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PREFACE

Refractory concretes are versatile monolithic refractories that
are widely used by steel producers, petrochemical processors, ceramic
manufacturers, cement producers, foundries, and other industries,
First introduced in the United States around 1926, they have grown
significantly in tonnage and in the variety of their application since
that time.

Despite the important role played by these unique materials, their
coverage at scientific meetings and in the literature has been quite
sporadic. In view of this situation, ACI Committee 547, Refractory
Concrete, reasoned that a technical session devoted exclusively to the
production, properties, and applications of refractory concretes would
£ill a long standing need. This initial interest led ultimately to the
Symposium on Refractory Concrete sponsored by the committee at the
annual Convention of the American Conerete Institute on Mar. 17, 1977.

Of the 14 papers presented at the symposium, 5 were invited, in-
cluding, "Refractory Concretes - Past, Present, and Future," by T.D.
Robson; "Properties of Refractory Concretes,” by Wate T. Bakker; .
"Refractory Concrete - Use of Engineering Property Data for Design,"
by Robert Farris; "Refractory Concrete Applications in Refining and
Petrochemical Operations," by Michael S. Crowley; and "Selection and
Use of Refractory Concretes in the Steel Plant," by Richard L. Wessel.
Other papers, reviewed by the committee and selected for presentation
at the symposium, discussed the testing, characterization, and evalua-
tion of refractory concretes in the fresh, hardened, and fired state;
the gunite application of refractory concrete; the use of steel fibers
as reinforcement in refractory concrete failures. '

An international flavor was given to the symposium by Dr. Tom
Robson (Isle of Man}, who presented the keynote address and Dr. W.
Kronert (Aachen; West ‘Germany) who discussed the development of the
ceramic bond in refractory concretes as revealed through scanning
electron microscopy and x-ray diffraction analyses.
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The excellent attendance at the symposium and favorable comments
received subsequently confirmed the committee's belief that such a
symposium was indeed overdue. The committee is pleased that ACI has
chosen to publish the proceedings of the symposium and in doing so,
make a weslth of practical information available to all those concerned
with the production and use of this important refractory material.

. Dr. David R. Lankard
Symposium Chairman
ACI Committee ShT

Refractory Concrete

I. Leon Glassgold

Chairman
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REFRACTORY CONCRETES:
PAST, PRESENT, AND FUTURE

By T. D. Rosson

Synopsis: Refractory concretes are defined and a brief discussion of
the calcium aluminate cements which form their hydraulic bond is
followed by a description of the early work which probably led to the
first recorded use of a refractory concrete. A short historical
account is given of the development (and- some interesting uses) of
refractory castable mixes before and after World War 11. Attention is
drawn to some of the basic differences in properties between
refractory brickwork and refractory concrete, and to the value of
refractory concrete for experimental or pilot-scale development work.

When refractory concrete is heated for the first time to its
service temperature, the properties will depend mainly on the thermal
reactions whith can occur within the concrete, and ways of promoting
these reactions at the lowest possible temperature are discussed. It
is suggested that further improvements in refractory castables may
result from extensive work in this field.

Keywords: aluminate cements and concretes; calcium aluminates; his-
tory; refractory concretes.
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T.D. Robson graduated from the Universities of Glasgow and St.Andrews
and, after periods of academic and industrial research, has been
associated with the manufacture and use of calcium aluminate cements
for the past 30 years, He retired from the Lafarge Organisation Ltd.,
Bngland in 1975 but continues as a Director of Lafarge Fondu
International s.a., Paris, France.

INTRODUCTION

By giving a historical background to the continuing story of
refractory concrete, this paper may serve as a lead-in to the other
papers which follow in this Symposium, where the Authors give more
detailed attention to specific matters. Although reference will be
made to several of the topics covered by subsequent papers, any
discussion has therefore been limited to a few selected aspects.

REFRACTORY CONCRETE

In the widest sense the term refractory concrete could be applied to
any graded refractory aggregate held together by a bond capable of
giving a solid mass which has adequate properties both before and
after firing to a relatively high temperature.

Mouldables, "plastics", and ramming mixes which essentially use
a plastic clay bond, and other concretes which are bonded by various
chemicals (including phosphates, oxychlorides etc.,) might therefore
be incliuded in this definition. Such concretes usually need some
degree of heating before the working strength is obtained - and
accordingly have been excluded from this survey. This leaves
refractory concretes bonded by an hydraulic cement (either Portland or
calcium aluminate) as these concretes can develop relatively high
strengths after hardening at ambient temperatures, and they do not
normally need any pre-heating before being put into service.

In practice the use of Portland cement in refractory concrete has
usually been limited to the lower ~ temperature range - not because of
any assumed lack of refractoriness, but rather because the free lime
released on firing can cause crumbling when the concrete is submitted
to thermal cycling with intervening periods in moist air. The
addition of materials which combine with free lime (either pozzolamic
or thermal action) reduces this potential weakness, and, particularly
in the U.S.S.R. and some Eastern European countries, a useful field
has therefore been found for a Portland cement bond in refractory
concrete.

However this account will deal exclusively with refractory

concretes bonded with a calcium aluminate cement. Such concretes may
be subjected without damage to humid air, to wetting, or even to
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quenching, after they have been fired to intermediate or high
temperatures. They have of course the additional advantage of being
very rapid-hardening and the term “refractory concrete" now generally
implies that the bond is a calcium aluminate cement.

CALCIUM ALUMINATE CEMENT

This type of cement is manufactured in many countries and
includes a very wide range of chemical compositions, but, almost
without exception, one of the raw materials is either a natural
bauxite (i.e. an impure form of alumina) or the nearly pure aluminium
oxide extracted from bauxite.

Those cements made with alumina are white and contain only very
small amounts of silica or iron oxide. 1In general they are much more
refractory than those made from bauxites, since the latter cements
contain substantially greater amounts of iron oxide and-silica - which
are contributed by the bauxite used in manufacture. The iron oxide
content of bauxites varies widely in different localities and there is
a corresponding difference in the cement compositions. However, even
those made from a very low-iron bauxite (or those in which nearly all
the iron oxide has been removed by reductive fusion) can be
distinguished from the white cements, as all contain an appreciable
amount of silica and a readily detectable quantity of titania.

Several calcium aluminates may be formed by reaction between lime
and alumina, but the one common and essential factor in all the very
varied calcium aluminate cements is the presence of a specific
-aluminate -~ namely monocalcium aluminate or CA. A calcium aluminate
cement may be white, yellow, grey or black, it may contain 40% or 80%
alumina, but its development of high-early strength, after a
relatively slow set, is almost entirely due to- this single aluminate.

Calcium di-aluminate CA, has a much higher refractoriness than CA
and, at the time when white cements of higher refractoriness and
alumina content were first considered, some investigators thought that
such cements should therefore consist largely of CA This of course
was erroneous because CA, hydrates very slowly at ordinary
temperatures, and in these conditions cannot produce the early
strength normally expected from refractory concrete mixes,
Nevertheless the hydration of CA, is accelerated by higher
temperatures and it could have a%vantages in a refractory castable,
provided that conditions were made suitable for its rapid hydration.
About 12 years ago this led to the report that steam-curing a CA
refractory castable mix would result (other things be1ng equal) in the
highest fired strengths.
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HISTORY

The hydraulic properties of compounds formed by reacting lime
with alumina were known long before the individual calcium aluminates
were isolated in a pure condition and positively identified, but it is

" rather startling to find that probably the first refractory concrete

was made and put to practical use before 1856,

Several years before 1856 Henri Sainte-Claire Deville had been
working in his laboratory at the Ecole Normale endeavouring to obtain

the highest temperatures which his fuels (coal and “carburetted oils")
could produce. He had concluded that there was a new scientific field
to be investigated - that of ‘high temperature chemistry', He wished

to study reactions at what he called "blue heat"™ -~ the temperature at

which "platinum melts",. . '

He" had been using crucibles made from quicklime or carbon but, in
fabricating alumina crucibles, he found that, although a paste made
with water and calcined ammonium alum was plastic enough, it had too
high a shrinkage to be used alone., He felt that some form of cement
was required and therefore heated equal parts of alumina and
pulverised marble to the highest temperature attainable in his air-
blast furnace and he ground to a fine powder the resulting translucent
mass. This cement (a very early form of white calcium aluminate
cement) was then mixed with two parts of highly calcined alumina and
gauged with water. After moulding into shape, the crucibles "set very
hard and could withstand drying, handling and the action of heat", 1In
fact he said that his crucibles softened slightly at the temperature
of molten platinum but *showed a remarkable solidity after strong
heating". He believed the cement to be a spinel i.e. monocalcium
aluminate, but this was a supposition based solely on the proportions
of lime and alumina he had used in its manufacture.

He also made some other observations which were well ahead of his
time. For example he noted that complete fusion of the lime-alumina
mixture was not essential for the development of hydraulic properties,
and that a reduction in the cement content increased the refractoriness
of his castable mixes, However, to retain adequate strength before
firing he recommended that the castable should contain 5-10% CaO by
analysis, the rest obviously being alumina.

Today a modern high-temperature castable mix based on white
calcium aluminate and tabular or fused alumina will contain 2,5-5,0%
or more of Ca0, After more than 120 years we are still using the
approximate formulation of Sainte-Claire Deville in this type of
castable - although of course the modern castable mix has many
sophistications of which he was unaware.
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THE DEVELOPMENT OF COMMERCIAL CASTABLE MIXES

The commercial production, testing and marketing of a calcium
aluminate cement was not completed until after the end of World War 1
and the cement was produced in France for purposes far removed from
those of refractory concrete,

As early as 1909 the Aluminate Patent Co., was formed in the
U.S.A. to exploit the patents of Spackman, but Spackman's aluminates
were not intended to provide a cement on its own, but only as an
addition to Portland cement, natural cement, slaked lime or plaster,
in order to improve the properties of these binders. The resulting
'ALCA' cements, marketed in 1910-17, did not prove too successful but
in 1924 the Atlas Aluminate Cement Co., started the manufacture of a
true calcium aluminate cement at Northampton, Penn.

Calcium aluminate cements were soon being manufactured from
bauxites in many locations and in many types gf plant, including the
blast-furnace method employed at the Rolandshutte works - which was
then at Wiedenau, The various cements were almost entirely for
rapid-hardening structural concrete or for chemical resistance (in
particular for sulphate resistance).

It is perhaps doubtful whether the early work of Sainte-Claire
Deville was responsible for the initial use of commercial cements in
refractory concretes, and indeed the type of white cement made by him
did not become commercially available in any quantity until many years
after the production of cements made from bauxite. It is quite
probable that the heat-~resistant properties of the concrete made with
the early cements and suitable aggregates were discovered anew - just
as the rapid-hardening qualities of the cement came as a pleasant
surprise.

Possibly the first mention of the use of refractory concrete in
the U.S.A. was as early as 1924 and, at a time when it was being used
mainly for refractory patching and small scale applications, it
appears that some remarkably ambitious refractory concrete work was
carried out in the U.S.A. - for furnace lining and even for blast-
furnace 1ining,

During the 1930's however there was a great expansion everywhere
in the use of refractory and refractory-insulating concretes, in the
variety of applications, and in the literature reporting them. By the
outbreak of World War 11 refractory concrete was well established in
many industries for furnaces or ovens, as linings in boilers or stacks,
and for heat-resistant foundations. At this period the Lafarge works
on the Thames in England was very vulnerable to bombing attack and, at
the request of the Government, many thousand tons of.calcium aluminate
cement were sealed in steel drums and distributed around the country
(of course not _all of this cement was intended for refractory use).
During the War any user had to give reasons why he should obtain his
quota of cement, and it was astonishing how many industries employing
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refractories considered that this cement was essential for their
continued operation at that time. )

In the early days of refractory concrete very many users mixed
their own concrete from a calcium aluminate cement and a refractory
aggregate - either bought as such, or crushed by themselves. However
dry castable mixes containing aggregate and cement in the correct
proportions soon appeared on the market (one of the earliest may have
been the so-called Kestner Cement) and ready-prepared proprietary mixes
are now used by the great majority of refractory concrete clients.
This trend developed more rapidly in the U,S.A. than in Burope but the
European countries have been quickly following suit. The percentage
of users who prepare their own mixes is now very small, but this type
of use will probably always continue to some extent, particularly for
certain low-duty applications where the user happens to have an
adequate aggregate available. Examples of this are the utilisation
of crushed bricks in the brick industry and the use of a local natural
aggregate suitable for low-temperature applications.

The availability of carefully-compounded proprietary mixes, whose
properties are kept within regular limits, has been an essential factor
in the growing ability to design refractory concrete structures, since
reliable data on the individual castables can be supplied by the
manufacturer., .

AFTER WORLD WAR 11

In the years following the War the considerable number of
catalytic cracking units built for the petroleum industry utilised
large quantities of refractory and refractory-insulating concretes as
linings in reactors and regenerators, as well as in heating furnaces
etc. In a high proportion of applications in this industry the
refractory concrete was placed by gun, and the same method was largely
used by the iron and steel industry, which, in most countries is still
the major user of refractory concretes.

The 1960's saw very many repairs to the throats and stacks of
blast-furnaces without shutting down the furnace completely., This
effected great savings, the concrete was placed very rapidly by gun,
and the service life has usually been excellent.

Castable manufacturers had already played their part by
producing castables specially designed for gunning (e.g. to minimise
rebound) and mixes containing iron-free cement and aggregates to
eliminate the attack of carbon monoxide on blast-furnace refractories.

A number of steam gas-reforming plants using naphtha as base
stock were also erected in this period. White cement castables were
mainly used for vessel linings and in this case it was found that even
the tiny amount of silica in the cement had to be carefully controlled
because, under plant conditions, it could be extracted, transported in
a volatile form, and deposited elsewhere-leading to the possibility of
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blockage.

Increasing knowledge of the basic factors governing the design of
refractory concrete led to a further exploitation of the essentially
monolithic character of the material. There was greater confidence in
constructing very large furnaces, kilns etc., entirely in refractory
concrete, and in using more massive pre-cast units.

The essential differences in properties and behaviour between
refractory concrete and orthodox brickwork became of great importance
although it is surprising how many excellent constructions were built
by simple substitution of concrete for brickwork (dimension for
dimension) and by employing a few empirical rules governing such
things as the location of steel.

Unlike refractory bricks, whose final properties are largely
fixed before reaching the user, a refractory concrete has properties
which evolve and alter for a considerable time after it has been put
into use, This is particularly so because practically all the
refractory concrete in service is heated on one face only., 1In a
construction of any substantial thickness it may take a very long time
for the strength gradient, the thermal gradient and the moisture
gradient to reach equilibrium between the "hot" and "cold" faces of
the concrete. Accordingly the difficulties in designing and also in
testing refractory concretés have been evident from the beginning.

However a constant feature since the earliest days has been the
wide use of refractory castables in initial experimental and
development work. This, of course, is due to the ease with which any
desired shape can be cast and its form or dimensions can be altered,
using fairly simple moulds. In many cases large scale applications
for refractory concrete have followed but it is also quite normal to
find that, once the product has been finalised, the commercial units
may be made mainly with another material. It has been a common
experience that any new industry, technology, or industrial
development (which involves a refractory) has aroused interest in
refractory concrete ~ usually at an early stage,

The advent of the jet-engine initially caused some concern to
engineers responsible for the upkeep of the concrete runways.
However the danger of high surface temperatures on the concrete was
soon dispelled by the almost universal use of the nose-wheel type of
under-carriages, although several parking bays for military aircraft
were constructed in refractory concrete. Vertical take-~-off aircraft
renewed this fear, and the original British V.T.0. prototype - the
"Flying Bedstead" took off from a refractory concrete pad. Early
silencing cells for jet-engine testing were also constructed in
refractory concrete in both England and the U,S.A., as were gas-
collecting chambers for industrial gas-turbine tests.

The initial trials for the abortive British rocket programme
involved the construction of a refractory U-tube to allow escape of
the hot gases from a missile contained in an underground silo, A one-
sixth scale U-tube was first made from a mix of fused alumina and
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white calcium aluminate cement, and this was tested by a rocket engine
firing down one arm of the tube while the U-tube was placed
horizontally on the ground instead of vertically in a silo.

Refractory concrete has also been used elsewhere for the blast
and heat deflector bases on large rocket sites, especially where there
was difficulty in obtaining the water supply required fro the “wet"
type of stand.

SOME REFLECTIONS ON THE NATURE OF REFRACTORY CONCRETE

Until the refractory castable has hardened and been put into
service it is certainly an ordinary concrete with a hydraulic bond,
and the usual principlés governing the making of a good structural
concrete ought to be applicable. But, after the concrete is heated
up to the point of dehydration or decomposition of the cement
hydrates, are we sure that these structural concreting principles
have necessarily produced the optimum conditions (within the concrete)
for the subsequent thermal reactions on which the refractory
performance will depend ? Once the mass is in a dehydrated state the
conditions are foreign to the cement or concrete technologist but they
are now within the field of the ceramist or refractories engineer.

In the case of refractory concrete it is the behaviour at the
service temperature which is more important than the unfired strength,
It is true that we must have a sufficiently high unfired strength,
and we must remember that the “cold" face of the concrete may reach
only very moderate temperatures, but, in most types of use, the
loading on refractory concrete is very low in comparison with that to
which structural concrete is submitted.

"Is it therefore possible that in the past we have given undue
importance to the cement technologist and not enough to the ceramist
or refractory engineer ? Should we continue to use the term
Yrefractory concrete' or should we not standardise on 'castable
refractory"™ ?

As an example consider a defect which has long been attributed
to refractory concrete - the drop in strength shown by most castables
in the intermediate temperature zone i,e. in temperatures sufficient
to dehydrate the bond but insufficient to create much of the so-called
ceramic bond. Barly attempts to accelerate the formation of this
ceramic bond generally consisted in making additions of various
fluxes most of which did little good and usually reduced the maximum
temperature of use.

Attention was therefore turned to the possibility of speeding-up
the solid-state reactions within the refractory - reactions which can
take place long before there is any appreciable liquid formation.
Obviously the more finely divided a material the lower the
temperature at which these reactions will proceed with some velocity.
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As far as the cement is concerned the process of hydration, followed
by dehydration, converts the anhydrous material into an extremely fine
and active form.,

Accordingly, the first conclusion we draw is that we have to
encourage as much of the cement to hydrate as possible. It does not
matter much which hydrate we produce and therefore a higher
temperature of hydration (caused either by ambient temperature or by
self-generated heat during hardening) will give the desired result.

The second conclusion is that we should provide (either in the
cement or in the castable) sufficient very finely divided material
with which the already active cement constituents can combine in the
solid state and at comparatively low temperatures.

At this point a concrete technologist concerned only with
structural calcium aluminate cement concrete might start to worry
about conversion caused by high temperatures during hardening. But
the validity of the above conclusions is. shown by the fact (known for
a very long time) that the fired strength of a fully converted
refractory concrete is never lower (and is almost invariably higher)
than the fired strength of a similar concrete in which no conversion
has taken place. :

It is sometimes difficult for a concrete technologist (who has
a natural tendency to concentrate on the structural or as-cast
strength of a concrete) to remember that a refractory concrete will be
Jjudged primarily by its behaviour when the hydraulic bond (his main
concern) has just disappeared.

It is still true of course that some of the ordinary concreting
principles continue to apply to the making of refractory concrete,
No more water than is necessary should be used in the mix, and some
form of curing may be necessary to avoid premature drying, but one
would never think of adding to a structural calcium aluminate cement
concrete, the variety and quantity of various materials which may
justifiably be added to a refractory .castable - provided that they
fulfil three conditions,

1. They must not affect the setting-time
of the cement to an undesirable extent.

2. They must allow the castable to develop
an acceptable (though not necessarily
very high) strength in the cold.

3. They must have a favourable effect on
the properties of the fired concrete,
particularly in the intermediate
temperature zone.
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THE FUTURE

In the next years there may be further progress in modifying the
cements and castables so that they will provide even more favourable
conditions for low-temperature reactions to take place as the
concrete is heated in service for the first time. Castables will
probably become even more complex mixtures.

We have never been able to reinforce refractory concrete by the
methods of the civil engineer and steel has been used mainly to hang
or support the concrete unit., Steel which can safely be embedded in
the concrete in the form of fibres has a marked effect-on the
mechanical properties and the addition of steel fibres to refractory
castables will have an increasing influence on design possibilities,
and on the control of cracking - particularly in large refractory
concrete units.

One of the disappointing features of refractory castables has
been the inability to utilise fully the refractory properties of
magnesia aggregates, because the lime-magnesia-alumina system
contains many low-melting eutectics. Perhaps the answer here will be
a barium aluminate cement, or a barium-calcium aluminate cement, and
the considerable work which has previously been done in this field
will then come to fruition.

The less expensive cements made from bauxite seems to have an
assured future in providing the base-~load for the refractory castable
market, White calcium aluminate cements however have shown the most
rapid development since they became available and it is likely that
this progress will continue. Castables made from them can be safely
used at temperatures which would have delighted the pioneer Henri
Sainte-Claire Deville,
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PROPERTIES OF
REFRACTORY CONCRETES

By WATE T. BAKKER

Synopsis: A wide variety of aggregates, both dense and lightweight is
used in refractory concretes. There are also several types of cement,
Thus a wide variety of refractory concrete products with markedly
different properties is available. Installation, curing, drying and
heating practices also affect the properties of refractory concretes
markedly. During service, temperature and environmental conditions
may further modify the properties of refractory concrete, Properties
of refractory concretes are therefore transitory. This paper concen—
trates on the unique properties common to all refractory concretes,
the effect of installation, curing, drying and heating practices,
commonly used raw materials and the effects of service conditions.

Keywords: aggregates; aluminate cements and concretes; binders (mate-
rials); chemical analysis; compressive strength; curing; drying; flex-
ural strength; heating; installing; permeability; physical properties;
placing; porosity; raw materials; refractory concretes; rheological
properties; thermal properties; thermal shock: volume change.
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Mr. Wate T. Bakker is Branch Chief, Materials in the Fossil Energy
Research Division of ERDA-FE, where he is responsible for the direction,
coordination, and management of all materials research in support of
coal conversion and utilization processes. Prior to joining ERDA in
1975, he was associated with General Refractories Company. Here he
was in charge of research and development of Alumina-Silica refractories.

Introduction

Refractory concrete¥*is a relatively new class of refractories.
Calcium aluminate cement, the key ingredient in most refractory
concretes was first produced in France in 1918 and somewhat later in
the USA. 1In the 1930's hydraulically setting castables were in general,
though limited, use in the USA.(1) - At this time the first published
papers on refractory concretes began to appear also.

Initially most refractory concretes were mixed on the job site
similar to regular concrete. In the late forties and early fifties
specially formulated premixed refractory concretes became more general-
%y agallable and with it came an increased interest in their properties.

28

Until the early fifties the only commercially available calcium
aluminate cements were of rather low purity. They contained high
amounts of iron oxide and silica. Hence the application of concretes
was limited to relatively low temperatures. Calcium aluminate cements
of higher purity were introduced during the fifties and found rapid
acceptance in the refractories industry. The availability of high
purity cements expanded the use of refractory concretes considerably
and made high temperature applications possible. As a result renewed
interest in the properties of calcium aluminate bonded refractory
concretes was shown both in the USA(9-15) and in Europe.(16-18)

All along the quality of refractory concretes was enhanced through the
use of more controlled installation techniques such as pneumatic gun-—
ning and vibratory casting.

All developments described above have led to a very diversified
usage of refractory concretes and a large number of products, quite
often taylor made for various applications. The growth of refractory
concrete sales is shown in figure 1, Because of the wide variety of
aggregates and cements used, the range of properties of available
refractory concretes is large. In this paper we will concentrate on
those properties which make refractory concrete unique.

Refractory concretes have the following advantages over conven-—
tional refractories:

*Refractory concretes are usually called '"Castables.' However the
more correct name "Refractory Concrete" is gaining in popularity.
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quick installation and low construction cost.

fully anchored constructions are possible

reduced and simplified furnace maintenance

thermal conductivity is one-half to one-third that of
fired brick, thus thinner linings can be used or thermal
efficiency improved.

. good thermal-shock resistance

no joints

prefired shapes need not be stocked

ready availability

. greater flexibility in design possible

EROCN S

e« - JENIN WY, |

II. Raw Materials
A. Binders

A refractory concrete can be defined as a granular refractory
material which, when mixed with water, will harden at room temperature
to a degree sufficient to support its own weight. Ordinary portland
cement cannot be used in refractory concrete except for very low
temperature applications, as portland cement bonded concretes rapidly
lose their stremgth at temperatures over about 600°C(8). Thus in most
cases calcium aluminate cements are used as binders., A few other chem-—
icals such as sodium silicates and certain phosphates have also airset-
‘ting properties and are used in specialized applications. However, we
will limit ourselves in this paper to the discussion of calcium aluminate
bonded refractory concretes. Thus, more narrowly, a refractory concrete
is a graded refractory aggregate containing a hydraulic binder consist-
ing maily of calcium aluminate cement.

The main active ingredient in all calcium aluminate cements is
mono—calcium aluminate Cal. Al903, or CA in the customary cement
technology shorthand,* Other cementitious constituents such as CjjAy,
CA2 may occur in some commerical cements while silica and iron contain-
ing compounds such as C9AS5, C28, CgAsF, CFy etc. are present in less
pure cements. In addition to the cementitious phases inert materials
such as Al,03 and CaTiO3 may occur, in some cases in major amounts.

The properties of the binder are further influenced by such physical
factors as particle size, crystallite size and the amount of glassy
phase present. Thus most commercially available binders have distinctly
different properties, which will affect the characteristics of the

final product, Generally one can divide the calcium aluminate cements
in three classes: ’

1, Low purity cements These products are manufactured from
relatively high iron bauxites and limestones by fusion or sintering.
They contain 510% Fe,03 or FeO and 8i0y as the main impurities and can
only be used in refractory concretes with service limits up to about
2500 F.

2. Intermediate purity cements These products are manufactured
from low iron bauxite, mostly by sintering with limestone. They contain

*C = Ca0 A = Al,0 8 = 8i0 F = FeO H = H,0
2”3 2 2
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5% 8105, but only 1-2% Feg03 as the main impurities. Usage of this
type of cement is generally limited to concretes with a service limit
of 2900 F or less.

3. High purity cements These products are made from ''Bayer"
alumina or aluminum hydroxide and high purity limestone or hydrated
lime. They contain more alumina and generally less than 2% total im—
purities, Cements of this type are significantly more expensive than
bauxite based cements and are used mostly in products with service
limits of 2900 F or above or in applications where a very low iron con-
tent is required, such as blast furnace gunning mixes.

Table I gives the chemical composition of typical commercial
cements.,

B, Aggregates

In principle all refractory grains can be used as aggregates in
refractory concretes. In practice most aggregates contain mainly alumi-
na and silica in various forms. They range from crushed fire brick
containing 30-45Z Al,03 to high purity sintered of fused alumina. The
most widely used aggregate is probably calcined flint or kaolin, con-
taining 42-45% Alp03. Other widely used dense aggregates are calcined
bauxite, chrome ore and to a lesser extent calcined magnesite., Examples
of typical dense aggregates are given in table II,

For insulating concretes lightweight materials are used as a
complete or partial substitute for dense grain. Most commonly used
lightweight materials are expanded shale, perlite, expanded fireclay
aggregate and alumina bubbles, Table III gives some examples,

In addition to the raw materials mentioned above, minor additives
are used in many commercial products to improve their overall perform-
ance, Many of these additives are of a proprietary nature. An example
is the addition of raw kyanite to reduce high temperature shrinkage.

III. Classification of Refractory Concretes

Refractory concretes are classified according to ASTM classifica-
tion C-401.(19) (Table IV). For regular (dense) concretes the classi-
fication criteria are strength and service limit. The service limits
is arbitrarily defined as the temperature below which the linear reheat
change of samples heated for five hours is less than 1.5%. There are
seven classes (A-G) having service limits ranging from 2000-3200 F.

Insulating concretes are classified by bulk density and service
limit. The .allowable bulk density increases with service limit. At
present five classes are recognized (N-V) having service limits ranging
from 1700 F, for a 55 lbs/ft2 concrete to 3200 F for a 105 1b/ft2 con~-
crete.

The ASTM classification system described above is relatively

broad and is generally not sufficient for specification purposes for
critical applications. Especially the classification system for
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insulating concretes appears inadequate as several insulating concretes
have been developed which combine a high service limit with a relatively
low bulk density. These do not fit into the system.

In addition to the general purpose refractory concretes classified
by ASTM, there are many special purpose products, generally covered by
user's specifications. Unfortunately those specification are not
uniform. They are based on specific service conditions. For instance
concretes designed for use in blast furnaces must have a good resistance
to carbon monoxide desintegration, for other applications abrasion
resistance is a prime requirement. Refractory concretes mainly intended
for application by pneumatic gun must exhibit good adherence to the wall
during application and have a minimum amount of rebound loss. It is a
tribute to the versability of refractory concrete and the ingenuity of
the producers, that most of these special requirements have been met.
This achievement has contribute signficantly to the growth of refractory
concrete as a substitute for preformed refractory products.

IV. Installation of Refractory Concretes

Proper installation of refractory concretes is the key to achiev-
ing acceptable performance. The responsibility rest not only with the
installer or user, but also with the manufacturer of the product. In
almost all cases refractory concretes will be installed by relatively
unskilled labor under less than ideal conditions. The manufacturer
must therefore design its products in such a manner that acceptable
performance can be expected even if installation practices are less
than ideal,

Basically, there are three major ways of installing refractory
concretes, by troweling, casting and gunning. For optimum performance,
products specially designed for the intended method of application
should be used. '

We can be brief about application by troweling, since this is a
minor application, mainly intended for patching worn linings. Products
intended for troweling must exhibit excellent plasticity and adherence
properties. To achieve this clay, bentonite and other plasticizers are
usually added to the concrete. This normally increases the water needed
to provide a workable mix and is detrimental to the physical properties
of the concrete, especially its strength. Therefore, products intended
for troweling cannot normally be recommended for casting purposes.
Troweling mixes have occasionally found successful application as
maintenace gun mixes, where good adherence properties are more important
than the achievement of high strength. .

Casting of refractory concretes is the most common method of
installation. Good installation practices must achieve a homogeneous
casting, while using the highest possible cement/water ratio. Here
the rheological properties of the concrete, as a function of time and
water content are important. This ideal castable should have a good
flowability at a low water content. A slight tendency to be thixotropic
is generally not harmful, especially when the concretes installed by
vibratory casting, Dilatent mixes should be avoided. Furthermore, the
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rheological properties of the wet concrete should not change signifi-
-cantly with time, even on hot summer days. Generally a working time of
about 30 minutes is sufficient, when the refractory concrete is mixed
in relatively small batches, using a paddle mixer or similar equipment.
However, when large scale equipment such as a "Ready mix" truck is
being used, a longer working time is preferable. The working time of
any given concrete is dependent on the setting characteristics of the
binder and the ambient temperature.

Setting times are indicated by changes in temperature with time
and changes in viscosity with time. Figures 2 and 3 show. time-tempera-
ture and time viscosity curves for cements/water slurries (11,20). It
is noted that some high purity cements have relatively short setting
times, and may need special precautions in hot weather,

The water content used during application determines to a large
extent the quality of the resulting concrete after setting. Unfortu-
nately there is no generally applicable method to determine the optimum
water content, because of significant differences in rheological be-
havior of various cements. For field application the empirical "ball
in hand" method is the only practical way to estimate the desirable
water content, The effect of cement/water ratio on the strength of
dense concretes is shown in Figure 4. (28) Figure 5 shows that excess
water can seriously degrade both strength and high temperature volume
stability of insulating concretes,

Gunning refractory concrete has become an increasingly popular
method of installation (20). The reasons are 1) cost of installation
is significantly lower, especially for large installations, 2) the
quality of the installed concrete is superior to that of cast concrete,
because of a lower water/cement ratio. However, these advantages can
only be fully realized when the concrete is especially designed for
installation by gunning and experienced gun operators and nozzle men
are used, otherwise high rebound losses, will increase costs and
entrapped rebound can seriously degrade the qua11ty of the resulting
refractory lining. .

As in casting the rheological properties of the concrete are
controlling factors, especially the behavior of the concrete in the
first 20 minutes. In order to provide good adherence, and minimize
rebound losses, the concrete paste should have a relatively high
viscosity and be non thixotropic, Since all of the water, except
2-4% predampening water, is added manually at the nozzle, small vari-
ations in water content must not unduly affect the adherence of the
product. For most cements small additions of clay minerals suffice
to achieve this, Care should be taken to use only the minimum effec-
tive amount, as large additions will seriously affect the physical
properties after setting. TFor some cements clay additions alone are
not effective. Proprietary admixtures have been developed by various
producers to provide the necessary balance between acceptable gunning
characteristics and physical properties after setting. Thus a good
refractory gun mix can be installed with a rebound loss of 10-15% or
less and 10-20% high strength than a similar cast products.
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There are generally only minor dlfferences in density between
gunned and cast regular refractory concreté, However, insulating
concretes can suffer significant increases in density even when gunned
at 1/3 of the air pressure used for dense concretes, as is usually
recommended, This increase in density can seriously affect their
insulating value. Insulating concretes bases on expanded refractory
clays appear to be superior to insulating concrete based on perlite,
(Table 5)

V Effect of Curing and Heating on
Properties of Refractory Concretes

Figure 6 (14,21) shows the minerals present during the hydration
and dehydration of CA, the main cementitious constituent of refractory
cements, at various temperatures, Until recently the conventional
wisdom was to keep the concrete cool during curing to improve the
formation of the hexagonal hydrates CAHj and CyAHg,k Thus the standard
method of curing was to spray'the,concrete with water to keep it both
cool and wet. However, field experiments with membrane curing (22)
indicated that it was only necessary to maintain a high humidity to
ensure good physical strength after curing. It was further found that
low curing temperatures enhance explosive spalling when the first heat
up is too fast . (23) (24)

Work done by Kopanda (25) for concretes containing low and inter-
mediate purity cements (figure 7) and by Givan etal. (21) for high
purity cement, (figure 8) show that the cured strength of concretes
containing less pure cements indeed decreases with increases curing
temperature. However, the strength after drying and firing is maximized
at temperatures over 90 F for all cements.

During the initial heat up the hydraulic bond is destroyed at ~
400-6009F, For most cements this resulted in a significant decrease in
strength, at least when measured at room temperature after heating.
However, the strength of concretes containing high purity cements
generally decreases less markedly. When properly cured and heated their
strength after heating can be as high or higher than after drying only.
Because significant amounts of water must be removed during heat up and
the permeability of concretes is generally low, care must be taken to
heat the concrete slow enough to prevent cracking. Figure 18 illustrates
the effect of heating rate on the strength of 9 x 4-1/2' x 3' shapes
cut from a gunned 50% Al,05 concrete.(26).

VI. Chemical Properties of Refractory Concretes

In this chapter we will briefly discuss the chemical stability
of refractory concretes in the presence of corrosive substances which
may be present during service.

Generally refractory concretes are considered less suitable for
use in contact with corrosive liquids such as slags. The reasons is
that the calcium aluminate bond in the concrete reacts at higher
temperatures with aluminum silicates in the refractory grain to form
low melting calcium aluminum silicates, similar to the silicates common

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 MR 0tLkL2949 0000030 9 WA
18 BAKKER

to most slags. This leads in many cases to rapid wear. Figure 10
compares the slag resistanc@ of a BF gun mix with that of various
alumina-silica brick. (20)

Extra high alumina concretes comsisting mainly of sintered (tabu-
lar) alumina and high purity cement have a good resistance to '"basic"
slags as the binder reacts with the grain to form CAg, which is very
refractory and is stable in the presence of high lime slags, On the
other hand the same concretes are less stable in the presence of "acid",
high silica slags as is illustrated in figure 11. 1In this application
a 95% alumina concrete wore away rapidly, but a phosphate bonded pro-
duct with approximately the same Al703 content was satisfactory.

Refractory concretes are corroded by acid condensates which may
occur on the cold phase of the lining in various applications imn the
chemical industry. The cold face temperature is therefore generally
designed to fall above the dew point of the gases.

The refractoriness of refractory concretes as measured by the PCE
test is generally a meaningless property because of the larger differ-—
ence in composition of the matrix and the aggregate. Thus generally,
liquids are formed and deformation occurs at temperatures far below the
softening point indicated by PCE test.

Disintegration of refractory concretes in CO rich atmospheres
can occur, when the concrete contains free iron or iron oxides.(13)
Free iron is usually present in refractory concretes when the fine
fractions are produced by ball milling using steel balls, Low purity
cements often contain significant amounts of free iron oxides also.
Generally the total iron content of the concrete is less indicative of
its carbon disintegration potential than amount of iron compounds
soluble in HCL., The HCL leachable iron must be low preferably less
than 0.1% and certainly less than 0.2%., The actual resistance of the
concrete depends on the distribution of the active iron compounds.
Only a few coarse iron rich grains are needed to cause significant
cracking in the standard ASTM test (19)., When the active iron compounds
are well dispersed in the matrix, a somewhat greater amount can be tol-
erated.

It has recently been shown that CO can also affect the bond phase
itself at least in the presence of steam (figure 12),% Under these
conditions calcium formate is formed instead of the usual calcium
aluminate. During relatively short term tests (18 days) the strength
of the products if not affected significantly but there is a downward
trend.

Volatile alkali compounds in the gas atmosphere are particularly
harmful to refractory concretes. Desintegration of the refractory is
caused here by the formation of low density alkali-alumina silicates.
(figure 13) (20) However, there are some indicdtions that refractory
concretes can perform well in alkali laden surroundings such as the

*Personal communication, D. E, Day, University of Missouri at Rolla.
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blast furnace, if cracking is minimized and a glassy layer is formed
at the surface to seal off the pore system.(27)

Hydrogen attack on refractory concretes is the same as that on
other refractories and occurs mainly through the reduction of silica
and silicates to the volatile Si0 (29). The cement binder itself
should be resistant to hydrogen attack,

Steam affects the strength of very high alumina concretes adverse-—
ly (figure 14) (30). The strength degradation occurs during the dehy-
dration of the AH (Boehmite) bond phase and the formation of the high
pressure CzAgHq phase. It is not clear that these changes are the root
causes of the strength loss or that the alumina grain itself is affect-
ed by the high pressure steam. High density pure alumina ceramics are
also degraded by high pressure steam. Calcined flint-high purity alu-

- mina cement concretes show no strength degradation. In the latter case
the formation of a CASy (anorthite) bond phase was demonstrated.

In silica containing concretes the dissolution of silicate by
steam must also be considered. A small amount of weigh loss is reported
by Crowley, (31) but the effect on the strength of the concrete is not
discussed,

The combined effect of complex gas mixtures on refractory concretes
has not been explored. Studies are presently underway to explore this
for coal gasification service conditions. -

VII Physical Properties of Refractory Concretes

Assuming that the refractory concrete has been cast, cured and
dried properly, we can now discuss its physical properties at various
temperatures., It must be stressed again that all properties of refrac-
tory concretes are likely to be time and temperature dependent.

A. Porosity & Permeability

Since the density of refractory concretes is mainly dependent on
the refractory aggregate it varies widely. (30 lbs/ctf - 170 lbs/cft)
Porosity and permeability fall in a closer range. Generally the poro-
sity of refractory concrete is high as compared to most brick, but its
permeability is very low because of a very small average poresize.
Figure 17 shows this to be true up to the temperature at which the
cement reacts which the aggregate to form a ceramic or glassy bond
phase. Beyond this point the concrete acts very much like a fired
refractory brick.

Insulating concretes have a much higher porosity than regular
refractory concretes, because of highly porous filler materials used,
Porosities of 50% are common. Little is known about the permeability
of these products.
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B,. Thermal Properties -

The thermal conductivity of refractory concrete is generally
lower than that of equivalent brick because of its lower density.
Figure 16 shows some typical thermal conductivity curves as function
of mean temperature (32). It is noted that there is a significnat drop
in thermal conductivity after the first heat up due to the dehydration
of the binder. However, in actual installations the concrete at the
cold face of the lining usually never get completely dehydrated. For
design purposes the thermal conductivity curve prior dehydration is
therefore generally used. The thermal conductivity of refractory
concrete consisting of alumina silica aggregates and a calcium alumina
te binder is mainly depended on its density. Wallace and Ceriss(33)
experimentally determined the relationship shown in figure 16. Thermal
conductivity data thus derived are generally sufficiently accurate to
be used for design purposes. The presence of high thermal conductivity
gases will gignificantly increase the overall thermal conductivity of
a r§fractdiy liner, especially with high porosity insulating concretes
(38). i

The specific heat of a refractory concrete depends on its chemical
composition, However since the contributions of Al 0, and 8109 to
the specific heat are numerically close there is on%y a small increase
in specific heat with increasing Al,0O3 content. For most design pur-—
poses one may assume that the specific heat increases from about 0.2
Btu/1bs/OF to about 0.3 Btu/1b/OF at 2500 F. The specific heat is a
function of the material not of its physical form, Heat capacity on
the other hand increases with the density of the material and is low
for insulating concretes,

C. Volume Stability

Volume stability is one of the critical but probably least under-—
stood properties of refractory concrete. Volume stability is composed
of two independent effects: reversible thermal expansion and perma-
nent changes, expansion or contraction, caused by chemical reactions
during heat up. ;

The reversible linear expansion coefficient for most alumina-
silica refiractories is about 3 x 10-6/in/in/F. It increases with
increasing alumina content to about 4 x 107° in/in/F for 95% alumina
concretes., Castables containing chrome ore as an a%gregate have an
even higher linear coefficient of expansion 5 x 1070 in/in/F.

Permanent volume changes can occur during setting and dehydration
of the concrete and again when a glassy bond is formed at evelated
temperatures(34). Shrinkage during dehydration is generally low about
0.1 - 0.3%., Final shrinkage or expansion at temperatures over 2000 F,
when the glassy (ceramic) bond is formed is very much composition
dependent.. Normally one may expect shrinkage at this point. However,
some calcined clays of low purity tend to expand in this region. 1In
other cases additives designed to combat shrinkage; such as raw kyanite
are added to the mix. (Figure 17)
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Excessive shrinkage may cause cracking either during heatup or
cooldown. ASTM therefore specifies a maximum linear shrinkage of 1.5%
at all temperature below the service limit. However for applications
were cracking is extremely detrimental, such as petrochemical processes
using a hydrogen atmosphere, specifications are considerably more
restrictive and a shrinkage of less than 0.5% or even 0,1% is the maxi-
mum allowed.

D. Strength

The strength properties generally measured are crushing strength
and modulus of rupture, usually employing a three point bending rig.
.Most measurements are done at room temperature after.heating teo various
temperatures. The more meaningful testing of strength at the actual
service temperature is rapidly increasing in popularity.

Figures 18 and 19 give typical hot and cold MOR curves for 40-50%
Al,03 castables using a high purity (20) and an intermediate purity
cement respectively. The cold MOR generally decreases significantly
during the dehydration of the cement, although less when using a high
purity cement than when using a medium purity cement. This drop in
strength is not present to the same extent in the hot modules of rupture
The greatest difference in MOR occurs at high temperatures where a
glassy phase is formed., The cold MOR becomes very large here, while
the hot MOR decreases rapidly with increasing viscosity of the glassy
phase. 1In general the modulus of rupture of dense refractory concrete
varies from about 700-1500 psi after drying at 220 F.

The hot and cold modulus of rupture of light weight concretes
follows the same general trend (table 6). 1In general the modulus of
rupture of lightweight refractory concretes varies between 50 psi and
400 psi, depending on its weight and cement content.

The cold crushing strength of castables is usually 3 to 5 times
that of modulus of rupture. For dense concretes it varies between
2000 and 8000 p51, for lightweight concretes with densities up to
50 1bs/ft3 it varies between 200 and 500 psi. For materials having
a density of 75-100 1b/ft it varies from 1000-2500 psi. The hot com—
pressive strength is usually not determined.

The modulus of elasticity as a function of temperature has been
studied by McCullough and Rigby (35) as a function of temperature.
Figure 20 gives typical curves for concretes containing medium and
high purity cements, respectively., The shape of the curve is very:
similar to that of the hot modulus of rupture curve of similar products.

E, Thermal Shock

Little has been publighed about the thermal shock resistance of
‘refractory concretes as compared to other types of refractory. Practi-
cal experience has shown that the thermal shock resistance of refractory
concretes is excellent as long as no excessive amounts of glassy phase
is formed. This is in agreement with the fact that refractory concretes
generally have a very fine pore size distribution as compared to brick.
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This structure is destroyed when a glassy bond is formed at high
temperatures, ’

F. Erosion Resistance

The erosion resistance of refractory concretes is roughly dependent
on their strength. The bond phase is generally worn away preferen-
tially(30). Concretes made with high purity high alumina cements are
generally more resistant to erosion than those made with lower purity
cement. Erosion is a power function of particle velocity (figure 21).

G. Creep (Refractoriness Under Load)

Because of glass formation at felatively low temperature, refrac-
tory conretes generally deform plastically under relatively low loads
at temperatures over about 2000 F, even when high purity alumina cement
is used. TFor instance a 50% alumina gunning concrete containing a high
purity cement, deforms 1-3% under 25 psi load at 2460°F (1350°C).

When very high loads are used (500-2000 psi) rapid creep is already
observed as temperatures as low as 600-10000F.(37). Total creep does
not vary much with temperature., It is inferred by the authors that the
cement deforms until contacts between the aggregates are established
(Figure 22). :

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

23

RerrRACTORY CONCRETE PROPERTIES

” €0 €0 9'0 Gl 18l 01l €0%y
, Lo 1o 09 0 / 0¢ 0% o8
052 08l 0’0 0'LE 0'LE 0LE 0e)

| 0¢L 0'6L 0'L§ 0'5§ 00y Ol Coliv
g v q v a v anvyg

AllIHNd H9IH ALldNd 3LVIGINYILNI ALlHNd MO
B o ‘ T squeme)n ejeutmnTy .
mToTe) JO uotatsodmo) TROTmOYD

ACI SP-57 75 mm OkL2949 0000035 & MW

SSV1)

T oTqBl

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 MM Obk2949 O0OCCO03L T WA

6¢
‘N
G'1E
09l
5’0
6’61
0'ie
5’5

(INId1T1tHd)
340 IW0YHD

BAKKER

(aasnd) £-0
{(G3431NIS) 0'S

{aasnd} 6°€-L°€
(Q3YIINIS) 9E-VE

‘a’N
Lo'0
a1
ay
4y
90°0
'66
900
Egiy % + 66

a3snd Y0 GIYILNIS
VNINATY AlldNd HOIH

ozl oL-v Lt
1e . 068 8L
+8E 6-8¢ BE-LE
L ELD 1o
a1 £0' o
g 50'0 L0'0
2t 62 57
002 vl £l
518 voL 9'08
0L 6'62 6vE
€021y %06-08 Eolv %oL  E0%v %09
JLXNVE 'Y 'S '3V 3LIXNVE YINVEY Y
: LELTRRVAE

$939I0U0) LI0q0BIJOY SsuUsy UT pes) soredeldsy

IT STd®eL

24

oL-¢

LrAs XA

¥E-0¢
§1-5°0
1'0-50°0
t0-10
0201
§°1-6°0
- 05-0%

556

%

€01y %0S-0V
AV1234id
a3NIgIvld

(2]
-
c
Q
£
=
Q
O
o

ALISOYOd
-N3d0

984

ERY]
STV TV
£glag

05

(1]

o
chwH_,
tpliy
tois

%
NO1LISOdW0D
TVIINIHD :
IYIdAL .

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

25
Documents

@ 00vE< - 0862 0S¥Z-00E2 do
E 8e< T ‘a'N LL-8 INITVAINDI INOI JIHLIWOUA
S 8E-vE 7e-87 09-95 11-6 ¢H/41 ‘ALISNIG X8
S 50 £ 07 4 . SITVATY
m gl 80 0y £0 SHIYYI ANITYNIV
S 1L 4 L] 1o Zou
z 510 (4 5§ 80 Eptag
g 80 . €9 0'c9 0'0L . 2o's
ﬁ m 066 ez (874 5'61 Eoliv

%
‘NOLLISOdWOJ TVIINIHD TVIIdAL

s3idansg AV1J34id (3L10AVH)
VNIANTY a3anvdx3 FTVYHS 03aNVdX3 1117434 JWVN JIH3INI9

§830J40U0) SUTLBINSUL Azoroeazey
UI posn se3e3sa3dy qudtTem IUSTT

ACI SP-57 74 WR 0LL2949 0000037 1 W

III ®Tqmy



http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 M OkL2949 0000038 3 M

BAKKER

26

101) WISV

(ot

0L t0L) 4 0£Z 0L 022 1Y ONIAYHG Y3 LIV
(gw/BX) g/1 “ALISNIA X 10T WNWIXVI

1V 45404 03414 NIHM INIIHId §'L NVHL
JHOIN LON F9VIINIHHS UVINIT ININVINHId

{zegl)sol  (cest)s6  (togh s (1v01) 59 (188) 56
(3 09L1) {2 092L) (2 05L1) {3 ov0L) (2 526)
4 00ZE 3 00E¢ 40012 4 0061 4 00L1

ASSY1) 0SSV1d d SSY13 0SSV1).  NSSV1D

SINIW3IHIND3Y 1531
$31401IvH43Y 378V.LSVI INILVINSNI 40 SISSV1I ‘

S313HINOI INILYINSNI &

vys
404 03414 NIHM IN3JH3d
(3 09L1) (2 50L1) (2 5651) (3 08t1) (3 0L¢L) (2 03z1) (3 5601) G°L NVHL IHOW LON 39V

3 00cE 4 00L€ 4006c - d400L¢ 'J 0052 4 00€¢ 4000¢  -XNIYHS HV3INIT LNINVINHId

98Sv1d 4 SSV1d 3SSV1) assvid I SSVTD 45sv1) V SSVT)

SIN3IW3HINT3IY 1S3l
$314010vHdd434 3718V.1SVI I3SVE-VIITIS-VNINNTV 30 SISSVTI

S313HINOI ISN3A HYINIH Vv

x$83920U0) LI010BIISY JO UOTLBOTITSSBID
AT STq®L

Documents



http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

27

cr gt 99¢ 'dW3L NVIW 4,006
1o 44 U/ N1Y
ALINLINANGD TYINEIHL

RerrACTORY CONCRETE PROPERTIES

oL 56 18 30,0061 HIL4Y
801 001 98 10062 HILdV
“eH/q1 “ALISNIQ

4 4 ol % ‘ONNOS3Y

GE G¢ Gl Isd ‘34NSSIHd HIV

929830133y LeTooJaTd pepuedxy
U0 poseg ©3°J0UC) JUTFBINSU] DOUULLY)
Jo £37sus pPuUB SSOT PUNOQSY UO 9JNSSaId ITY JO 108IIR

ACI SP-57 78 WM 0bk2949 0000039 5 Em

A OTqEg

Documents

ull document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 EM 0LbL2949 0000040 1 WA

BAKKER

28

6l [l g¢ Ll diN3L NVIW 4,006
1o 4zh/ul N1
ALIALLINANOD TYINYIHL

009 00€ 006 061 1sd
‘HLINIHLS DNIHSNYI 0103
09 H 6L 1§ g4/a1 ‘ALISNAQ
049 085 055 0% isd
HLINIHLS INIHSNYD @103
9 86 B 09 e}/ql ‘ALISNIC
JUNSSIUd  1SVD  3UNSSIHd  ISYD
HIV 1sd G| HIv isd G|
GINNNG GINNND
J134INDD 03ISVE AVID  313HINOI
3aNvdX3 a3sve ILny3d

1sd GT @anssedg 4Ty ©99J0U0Y SUTIBRTUSUT
IA OTq®L JO A3Tsue@ pouuny Uo 93830133y JO 1093FW

N
-
c
(<))
S
=
O
o
(a]


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

| |

m &

1uw m

= 9

S £ 008 06 4,00£2
o 2

-z 0Lb 174 4,005¢
=9

o8 144 e 41,0002
0 M X

5 5 052 052 10051
'l

o TN 00€ 1,000l
~ : :

! 0S¢ 0S¢ 4,062
& ONIYH H3L4Y JUNIVHINGL WOOY LY TUNLVHIJNAL LY

o) isd ‘JuN1dNY 40 SNINAOW

<t | :

o3e8ea83y LeTosaTd pepuedxy UQ poseg ©30I0U0)
£rogoesgey JurieTnsul Jo oanidny JO SUINPOW PTOD PUV 30K
IIA °Td®eL

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 7?8 M 0LL2949 00ODO42 5 WA

30 BAKKER

References and Bibliography

1. R. T. Giles, "Investigation of Certéin Properties of Refrac-
tory Concretes," Am. Cer. Soc. Bull, 18 (9) 326-32, 1939.

2. R. A. Heindl and Z. A. Post, "Refractory Castables, I
Preparation and Some Properties," J. Am. Cer. Soc. 33 (7) 230-38, 1950.

3. R. A, Heindl and Z. A. Post, "Refractory Castables, Part II,
ibid 37 (5) 206-16, 1954,

4, W. C. Hansen and A. L. Livovich, "Factors Influencing the
?hysica1 Properties of Concretes," Am. Cer. Soc. Bull. 34 (9) 298-304,
955,

5. J. F. Wygant and W. L. Bulkley, "Refractory Concrete for
Refinery Vessel Linings," Am. Cer. Soc. Bull. 33 (8) 233-239, 1954.

6. R. R. West and W. G. Sutton, "Manufacture and Use of Fire-
clay Grog Refractories," Am. Cer. Soc. Bull, 30 (2) 34-40, 1951.

7. J. F. Wygant, "Cementitious Bonding in Ceramic Fabrication,"
P. 171-198 1in Ceramic Fabrication Processes, W. D. Kingery ed., John
Wiley and Sons, Inc., New York, 1958.

8. T. D. Robson, "High Alumina Cements and Concretes," Contrac-
tors Records, Ltd., London, 1962.

9, G. R. Eusner and D. H. Hubble, "Castable Technology," Am.
Cer. Soc. Bull. 39 (8) 395-401, 1960.

10. W. H. Gitzen, L. D. Hart and G. McZura, "Properties of Some
Calcium Aluminate Cement Compositions," J. Am. Cer. Soc. 40 (5)
158-167, 1957.

11. W. S. Treffner and R. M. Williams, "Heat Evolution Tests
with Calcium Aluminate Binders and Castables," J. Am. Cer. Soc.
46 (8) 399-406, 1963.

12. W. H. Gitzen and L. D. Hart, "Explosive Spalling of Refrac-
tory Castables Bonded With CA Cement i Am. Cer. Soc. Bull. 43 (7)
518-522, 1964,

13. W. H. Gitzen, R. P, Heilich and F, J. Rohr, "Carbon Monoxide
Disintegration of Calcium Aluminate Cements in Refractory Castables,"
Am. Cer. Soc. Bull. 43 (7) 518-22, 1964.

14. S. J. Schneider, "Effect of Heat Treatment on the Const1tu-
tion and Mechanical Properties of Some Hydrated A1um1nous Cements,"
J. Am. Cer. Soc. 42 (4), 184-193, 1959.

15. J. F. Shapland and A. F. Livovich, "Evaluation of Five Com-

mercial Calcium Aluminate Cements,"™ Am. Cer. Soc. Bull. 43 (7) 510-513,
1964.

Documents



http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

. ACI SP-57 78 WM 0LL2949 0000043 7 MW

RerrACTORY CONCRETE PROPERTIES 31

16. A. L. L. Tseung and T. G. Carruthers, "Refractory Concretes
Based on Pure Calcium Aluminate Cements," Brit. Cram. Soc. Trans. 62,
305-320, 1963.

17. C. F. Cooper, "A Comparison of Six Commercial Aluminate
Cements," Brit. Ceram. Soc. Trans. 64 (7) 351-370, 1965.

18. A. A. R. Wood and A. V. Briebach, "The Effect of Curing
Temperature on the Strength of Castables,” Brit. Cer. Soc. Trans. 64
(7) 333-349, 1965.

19. ASTM Standards Part 17, 1976.

20. W. T. Bakker, R. S, Olsen, B. E. Dunworth and E. Schatz,
"Blast Furnace Gunning in the USA," Proc. Internationals Feuerfest
Colloquium, Aachen 27-29, Oct. 1971, P. 217.

21. G. V. Givan, L. D. Hart, R. P.-Heilich, and G. McZura,
"Curing and Firing High Purity Calcium Aluminate Bonded Tabular Alu-
mina Castables," Am. Cer. Soc. Bull. 54 (8)-710-13 {1975).

22, J. F. Wygant and M. S. Crowley, "Curing Refractory Castables,
It isn't the Heat 4t is the Humidity," Am. Cer. Soc. Bull. 43 (1) 1-5,
1964.

23. M. S. Crowley and R. C. Johnson, "Guidelines for Installing
and Drying Refractory Concretes Linings in Petrochemical Units," Bull.
Am. Cer. Soc. 51 (3) P. 226, 1972.

24, .G. H. Gitzen and L. D. Hart, "Explosive Spalling of Castables,"
Am. Cer. Soc. Bull. 40 (7) 503-510, 1961.

25. J. E. Kopanda, "Curing Temperature Effect on Castable Mixes
Containing Low and Medium Purity Cements,” Paper 3-R-74F. ACS. Refr.
Div. Fall Meeting Bedford Springs 1974.

26. W. T. Bakker and B. E. Dunworth, "Strength of Calcium Alu-
minate Bonded Castables at Intermediate Temperatures," Paper 2-R-74F
ACS. Refr. Div. Fall Meeting Bedford Springs 1974.

27. R. B. Snow, "The Effect of Chemical Attack and Operational
Parameters on the Wear of Blast Furnace Refractories," ERDA Report
No. FE 3731-1, NTIS, US Department of Commerce, Springfield, VA

28. A. V. Briebach, "A Review of Refractory Hydraulic Cements"
J. British, Cer. Soc. 71 {7) P. 153-158.

29. M. S. Crowley, "Hydrogen-Silica Reactions in Refractories"
Bull. Am. Cer. Soc. 48 (7), P. 679, 1967, Part II ibid 43 (5), P. 527,
1970. :

30. E. R. Fuller, Jr., C. R. Robins, and S. M. Wiederhorn,

"Effect of Hydrothermal Environment on Strength and Erosion Resistance
of Castable Refractories," Proc. MFPC Columbus, Ohio, 1976.

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 WM 0ObLL2949 0000OC44 9 WA
32 BAKKER

31. M. S. Crowley, "Hydrogen-Steam Reactions in Refractories,"
Paper Am. Cer. Soc. April 1974, Chicago.

32, E. Ruh and A. Renky, "Thermal Conductivity of Castable
Refractories," J. Am. Cer. Soc. 46 (2), P. 89-97, 1963.

33. R. W. Wallace and G. H. Criss, "Thermal Conductivity of
Castable Refractories in Relation to Bulk Density," Bull. Am. Cer.
Soc. 47 (2), 176-179, 1968. :

34. L. G. Huggett, "Lining of Secondary Reformers, Materials
Technology in Steam Reforming," Edelenau Ed. Pergammon Press London,
1966.

35. J. M. McCullough and G. R. ngby,’"Mechanica] Properties of
Refractory Castables," J. British Cer. Soc. 71 (7) p. 233.

36. M, S. Crowley, "The Influence of Particle Size on the Erosion
Resistance of Refractory Concretes," Am. Cer. Soc. Bull, 48 (7)
P. 707, 1969.

37. J. F. Wygant and M. S. Crowley, "Desighing Monolithic
Refractory Vessel Linings," Am. Cer. Soc. Bull. 43 (3) 173-182, 1964.

38. J. F. Wygant and M. S. Crowley, "Effects of High Conductivity

Gases on Thermal Conductivity of Insulating Refractory Concrete,"
J. Am. Cer. Soc. 41 (5) P. 183-188, 1958.

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

_ACI SP-57 78 BN 0LL2949 0000045 O W

Fig. 2--Heat evolution curves of
nate cements

REFRACTORY CONCRETE PROPERTIES 33
300
250 — {50
200 — —~ 40
‘D=
g =
> 150 — —30 ~
g 5
= 3
100 p— — 2
50 — — 10
0 | I N N A A S T P N e I | 0
1950 62 54 5 58 60 62 64 66 68 70 712 74 76
TIME
Fig. 1--Production of refractory concrete in the USA
00 A fao | - D
100 L/¥' ) , 100 —_,_N,_ . ,
] 6 17 [ I TR ") 0 6 2 B X W
£ £
= B & E
3| o+ 2| 200 |
céu 100 g 1 1 é 100 '__I_—I'/I\l 1
O [
& 0 3 i 18. 4 3 = 0 6 12 18 u 20
(= (=]
C F
200 | 200 |-
| 100 ) ) | 100 I r ".r\
0 6 (VIR T BT - ] 0 6 12 B # N
TIME (HOUR) TIME {HOUR)

commercial calcium alumi-

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 74 W 0LL2949 000004k E’.-

34 BAKkER
%
gnsz
:
2 10— ;
g - - {
g Fox—x—X H
@ | . .:_.-
[ O e v v M W N
v 2 3 4 8§ 6 7 8 8§ 10 N 12 13 W 15 B 0
TIME (MIN}
Fig. 3--Viscosity of cement-water slurries
GCS -
A. LOW PURITY CEMENT

7000 |— B. INTERMEDIATE PURITY CEMENT

psi C. HIGH PURITY CEMENT
x
T
Z 5000t
5
[da)
=
= =4
[72]
2 3000 — /.
(&)
(=]
8

1000 —

|

0.47 06 0.73 0.87 1.0
WATER/CEMENT RATIO .

Fig. 4--Effect of water-cement ratio on dried strength of
dense refractory concrete

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

"

~ACI

SF’ 57 74 M 0bb2949 0000047 Y -

REFRACTORY CONCRETE PROPERTIES 35
2000 15
B COLD CRUSHING STRENGTH
B \4 {1750°F)
- — 10
1500 —
B R
2 [ —5 8
- [~ <t
& 1000 — N S
w ~ VOLUME CHANGE =
7 - (2500 F) — 0 3
— e
500 —
- —-5
L ~
~
N -
0.7 08 09 10 11 1.2
WATER/CEMENT RATIO
F1g 5~~Strength and volume stab111ty of 75 1b/ft insulat-
1ng concrete
Documents

ull document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 ER 0bkL2949 0000048 L WA

BAKKER

36

JUSUPD 93RULWNLE WNLD| D JO UOLIRJPAYDP pUR UOLIRJUPAH--9 *Bld

48]
I I ~}  00EL-000L
<_u ,ﬂu v
Lyllaq J 0001-009
| .
Il_ﬂ m 05€-002
| ' - ool
T_-mnx_ -
IhvEa | Xuvta Eqy 7
“ _
| — 08
| 8Hyiy i
v —-f - | I B
. 139 -
0L yyg Eny _
INIW3) t I — =0
GILYHOAHNN H Jo dIWIL

Lyllglyg yg
"HY %06 < ‘3HND Y #2

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

COMPRESSIVE STRENGTH — psi

3700

1700

1200

'ACT SP-57 78 MM 0bb2949 0000049 & Wm

ReFRACTORY CONCRETE PROPERTIES 37
Fa\ ' o 24 HR CURE
/ \\ + 12 HR 220°F
— / \ o 5 HR 1600°F

—‘o
| I | I | l l el

|
40 55 70 85 100 115 130 145 160 175
24-HR CURING TEMPERATURE - °F

Fig. 7--Strength as a function of curing temperature, Tow
purity cement, calcined fireclay aggregate

Documents

ull document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 MR 0kLL2949 0000050 4 WA
38 BAKKER

I [ I I
15 -
£
E. — el
=
2 \
0 / \ /ﬂ =
& ' Ao g
2 / PN
= — p / \\ -
o ] 7
- om0 \
= ” ol
5 g
i o) O 24 HOUR CURE ]
O 24 HOUR 110°C
O 5 HOUR 1100°C
’—n —
ol 1 | | | | L
0 2 40 60 80

24h CURE TEMPERATURE °C

Fig. 8--Strength as a function of curing temperature high
purity cement, tabular alumina aggregate’

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SF’ 5? ?5 E DEE:E.“"'!LI""I EIEIDEIUS]: [:1 =

REFRACTORY CONCRETE PROPERTIES 39

1000

MOBULUS OF RUPTURE (psi)
2
|

100 w 50 700
HEATING RATE ° F/HR

Fig. 9--Effect of heating rate on the strength of a gunned
50 percent A1203 concrete -

Documents

g ull document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 EE 0Obk2q949d DEIVDDDSE 8 B

BAKKER

40

oee
rel
oeE
R 13
, gt
% ‘NOISOHI ¥3uv

4 082 3® T°T 40 A31o1seq e y3im Be|s "4°q Buisn 3se3 Bels jo sy|nsay

FA3HINDD AUOLIVE:Y EO7Y %08 3

, YO8 E0%y %09 35MED 0
(EQZV %zt) YOIE AVIO3HH ‘T'S GItH HOIH 3

%0148 S0%Y %58 G0N ILYHISOHd '€

%3148 S0%Y %05 ALIMNd HOIH ,<,_
JAYN ONYHE

Documents



http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 BE Obk2949 0000053 T BH

41

ReeracTORY CONCRETE PROPERTIES

bels pLoe Y3Lm 93840U00 eurwnie YSLY O uOLIOEIY--TT “6Ld

V3HY CLOZHUNN ALNIHVASY 3

]

TN - W

CIOA HO 340d — A

(@O SSYIS SNO30MIS — 8

(°¥3 4O v} AVNINNTY WAIDTVS — 3

WNGNAYOD - v

Xohi

Documents


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACI SP-57 78 EB 0LL2949 000005Y 1 &=
42 BAKKER :

3000
oo=O e, UNFIRED {110°C)
\

7 RN

2600 |— /
FIRED (1000°F) Lo &5: —_———
/ R otianl \

& 2000
g
=
=
S
= 1500
s
=

| PR

,I
1000 fef
Ji> : 1 L | | | :j>
0. ) 8 9 12 15 18
TIME (DAYS) .

Fig. 12--Effect of steam~CO atmosphere on strength of 95
percent A1203 concr‘ete

Documents

Full document details: ACI SP-57-78


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

43

s 2597 L[eYLP WLSY 48148 939J40U0D AU029BULDd momH< qusouad 0G--£1 *6Ld

Documents

A e

2949 0000055 3 EA

RerrACTORY CONCRETE PROPERTIES

JBAI T

ACI SP-57 78 B Obb

J10A3 |



http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

ACT SP-57 78 EE 0bb2949 000D0OSkL 5 BB

BAKKER

44

mmpm;u..:ou A407004334 U0 weals dunssaud UbLYy 3o 399343~-pT 614

313HIN0D S0 %as 8
JHUNLIVHI4NIL INJWLYIHL TYWHIHLOHAAH
(3ol JO¥LNGD
gis 0y BIE Ol DIl ol
! i } i i

00

|
o~

00V~ (40881 350101 OL Q3HMHId |  —

O WFNC oo O < o«

N o e

‘(BdIN) HLON3HLS ON3IF JYNLYYIdWIL WOOY

| l ]
D6 O0LL DS Oy OEC @8
o ,

(1sd)

" 3I3MINGD S0%Y Yss Y

N
-
c
(<))
S
=
. Q
o
(a]

JUNLVYIdWEL INJWIVIHE TYNHIHLOHOAH

. (3o
DlS Glb 0IE 012 0L O

T0HLNGD

052 -
00g

00t
00S —
0081

008+
0081 —

000¢

T T

0051 | (400584 00401 |

0L 0341434 |

i

(==}

e o

37}
(edi¥) HLONIHLS ON3E 34NLYHIdWIL WOOY

1 i
096 0/L 085

olv 050 108
(4o)

€O =t o
o= e


http://www.avadocuments.com/doc/aci-sp-57-78
http://www.avadocuments.com/doc/aci-sp-57-78

