an aggregate which can be identified with sufficient degree of exact-
ness must be available. There are newly developed areas in which
no concrete structures are yet built. The same or identical rocks
submitted. for petrographic examination have to be tested for expansion
before it can be concluded that the aggregate source contains potentially
reactive material. The examination of expansion in rock cylinders ASTM'
C586 gives an important clue to which varieties are expansive. The test
of rocks in easily prepared small prisms (1-1/8" by 1/8" by 1/4" or
approximately 30 x 3 x 6 mm) proposed by Grattan-Bellew and Litvan ( 10)

is promissing. Relatively small gravel pieces could be tested.

General Petrographic Questions Regarding Alkali Reactive

Silicate Rocks

There are many basic questions of general petrographic interest
which cannot be resolved using the normal methods and equipment available
to a petrographer. The main problems are connected with medium to coarse
[ grained quartz—rich rocks. It has to be assumed.that minute quartz grains. .
are probably developed on the surfaces of larger quartz grains, in inter-
stices, along channel ways into which alkali solutions can penetrate, and
on microcracks. Are these minute quartz grains causing alkali reactions

or it is correct to assume that even coarse quartz grains are alkali
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reactive? What is the role of an argillaceous matrix containing quartz

in silt or clay size? 1In these cases, are the amounts too low to

influence the degree of reactivity of the main comstituent of a silicate

or carbonate rock? Shouid it be assumed that quartz is the moét'important
and abundant constituent in devitrified volcanic glass? ' How coarse must
be the groundmass in an acid porphyritic rock, A‘c&ﬁé of felsite, to prevent
it from being reactive? How does metamorphic alteration influence
volcanics?  What is the influence of. chalcedonlc chert inclusions on the
reactivity of carbonate rocks? These are some of the questions connected

with the aggregate rocks discussed in this paper.
Conclusion
The petrographer‘when'examiﬁing coﬁérete aggregates for alkali
reactivity deals with two different problems: T )

1) to determine whether a concrete is prematurely deteriorated

because 1t contains alkali reactive ‘aggregates and

2) to determine whether an aggregate source is potentially

alkali reactive.

Detailed examination of deteriorated concrete containing alkali
reactive aggregates helps to become better acquainted with some varieties

of the numerous silicate rocks which are alkali reactive.
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CONTRIBUTIONS TO DISCUSSION

D. St.John

My experiente has been similar in that wvhile I have seen reaction
rims around aggregates in fracture surface I have not always been
able to see the same rims in thin section. In one particular case,
of a pyroxene andesite which consisted of more than 60% reactive
glass, I considered that such a large area of surface was available
for reaction that at any one point on the surface of the aggregate
reaction had not proceeded to the point where it was visible in thin

section.

K. Mather

Dr.

Evidence of alkali silica reaction is sometimes visible only as rims
on crushed stone and as "main cracks" as described by Gunnar Idorn
and excellently illustrated in two diagrams in his book. These

illustrations are of great value to all petrographers.

P. Grattan-Bellew

I would like to add further comments to the discussion by K. Mather
on the problem of observing gel in sectioﬁs and polished slabs, etc.,
the point was made that during the course of time gel may get washed
out. My comment is that gel may get washed out as one tests a gel
extracted from concrete made with reactive aggregate and high alkali
cement have shown. At least 50% of the gel is readily soluble in
water, the bulk of the remainder being soluble in dilute HCl.
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ALKALI REACTION TESTS
WITH SOUND AGGREGATE

Heinz-G. Smolczyk
Forschungsinstitut
Eisenhiittenschlacken,

BRD '

ABSTRACT

Sound aggregates like sand and gravel of quartz without
flint or opaline material have never been the cause of any
trouble in normal concrete structures in Germany even if
‘cements with high alkali contents were involved. On the
other hand, this does not necessarily have to mean that
each sound aggregate cannot react with the alkalies of the
pore solution. Several experts have already indicated that
nearly all aggregates can react, at least under extreme
experimental conditions.

This phenomenon was investigated applying mortar tests
with normal sound quartz aggregate. The extreme conditions
were: High cement content, low w/coratio, very high
humidity, and a temperature of 40 “C. 13 cements with
alkali contents from 0,5 to 1,2 wt % were tested over a
period of 12 months.

The expansions of low alkali cements were very much lower
than in Pyrex mortarbar tests. Portland cements with

< 0,6 % alkali (Na,0O-eguivalents) caused only expansions
< 0,4 mm/m, Portlafid cements with > 1,0 % alkali, however,
produced expansions > 1 mm/m. All the expansions of the
slag cements with > 40 % slag were < 0,4 mm/m. The influ-
ence of the granulated slag was very nearly the same as

in Pyrex mortarbar tests.
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Introduction

It is a wellknown and fully accepted experience that
in Germany destructive alkali silica reaction never occured .
in normal concrete structures if low alkali cements (PZ-NA
or HOZ-NA) had been used or if the aggregate contained only
sand and gravel of quartz without reactive flint and without

opaline material (1).

On the other hand, it is also wellknown that in labo-
ratory tests the expansion of low alkali cements can easily
go up to 1,5 mm/m if pyrex glas aggregate is applied (2).
Regarding the reactivity of different natural aggregates
several experts have already indicated that almost all aggre-
gates can react, . at least under extreme experlmental condi-
tions (4 5,6). ’

For better understandlng of these phenomena all the
other parameters which are necessary for alkali silica reaktion
or which increase its effect have to be taken into considera-
tion, i. e. high relative humidity, elevated temperature,
h